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ABSTRACT
The eradication of malaria remains one of the most substantial challenges facing the
scientific community in the 21st century. Each year, malaria kills more than 500,000
people (mostly children under the age of five), while another 3.3 billion remain at risk. At
the core of many complex issues surrounding malaria control and eradication is the
biology of the mosquito vector, which is quite sensitive to shifts in a number of
environmental variables, such as temperature, humidity, nutrition, and land use changes.
An integrative perspective of the variation in mosquito biology and ecology is crucial to
our understanding of malaria transmission, especially in the context of a changing
climate. Here, we examine how environmental variability across the mosquito life cycle
affects mosquito life history, malaria parasite development, and ultimate disease
transmission risk.
We found that variability in larval food quantity results in considerable changes in
both larval and adult mosquito traits. Reduction of larval nutrients greatly extends the
time until adult emergence, and habitats with less food produce about 25% fewer adult
females than habitats with optimal amounts of food. Females that emerge from
nutritionally-stressed habitats have higher rates of mortality, are less likely to mate and
lay eggs, and exhibit longer intervals between blood meals (which dictates the number of
probable infectious bites a mosquito may transmit in her lifetime). We also observed an
effect of larval food quantity on the intensity of infection when mosquitoes were exposed
to the rodent malaria Plasmodium yoelii, but there was no change in overall parasite
prevalence. However, the changes in life history traits alone led to a 70% reduction in
vectorial capacity in females from low food larval environments compared to those from
optimal food environments.
When we infected females from similar dietary regimes with the human malaria
parasite Plasmodium falciparum, we observed that parasite prevalence in adults from
reduced food environments is generally lower, and that parasite development in low-food
females is up to two days slower than in females from high-food larval environments. We
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assessed malaria transmission potential using an epidemiological model that focuses on
mosquito mortality and parasite development over time. Our results show that, over a 30day period, transmission potential is increased by 330% in a population of females
emerging from high larval food environments compared to an equivalently sized
population of females that experienced nutritional stress as larvae.
We observed more complex effects on transmission potential when we integrated
two types of environmental variation at the larval stage (food quantity and temperature).
The optimum temperature for larval and adult mosquito fitness and development of the
human malaria parasite Plasmodium falciparum within the mosquito vector is generally
considered to be approximately 27ºC. However, we found that adult females from hot
(32°C), high larval food environments had the lowest mortality rates when transferred
back to the “optimum” 27ºC, while the highest biting rate was observed in adult females
from cool (22°C), high larval food environments. These results suggest that there is no
“optimum” larval mosquito habitat, but rather, that different habitats optimize different
traits. We also found that, despite the common assumption that larger mosquitoes make
better malaria vectors, vectorial capacity is only weakly correlated with size, and is far
more heavily impacted by the differences in larval environment that generate the
observed variation in female size.
Finally, we exposed mosquitoes infected with P. falciparum to seven temperatures
ranging from 18°C to 34°C. We found that the transmission potential of mosquitoes was
highest in mid-range environments (24-27°C), while transmission potential decreases
steeply on both sides of this optimum range, and no infectious mosquitoes were observed
at 18ºC. Our results challenge previous predictions of parasite development thresholds at
both the cool and warm ends of the temperature spectrum. Our findings also suggest that
malaria transmission in some endemic areas may decrease as temperatures warm, which
contrast many previous predictions that a warming climate will enhance malaria
transmission in endemic areas. However, the geographic area that is optimal for malaria
transmission may expand, as previously cooler temperatures warm towards a thermal
optimum. Overall, our results demonstrate that a more nuanced understanding of how

v

environmental variation shapes mosquito biology and ecology is crucial in order to make
optimum use of current vector control resources and to develop innovative, more
sustainable control strategies for the future.
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Chapter 1
Introduction
Malaria infects approximately 250 million people annually, resulting in more than
500,000 deaths. Globally, more than 3.2 billion people remain at risk (WHO World
Malaria Report 2015). Central to control and eradication goals is the disruption of contact
between humans and the mosquitoes that vector malaria. This is most often achieved
using physical barriers, such as bed nets and window screening, chemical barriers in the
form of insecticides sprayed inside houses, or a combination of both through use of
insecticide-treated nets (ITNs). However, perfect coverage using physical barriers is an
impossible achievement, and the aggressive use of insecticides has selected for resistance
in mosquito populations in areas of highest risk across sub-Saharan Africa, India and
Southeast Asia (Liu 2015; Quiñones et al. 2015; Ranson & Lissenden 2016).
Additionally, both current and future climate change are predicted to have far-reaching
effects on the spread of malaria, as both the mosquito vector and the parasite are quite
sensitive to changes in abiotic factors such as temperature and humidity.
As such, despite more than a century of effort, malaria remains one of the most
formidable enemies of the 21st century. It is now recognized that a “one-size-fits-all” or
“silver bullet” solution to malaria control and eradication is both impractical and
unsustainable (Ferguson et al. 2010). In order to combat malaria, maintain control, and
develop more sustainable control tools, it is crucial that we re-examine our understanding
of the ecology of interactions between vector mosquitoes, parasites, and the environment
outside the limited context of standard laboratory conditions. Here, we examine the
effects of environmental variation that feed through to affect the biology of both the
parasite and mosquito vector. We assess how these changes shape ultimate transmission
risk in an effort to answer the overarching question posed in this thesis: how does
environmental variability across the mosquito life cycle ultimately shape malaria
transmission potential?
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Malaria transmission is inextricably linked to mosquito biology
Human malaria parasites (Plasmodium species) are transmitted exclusively by females of
the Anopheles species that require a vertebrate blood meal in order to develop eggs.
Because of this obligate relationship, deployment of mosquito control resources that
disrupt vector-human contact is dependent on predictions of disease patterns and risk.
These predictions employ parameters that derive almost exclusively from mosquito
biology; the most conventional of which is the basic reproductive rate (R0) (Ross 1911;
Macdonald 1957; Smith et al. 2012). The equation for basic reproductive rate is:

𝑅" =

𝑚𝑎 & 𝑏𝑒 )*+
𝑟𝜇

where m is the ratio of vectors to humans, a is the daily biting rate, b is the proportion of
infectious mosquitoes, µ is the daily mosquito mortality rate, n is the time it takes for the
parasite to mature within the mosquito (extrinsic incubation period), and r describes the
rate at which a human host recovers from infection. Aside from human recovery rate, all
parameters of this estimation depend only on mosquito factors; therefore, R0 can often be
simplified to contain only entomological terms, a metric known as vectorial capacity (C)
(Macdonald 1957; Garrett-Jones 1964a; Garrett-Jones 1964b; Service 1978).
Any change in environment that can affect the parameters of vectorial capacity
can have consequences for ultimate malaria transmission. For example, increases in
temperature are known to reduce the time from ingestion of a blood meal to laying a
clutch of eggs (gonotrophic cycle), in turn increasing biting rate (Afrane et al. 2006;
Vittor et al. 2006; Rúa et al. 2005), which, if all other parameters are held equal, will
increase overall vectorial capacity.
However, some parameters are more sensitive to change than others (Dye 1986;
Molineaux et al. 1978; Massad & Coutinho 2012). Mosquito density and vector
competence (measured by parasite prevalence) increase linearly; thus, relatively large
changes in the size of mosquito populations or parasite prevalence must occur for the

3

vectorial capacity of a population to increase or decrease significantly. The remaining
parameters are more sensitive to change, so relatively small changes to biting rate,
mosquito survival, and extrinsic incubation period can have large impacts on ultimate
vectorial capacity (Figure 1.1). Many of these parameters are likely to vary due to shifts
in a single environmental variable (Paaijmans et al. 2012, Takken et al. 2013; Roux et al.
2015; Murdock et al. 2016), but the direction and magnitude of these combined effects
can be difficult to predict and often yield results that are life cycle stage-, species- and
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rate (a) is squared. However, survival rate (1 - µ) and parasite development time (n) shift
in a non-linear fashion and are therefore more sensitive to environmental changes than
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Metamorphosis is not a new beginning: importance of larval
environment (Chapters 2, 3 & 4)
Mosquitoes are holometabolous insects, which means they undergo complete
metamorphosis and pass through distinct larval and pupal stages before reaching adult
maturity. Many adult traits in holometabolous insects can be shaped by conditions
experienced during larval development. These “carry-over” traits can influence life
history, reproductive fitness, and host-parasite and host-pathogen interactions.
Numerous studies of holometabolous insects have demonstrated clear evidence
that larval conditions carry over to impact a suite of life history traits (Arnett & Gotelli
2003; Boggs & Freeman 2005; Phoofolo et al. 2008; Colasurdo et al. 2009; Teder et al.
2010). For example, increased larval density and decreased larval temperature have been
shown to markedly slow larval development time and reduce the number of emerging
adults in several insect species (Grassberger & Reiter 2001; Luong & Polak 2007;
Fantinou et al. 2008). Decreases in larval food quality often lead to reduced adult mating
success, lower fecundity, and reduced adult survival (Credland et al. 1986; Marshall
1990; Fischer et al. 2004). Larval conditions are also known to affect adult insect
immunity and resistance to parasites and pathogens (James & Lighthart 1992; Moret &
Schmid-Hempel 2001; Fellous & Lazzaro 2010; Valtonen et al. 2012).
For mosquitoes, the past two decades have seen a resurgence in investigations of
how larval conditions can affect both adult vector fitness and competence for a variety of
pathogens, including Japanese encephalitis (Takahashi 1976), Sindbis virus (Muturi et al.
2012), dog heartworm (Hawley 2010), chikungunya virus (Mourya et al. 2004, Yadav et
al. 2005), LaCrosse virus (Patrican & DeFoliart 1985; Grimstad & Walker 1991),
lymphatic filariasis (Breaux et al. 2014), and malaria (Araujo et al. 2012; Takken et al.
2013; Barreaux et al. 2016). Recently, larval environment has also been observed to
strongly interact with the transmission dynamics of Wolbachia, a bacterial symbiont
common in many insects - including mosquitoes - that is currently considered to be a
viable biological control tool for a number of mosquito-borne diseases (Dutra et al.
2016).
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The majority of our knowledge concerning how larval conditions ultimately shape
disease transmission comes from extensive work in Aedes-arbovirus systems. This is
particularly true for dengue virus, where adult life history traits and viral competence and
dissemination have been thoroughly explored. For example, the transmission potential of
dengue virus has been shown to be affected by larval temperature (Tun-Lin et al. 2000;
Alto & Bettinardi 2013), larval density (Mitchell-Foster et al. 2012; Juliano et al. 2014),
inter- and intraspecific larval competition (Alto et al. 2008a; Bara et al. 2015), and
bacterial infection (Mitchell-Foster et al. 2012). In addition, differences in larval rearing
conditions often have significant effects on emerging adult body size, which has been
suggested to have direct effects on vector competence for dengue virus (Alto et al.
2008b; Juliano et al. 2014).
More limited work in Anopheles-malaria systems also demonstrates strong effects
of larval conditions on mosquito traits relevant to malaria transmission. Until recently,
these studies focused primarily on life history traits such as survival and biting rate
(Lyimo & Takken 1992; Lyimo & Takken 1993; Pfaehler et al. 2006; Mwangangi et al.
2007b; Araujo et al. 2012) without assessing parasite dynamics, leading to a scarcity of
data that derive from examining both mosquito and parasite traits in the context of a
single study. This gap in knowledge has not gone unnoticed; a recent surge of studies has
shown that larval factors such as nutrition, larvicidal stress, and exposure to aquatic
predators carry over to affect both life history and parasite prevalence (Takken et al.
2013; Roux et al. 2015; Vantaux et al. 2016). In Chapter 2, we add to this growing body
of research by assessing the effects of larval food quantity on Anopheles stephensi larval
and adult life history traits, paired with an evaluation of how differences in larval food
shape the infection dynamics of the rodent malaria Plasmodium yoelii within the adult
mosquito. Combining these data, we calculated how malaria risk changes with larval food
quantity using the vectorial capacity equation.
To date, there has been no evaluation of how larval environment carries over to
influence parasite growth over time within adult vector mosquitoes. In Chapter 3, we
reared Anopheles stephensi larvae under two dietary regimes and provided adult females
with a blood meal infected with the human malaria parasite Plasmodium falciparum. We
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found that our results violated two important assumptions of the vectorial capacity
equation: 1) mortality did not follow an exponential distribution, but was instead agedependent, and 2) the number of infectious mosquitoes increased from zero to a
maximum prevalence over several days. Accordingly, in Chapter 3 we used a dynamic
model (adapted from Killeen et al. 2000) that allowed us to capture these characteristics
more realistically, and we express the changes imposed by larval food quantity in terms
of predicted infectious bites for a cohort of mosquitoes over a given time period.
To further our understanding of larval mosquito ecology, it is essential that we
begin to implement multiple environmental variables in studies on how larval conditions
affect malaria transmission. In the field, numerous factors are known to affect larval
habitats, including dissolved minerals, organic matter, temperature, larval density and
competition, and presence of predators (Koenraadt et al. 2004; Mwangangi et al. 2007a;
Louca et al. 2008; Fillinger et al. 2009; Himeidan et al. 2009; Wamae et al. 2010; Kweka
et al. 2012). To bridge this knowledge gap, in Chapter 4, we examined how larval
nutrition and larval rearing temperature interact to produce a range of effects on
reproductive fitness and vector competence for Plasmodium falciparum.
Further, vector size is often used as a proxy for body condition, and is thought to
be correlated with vectorial capacity (Ameneshewa & Service 1996; Koella & Lyimo
1996; Alto et al. 2008b; Juliano et al. 2014). However, mosquitoes of equivalent size can
be generated by different environmental variables (Atkinson 1995; Diamond &
Kingsolver 2010; Reiskind & Zarrabi 2012), so the merit of wing length as a predictor for
vectorial capacity is questionable when more than one larval factor is allowed to vary. In
Chapter 4, we also examined interacting effects of larval nutrition and temperature on
adult mosquito wing length and its correlation with vectorial capacity; we find that, in
fact, specific larval habitat conditions are much more influential in predicting vectorial
capacity. While size is still an important factor, the conditions which generated the
observed differences in size prove to be much more accurate in assessing vectorial
capacity. Thus, in Chapter 4 we suggest some alternative methods of assessing body
condition in the field that are size-independent and more likely to reflect the larval natural
history of field-collected vectors.
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Layers of complexity: one life cycle within another (Chapters 3 & 5)
The life cycle of the malaria parasite within the mosquito vector is also characterized by
multiple stages, and can last between 7 and 40 days before it is viable to be transmitted to
the next host. When a female mosquito imbibes a blood meal from a vertebrate host, she
ingests gametocytes circulating in the infectious host’s blood. Provided she ingests both
male and female circulating gametocytes, these gametocytes will sexually reproduce to
form a zygote, which becomes a motile ookinete. Ookinetes then migrate from the blood
bolus across the mosquito midgut, where they establish to form oocysts. Within each
oocyst, asexual reproduction occurs and infectious forms of the parasite (sporozoites)
replicate over the course of several days to weeks. When mature, the oocyst bursts,
releasing the sporozoites into the mosquito’s open circulatory system (hemolymph). The
sporozoites then migrate through the hemolymph to eventually invade the salivary
glands, where they can be transmitted to a new host when the mosquito seeks her next
blood meal (Figure 1.2).
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Figure 1.2. Schematic representation of the interaction of the mosquito vector life cycle
(A) and the malaria parasite life cycle (B). The different stages of parasite maturation are
depicted in (B): 1. Male and female gametocytes; 2. Ookinetes; 3. Oocysts; 4.
Sporozoites. Each stage of each life cycle is susceptible to variations in both the external
environment experienced by the mosquito, as well as the changes within the mosquito
that serve as an internal environment for the parasite.

In many host-parasite systems, it has been demonstrated that variables such as host
nutrition and ambient temperature can shape how parasites and pathogens develop within
their invertebrate host (Nealis et al. 1984; Becnel & Undeen 1992; Ebert 1995; Arthurs et
al. 2003; Krist et al. 2003; Thomas & Blanford 2003; Lange et al. 2014). This is also true
for insects that vector human disease. For example, in the triatomine bug Triatoma
infestans, starvation affects parasite density and developmental dynamics of the
trypanosome parasite Trypanosoma cruzi, the causative agent of Chagas’ disease in Latin
America (Kollien & Schaub 2000; Garcia et al. 2007). Long-term starvation has been
observed to clear T. cruzi infection in T. infestans, suggesting that endogenous host
nutrients are vital for parasite viability (Kollien & Schaub 2000).
Although there is limited knowledge of the specificity of the amount and type of
nutrients that Plasmodium parasites need to complete their life cycle within the mosquito
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host, several studies present compelling evidence that endogenous mosquito nutrients are
crucial for parasite development (Mack et al. 1979; Cheon et al. 2006; Carter et al. 2007;
Atella et al. 2009; Takken et al. 2013; van Schaijk et al. 2014). In Chapter 3, we explore
how larval food quantity carries over to affect parasite development dynamics in adults of
differing condition. Because we observe no difference in sporozoite prevalence in our
second experimental block, we suggest that nutrient-limiting effects carried over from
larval conditions are most important during the energetically-demanding stage of oocyst
maturation (Shapiro et al. 2016).
Temperature also impacts parasite development within invertebrate hosts (Nealis
et al. 1984; Thomas & Blanford 2003; Herrmann & Gern 2010; Kikankie et al. 2010;
Elliot et al. 2015). This is particularly important for malaria, as the mosquito itself is
quite sensitive to the ambient environment (Paaijmans et al. 2012; Paaijmans et al. 2013),
leading to a change in the environment that the parasite experiences within the mosquito.
Chapter 5 addresses how parasite development and mosquito survival change and interact
over a range of several temperatures that mosquitoes in endemic areas would realistically
encounter in the field.

Redefining effects of current and future climate change: possibilities
and predictions (Chapter 4 & 5)
Predictions of how changes in temperature may affect malaria transmission are often
contradicting, making the topic of climate change and vector-borne disease a contentious
one throughout the field of epidemiology, disease ecology, and policy. For example,
several models have suggested that as temperatures increase, incidences of malaria will
follow suit (Martens et al. 1997; Craig et al. 1999; Martens et al. 1999; Parham &
Michael 2010; Alonso et al. 2011; Ermert et al. 2011). Recently, these models have been
challenged because they assume linear responses to temperature for mosquito and
parasite traits. However, in reality, vector traits function in a unimodal fashion over a
specific thermal range, with a temperature optimum flanked by a lower and upper
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threshold (Angilletta 2009). The same is true for malaria parasite development (Nikolaev
1935; Noden et al. 1995; Guerra et al. 2008; Paaijmans et al. 2012).
More recent efforts have challenged this paradigm by integrating unimodal
distributions across temperature for mosquito and parasite traits to establish more
biologically relevant models (Paaijmans et al. 2009b; Paaijmans et al. 2010; Paaijmans et
al. 2012; Blanford et al. 2013; Mordecai et al. 2013). These models contradict previous
predictions and suggest that warming temperatures will have the strongest effects at the
extreme ends of the thermal thresholds for mosquito and parasite traits. In areas currently
beneath the critical thermal minimum for malaria transmission, climate change is likely
to increase transmission potential, while a decrease is predicted for areas currently at the
warmer end of the thermal spectrum (Paaijmans et al. 2012; Mordecai et al. 2013;
Murdock et al. 2016).
Though these models offer more realistic insight into how temperature may affect
malaria transmission, they remain lacking in sufficient empirical data. It is unclear
whether the predictions for decreasing malaria transmission at warmer temperatures
depend on increased mosquito mortality, the inability of the parasite to develop, or a
combination of both. The current state-of-the art model (Mordecai et al. 2013) derives its
parameters from a wide variety of both mosquito and parasite species, the thermal
performance curves of which are known to differ significantly (Boyd 1932; Vaughan et
al. 1994; Guerra et al. 2008; Ikemoto 2008). Further, these models estimate extrinsic
incubation period based on a canonical degree-day curve built on severely limited data
that are more than eighty years old (Nikolaev 1935; Detinova 1962).
In Chapter 5, we redefine the relationships between temperature, mosquito
survival, biting rate and parasite development for a single vector-species pairing. To date,
our results represent the first comprehensive investigation of extrinsic incubation period
of the human malaria parasite Plasmodium falciparum over a range of temperatures using
daily dissections to assess how the proportion of infectious mosquitoes within a
population changes over time. In addition, we use our empirical data to compare our
results using both the vectorial capacity equation and a more dynamic model (employed
in Chapter 3) to assess how each would predict temperature changes.
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While temperature remains the most influential abiotic factor in climate change, it
is crucial to keep in mind that though shifting temperatures are of highest concern in
discussions of climate change, climate change also includes differences in seasonality,
rainfall, and other weather system patterns, which are often also accompanied by human
response through changes in land-use and agricultural practices (Hay et al. 1998; Hay et
al. 2000; Lindblade et al. 2000; Conn et al. 2002; Afrane et al. 2012). Such attributes of
climate change are not often considered in the context of predicting how malaria
transmission may change. Nevertheless, they have far-reaching consequences,
particularly for how larval habitats may change. For example, changes in agricultural
practices due to differing weather patterns may lead to deforestation in areas where
malaria is endemic. With the removal of shading by foliage, larval habitats become
warmer, which can speed larval development and cause shifts in the microbial
community that serves as food for larval mosquitoes (Bounoua et al. 2002; Munga et al.
2006; Afrane et al. 2012; Muturi et al. 2012). In Chapter 4, we discuss how our results
for differences in life history and vector competence imposed by interacting larval
nutrition and temperature compare to data from the field.
Finally, in Chapter 6, we synthesize the results from each previous chapter and
discuss the benefits of continuing to work beyond standard laboratory conditions to
further improve our understanding of mosquito ecology in a changing world, directions
for future research, and integration of our results into vector control strategy design.
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Chapter 2
Capacity of adult mosquitoes to transmit a rodent malaria
(Plasmodium yoelii yoelii) is affected by larval food quantity
*Published December 2014: Moller-Jacobs, L.L., Murdock, C.C. & Thomas, M.B.
(2014) Capacity of mosquitoes to transmit malaria depends on larval environment.
Parasites and Vectors, 7, 593.

Abstract
Adult traits of holometabolous insects, such as reproduction and survival, can be shaped
by conditions experienced during larval development. These “carry-over” effects
influence not only individual life history and fitness, but can also impact interactions
between insect hosts and parasites. Despite this knowledge, the implications of larval
conditions for the transmission of human, wildlife and plant diseases that are vectored by
insects remain poorly understood. We used Anopheles stephensi mosquitoes and the
rodent malaria, Plasmodium yoelii yoelii, to investigate whether quality of larval habitat
influenced vectorial capacity of adult mosquitoes. Larvae were reared under two dietary
conditions; one group received a diet commonly used for colony maintenance while the
other group received a reduced food diet. Upon emergence, adults were provided an
infectious blood meal. We assessed the effects of diet on a range of larval and adult traits
including larval development times and survival, number of emerging adults, adult body
size and survival, gonotrophic cycle length, and mating success. We also estimated the
effects of larval diet on parasite infection rates and growth kinetics within the adult
mosquitoes. Larval dietary regime affected larval survival and development, as well as
size, reproductive success, and survival of adult mosquitoes. Larval diet also affected the
intensity of initial Plasmodium infection (oocyst stage) and parasite replication, but
without differences in overall infection prevalence at either the oocyst or sporozoite
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stage. Together, the combined effects led to a relative reduction in vectorial capacity (a
measure of the transmission potential of a mosquito population) in the low food treatment
of 70%. This study highlights the need to consider environmental variation at the larval
stages to better understand transmission dynamics and control of vector-borne diseases.

Introduction
Malaria is the most important vector-borne disease of humans worldwide, with
approximately 219 million people infected annually, resulting in about 600,000 deaths
per year (World Health Organization 2012). The transmission intensity of malaria is
inextricably linked to the biology of the mosquito vectors and can be characterized using
a summary metric known as the vectorial capacity (C). Vectorial capacity describes the
rate at which future infections arise from a currently infected host (provided that all
female mosquitoes become infected) and provides a measure of the transmission potential
of a vector population (Garrett-Jones 1964a; Garrett-Jones 1964b; Smith et al. 2004). It is
defined as:

𝐶=

𝑚𝑎& 𝑏𝑝+
−ln (𝑝)

where m is vector density (ratio of adult female mosquitoes to humans), a is the daily
probability of a human host being fed on by a vector, n is the extrinsic incubation period
of the parasite, p is the daily probability of adult vector survival, and b is the proportion
of mosquitoes with sporozoites disseminated in their salivary glands.
Any variation in environment that affects relevant aspects of vector biology could
result in a change in transmission risk via effects on vectorial capacity (Fonteinille and
Simard 2004; Afrane et al. 2008; Afrane et al. 2012; Paaijmans et al. 2012; Mordecai et
al. 2013). Recent work shows that changes in temperature (both means and diurnal
fluctuation) and rainfall events can have substantial effects on the transmission potential
of malaria (Paaijmans et al. 2009b; Paaijmans et al. 2010; Afrane et al. 2012; Blanford et

14

al. 2013). Other sources of environmental heterogeneity include differences in food
resource availability, seasonality of habitats, and land use changes (Afrane et al. 2005;
Parham & Michael 2010).
To date, many studies examining the effect of environment on mosquito biology
and aspects of vectorial capacity have focused directly on the adult mosquitoes. This is
logical, as only the adult female mosquito transmits malaria, and the frontline
interventions used for control (such as insecticide treated bed nets, indoor insecticide
sprays, screening, repellents, etc.) primarily target the adult stage. Small changes in daily
survival probability (p) and human biting rate (a), for example, can have very large
effects on vectorial capacity, which explains in-part the effectiveness of insecticide
treated nets as these act on both traits simultaneously (Dye 1986; Zakharova et al. 1990;
Dye 1992; Dye 1994; Massad & Coutinho 2012). Biting rate (determined by the duration
of the gonotrophic cycle) has also been shown to be a major factor explaining variation in
malaria incidence (Dye 1992; Dye 1994; Afrane et al. 2007). However, larval condition
has become increasingly recognized as having an influence on adult mosquito life history
traits (Zakharova et al. 1990; Lyimo et al. 1992; Suwanchaichinda & Paskewitz 1998;
Afrane et al. 2007; Okech et al. 2007; Aboagye-Antwi & Tripet 2010). Based on studies
in other invertebrate systems, it is expected that variation in quality of larval habitats
could feed through to impact adult life history, which in turn could affect transmission
(Ellers & Jervis 2003; De Block and Stoks 2008; Pechenik et al. 2011). For terrestrial
insects and other small invertebrates, estimates of body condition are often positively
correlated with body size (Kingsolver & Huey 2008; Schulte-Hostedde et al. 2013), and
larger individuals often exhibit increased probability of survival, fecundity and ultimate
overall fitness (Honek 1993; Kingsolver & Pfennig 2004). Adult survival and vector
density are key elements of vectorial capacity. Larval effects on adult body size might
also be important in determining vector competence. Larger individuals could support
more parasites due to greater availability of host resources (Plaistow et al. 2001;
Pulkkinen & Ebert 2004). Alternatively, individuals with more reserves might be able to
devote more energy toward immune defense (Suwanchaichinda & Paskewitz 1998; Moret
& Schmid-Hempel 2000).
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Extensive studies on Aedes species have shown that larval environment can have
considerable effects on life history traits important to transmission, such as development
rate, adult longevity, and efficiency of egg development (Briegel 1990; Zhou et al. 2004;
Levi et al. 2014). Larval environment has also been demonstrated to significantly shape
vector competence in a variety of Aedes-arbovirus systems. For example, interactions
between larval competition and density in Aedes aegypti and Aedes albopictus can
significantly increase susceptibility to dengue virus and Sindbis virus (Alto et al. 2005;
Alto et al. 2008a). Nutritional stress in Aedes aegypti has also been shown to influence
the interaction between humoral and cellular branches of the immune system, which
could affect vector competence for a suite of pathogens (Telang et al. 2012).
A more limited number of studies on Anopheles vector species support the
influence of larval condition on subsequent adult traits and vectorial capacity, but the
patterns are not well understood (Lyimo et al. 1992; Paaijmans et al. 2009a; Araújo et al.
2012; Takken et al. 2013). Here, we use the Asian malaria vector, Anopheles stephensi
(Liston), and a rodent malaria, Plasmodium yoelii yoelii, to investigate whether
nutritional quality of larval habitat affects vectorial capacity. We show trans-stadial
impacts on a range of traits indicating potential for strong effects of larval rearing
condition on subsequent transmission of malaria.

Methods
General Experimental Design
To manipulate larval environmental quality, we fed Anopheles stephensi larvae differing
quantities of food throughout development. Larvae were collected from our standard
laboratory colony at The Pennsylvania State University (this colony was initiated in 2011
with eggs from a longstanding colony maintained at Johns Hopkins University,
Baltimore, Maryland, USA). Newly hatched (<24 h old) first instar larvae were
transferred to 265 mL plastic cups containing 80 mL of distilled water at initial densities
of 50 larvae per cup. Larvae were maintained on Tetrafin® fish food under standard
insectary conditions (26°C ± 0.5°C, 80% humidity, and a 12:12 L:D photoperiod). We
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exposed larvae to one of two experimental food treatments: 1) a “high” food regime (0.3
mg/individual/day), which is consistent with our standard colony maintenance, and 2) a
“low” food regime (0.1 mg/individual/day). These food treatments were selected based
on a series of pilot studies (information can be found in Appendix A). We maintained a
constant food environment in each cup by counting larvae and pupae daily, replacing
water (kept at a constant volume), and adjusting the amount of food allocated per
individual. Each treatment group contained 48 replicate cups. The entire experiment was
repeated in time, for a total of two experimental blocks (96 cups per treatment, in all). For
mating success and gonotrophic cycle experiments (details below), each larval treatment
group contained 15 cups in two experimental blocks (also repeated in time), totaling 30
cups per treatment.

Quantifying the effects of food treatment on mosquito life history traits
Larval survival and development time
To assess effects of experimental food treatment on larval survival, larvae and pupae in
each cup were counted daily using an eyedropper. To estimate duration of larval
development, and quantify adult mosquito production of each cup, the date of adult
female emergence and number of females emerging were recorded.

Adult body size
To determine if larval food manipulation generated differences in adult female body size,
we removed one wing from each mosquito (n = 100 per treatment, per experimental
block) and mounted wings onto a glass microscope slide using clear nail lacquer. Wings
were then measured using a micrometer eyepiece with a standard dissecting microscope.
Measurements were taken from the tip of the wing (excluding fringe) to the distal end of
the alula. Wing length is known to be positively correlated with body size in mosquitoes
(Lyimo and Takken 1993; Nasci 1993).
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Gonotrophic cycle, mating success and daily adult survival
To determine effect of larval food treatment on gonotrophic cycle length, females that
had emerged 3-5 days prior (and had been housed in mesh cages with males from their
respective treatments) were fed to repletion on a Hemotek™ membrane feeder using pork
sausage casing filled with human blood heated to 37°C. Blood-fed females (n = 50 per
treatment in each experimental block, for a total of 100 per treatment) were then
transferred to individual 50 mL plastic tubes covered with mesh, and provided with a
cotton ball moistened with 10% glucose solution that was replenished daily. Each day,
sugar-moistened cotton balls were removed four hours prior to offering a blood meal
(also via a Hemotek™ feeder) for ten minutes on four subsequent days. Tubes were
monitored daily for eggs, which were counted for each individual female. Mortality was
recorded until day 14 after the first blood meal.
Here, gonotrophic cycle is defined as the time (in days) from initial blood meal to
oviposition of the first clutch, as few individuals laid twice throughout the experiment.
Mating success was also assessed by dissection of spermathecae from females in both
treatments that never laid eggs throughout the monitoring period. Presence of sperm,
whether alive or dead, was considered a successful mating.
Adult survival was monitored for 14 days after the first blood meal, at which
point adult females were 17-19 days old. While mosquitoes can live for many weeks
under ideal lab conditions (Paaijmans et al. 2010), this prolonged survival is difficult to
interpret as it is generally accepted that few mosquitoes live beyond two weeks in field
settings (Detinova 1966; Reisen & Aslamkhan 1979; Clements and Paterson 1981).
Moreover, 14 days after the blood meal is when female mosquitoes are potentially able to
transmit malaria and before strong effects of senescence are expected (note the basic
vectorial capacity equation is age-independent and assumes a constant rate of mortality in
the absence of senescence).
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Quantifying the effects of food treatment on vector competence
In order to assess the effects of larval food treatment on measures of vector competence,
we first randomly allocated three-to-five day old individuals from each cup of both
treatments across one of four replicate cages (80-100 females per cage). Females were
allowed to feed on two anesthetized mice per cage (C57 females, > 6 weeks old) infected
with Plasmodium yoelii yoelii (clone 17XNL) for thirty minutes. All vertebrate animal
work was carried out by trained research technologists under Penn State University
IACUC protocols specified in permit #27452. To ensure that mosquitoes received an
infectious blood meal at the same adult stage, first instar larvae for the low food treatment
group were collected from the colony four days earlier than first instars to be allocated to
the optimal food treatment group (see Appendix A for details). This was done to adjust
for the slower developmental time in the low food treatment group and allow for agematched comparison of the groups at the same time after administration of the infectious
blood meal. Individuals that did not feed were removed from the cage. Infectious feeds
were performed at 26°C for optimum host seeking and probing behavior. Immediately
following feeding, cages were transferred to a second incubator set at 24°C, as this is the
thermal optimum for Plasmodium yoelii yoelii growth and replication. After infection,
individuals were provided with cotton balls moistened with 10% glucose offered ad
libitum and replaced daily. Daily survival of infected adults was monitored by counting
and removing the dead individuals throughout the duration of the experiment.
Despite our high level of replication at the larval food level (48 cups per treatment
per block), we chose to pool individuals from cups into cages (four per treatment per
block). Combining in this way means we cannot trace individual mosquitoes and their
resulting infection dynamics back to a specific cup. However, we considered
randomization across four treatment cages, with use of two mice per cage to account for
natural mouse-to-mouse variation in gametocytemia, and complete replication through
time, sufficient to detect any biologically relevant treatment effects. Putting individual
mice on each cup would have increased the number of mice used to unethical levels.
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Parasite prevalence and intensity
A subset of 25 individuals was taken from each replicate cage at seven days postinfection to assess infection prevalence and intensity. Midguts were dissected in 0.01 M
phosphate-buffered saline and examined under a light microscope at 40x magnification.
Presence or absence of oocysts and the number of established oocysts were quantified.
Dissected midguts were saved individually in 1.5 mL tubes and stored in absolute ethanol
at -80°C for future genomic DNA analysis (discussed below). At day 16-18 postinfection, 15 individuals were sampled from each replicate cage, and salivary glands were
dissected out in 0.01 M phosphate-buffered saline. Glands were examined under a light
microscope at 100x magnification and scored for presence or absence of sporozoites. To
estimate vector competence (b, proportion of infectious bites on a susceptible host that
lead to an infected host), we used the proportion of mosquitoes with sporozoites
disseminated in the salivary glands. This is a standard approximation and assumes that if
a mosquito has sporozoites in her salivary glands, she will likely transmit during feeding
(Smith et al. 2004; Paaijmans et al. 2012; Smith et al. 2012).

Sporozoite replication
To quantify how food treatment affected sporozoite production for each infected
mosquito, we performed genomic DNA extraction and qPCR analysis for Plasmodium
genomes in midguts saved from oocyst dissection. Plasmodium genomic DNA was
extracted from midguts using the E.Z.N.A. MicroElute Genomic DNA kit (Omega BioTek, as per the manufacturer’s protocol). DNA was eluted in 20 µL of molecular grade
water, and the number of parasite genomes present in midguts was quantified using a
previously developed qPCR assay (Bell et al. 2009). Briefly, reactions were run on an
ABI Prism 7500 Sequence Detection System (TaqMan). Initial denaturation was 20
seconds at 95°C followed by 40 cycles of a three-second 95°C denaturation period and a
30-second 60°C period of annealing and extension. Primers and probes were designed to
amplify DNA from several Plasmodium species (details in Appendix A). We constructed
standard curves for P. yoelii yoelii genome detection by extracting DNA from a known
number of infected mouse red blood cells using the BloodPrep kit (Applied Biosystems)
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on the ABI Prism 6100 Nucleic Acid Prep Station (as per the manufacturer’s protocol).
Parasite production per oocyst was evaluated by dividing the total number of parasite
genomes by the number of oocysts quantified for each midgut. We used both sporozoite
production per midgut and per oocyst as measures of efficiency of parasite replication.

Statistical Analyses
All statistical analyses were carried out using IBM SPSS v.21 (Armonk, NY). For all
analyses, full factorial models were reduced through backwards elimination of nonsignificant, higher order interactions, and henceforth non-significant higher order
interactions are not reported in our discussion of the results or displayed in our model
tables. All models were evaluated for goodness-of-fit by assessing model deviance per
degrees of freedom, log likelihood values and residual plots. To assess significant
pairwise comparisons, we used Bonferroni-adjusted post-hoc tests.
We used univariate general linear model (GLM) analysis to determine how food
treatment affected adult body size and mating success. Larval and adult survival, day of
emergence, number of adults emerged, fecundity, and measures of vector competence
(oocyst intensity and prevalence, sporozoite prevalence) were analyzed using generalized
linear models (GZLM) so that non-normal error distributions could be used in the
analysis. All distributions were chosen based on both best model fit and plots of raw data.
Normal distribution was assumed for analysis of day of adult female emergence
and gonotrophic cycle. We assumed complimentary log-log, Poisson, binomial, negative
binomial, and gamma distributions in the analyses for mosquito survival, number of
adults emerging and fecundity, oocyst and sporozoite prevalence, oocyst intensity, and
number of sporozoites produced for each treatment group, respectively. For each
dependent variable in our analyses, food treatment, cage replicate (for parasite traits), and
experimental block were included as factors. We included oocyst intensity as a covariate
in the model assessing treatment effects on sporozoite production. Across all models
concerning characteristics of Plasmodium infection, replicate cage was nested within
treatment to correct for the fact that mosquitoes in each cage received a blood meal from
different groups of mice, and so were not related to one another across treatment groups.
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Quantifying Effects of Larval Food Treatment in the Context of the
Vectorial Capacity Equation
We calculated vectorial capacity using mean parameter estimates quantified from our
empirical data. In the current study, we have no direct measure of extrinsic incubation
period (EIP) of the parasite (n), so we assumed the EIP for P. yoelii yoelii development at
24°C to be 12 days for both treatment groups based on previous research (Paaijmans et
al. 2012). For daily survival rates (p), we used the average rate over the entire 18-day
monitoring period. Vector density (m) was estimated using the mean of total emerged
females per replicate larval cup. We followed convention in using the reciprocal of the
mean gonotrophic cycle length as a proxy for daily biting rate (a). The proportion of
mosquitoes potentially infectious (b), was calculated using raw data means for sporozoite
prevalence. All values were calculated using means from our empirical data, except for
extrinsic incubation period (EIP, n), which is assumed based on ideal conditions in
previous work. Standard errors of means are displayed for vector density, biting rate, and
proportion infectious (sporozoite prevalence).

Results
The Effects of Food Treatment on Mosquito Life History Traits
Food treatment significantly affected larval survival (and henceforth the number of
emerging adult females). Larvae reared on low food diets did not survive as well as those
reared on high food diets (Figure 2.1). However, this effect was strongly mediated by day
(analyzed as a covariate) and interactions among food treatment and experimental block
and day (Table 2.1, GZLM, interval-censored survival analysis). Although the trend of
reduced larval survival and subsequent adult emergence in the low food group remained
consistent across experimental blocks, the first block showed an initial (days 2-5 after
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hatching) sharp decline in the survival of the high food group, which did not replicate in
the second experimental block resulting in the significant treatment x day x block
interaction (Table 2.1). We did see significant replicate effects; however, upon plotting
Kaplan-Meier survival curves for each of the 48 replicates per treatment per block, these
effects were due to several cups that exhibited unusually high or low larval mortality
(data not shown). However, the trends remain the same and when assessing the final
productivity of each cup (total number of females), replicate is not a significant effect.
Low food environments produced, on average, significantly fewer total adult
females per replicate cup than the high food environments (Figure 2.2). In the low diet
group, mean emergence was 16.7 females per cup (standard error = 0.44), while high diet
cups produced a mean of 19.7 females (standard error = 0.359) (p <0.001 at a = 0.05,
GZLM, Table 2.1). Adult females emerging from the high food treatment group had
significantly larger wings than those emerging from the low food treatment group, with
little overlap between the two groups (Figure 2.3).
Length of gonotrophic cycle was significantly shaped by larval food treatment
(Table 2.1), and females from low larval food diets had gonotrophic cycles that were on
average one day longer than mosquitoes fed high food diets (Figure 2.4). There was a
significant effect of experimental block, with individuals in the second block taking
slightly longer to lay the first clutch of eggs, but this effect was consistent across
treatments, resulting in no significant treatment x block interactions. Larval food
treatment also significantly affected mating success (presence of sperm in spermatheca;
Figure 2.5) and fecundity (Figure 2.6). Females from the low food treatment were less
likely to be mated than those from the high food treatment (mean proportion mated =
0.71 ± 0.045, 0.97 ± 0.18, respectively), and those in the low food treatment that did lay
eggs, laid significantly fewer than high food females (mean size of first clutch = 28.67 ±
2.01, 64.14 ± 1.80, respectively; treatment p < 0.001 at a = 0.05, GZLM, Poisson
distribution).
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The Effects of Larval Food Treatment on Vector Competence
Larval food treatment significantly affected adult infected female survival (p = 0.001 at a
= 0.05, GZLM, interval-censored survival, Table 2.1). The difference was not significant
until day five post-infection, when survival in the low food group fell sharply, then
levelled off at day ten, with little mortality in either group for the remainder of the
observation period (Figure 2.7).
Despite differences in adult survivorship, food treatment had no significant effect
on either oocyst or sporozoite prevalence (Table 2.2, Figure 2.8). In contrast, food
treatment significantly influenced oocyst intensity (Table 2.2, Figure 2.9), and females
from the low food group had an overall lower oocyst burden than those from the high
larval food group. This effect was consistent across experimental blocks, despite the
difference in infection levels between experiments.
Individuals fed a high food diet exhibited a greater number of parasite genomes
per oocyst than mosquitoes fed a low food diet (mean of 1.69 x 105 and 2.2 x 105
genomes per midgut for low and high food treatments, respectively) (Figure 2.10, Table
2.2). Unsurprisingly, the number of P. yoelii yoelii genomes per midgut increased with
oocyst intensity. However, the slope of the positive relationship between oocyst intensity
and number of P. yoelii yoelii is steeper for individuals in the high food treatment (slope
= 9.38 x 103, R2 = 0.787) than for the low food treatment (slope = 6.44 x 103, R2 =
0.747), as indicated by the significant interaction between food treatment and oocyst
intensity (treatment x oocyst intensity, Table 2.2).
Here, the significance of experimental block is likely due to the fact that the
oocyst intensity in the second block (mean = 13.26) was lower than that of the first block
(mean = 46.36). Though the trends replicate and remain significant, the magnitude of the
relationship between intensity and genome count is much greater in the first block.

The Effects of Larval Food Treatment on Vectorial Capacity
For daily survival rates (p), we took the average rate over the entire 18-day monitoring
period, which resulted in p = 0.973 and p = 0.983 for the low and high food groups,
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respectively. Mean adult female density (m) per replicate cup in the low diet was 16.7
females (standard error = 0.44), while high diet cups produced a mean of 19.7 females
(standard error = 0.359) (p < 0.001 at a = 0.05, Table 2.1). Gonotrophic cycle for low
food individuals was 4.29 days (the reciprocal of which gives an average biting rate per
day of a = 0.233, standard error = 0.09), while high food individuals had an average
cycle length of 3.41 days (a = 0.293, standard error = 0.06). Sporozoite prevalence (b)
mean was 0.30 for both groups (standard error = 0.042). These parameter values yielded
mean vectorial capacity values of C = 7.155 for mosquitoes from the low food treatment
and C = 22.462 for those from high food environments (Table 2.3).

Discussion
In this study we demonstrate effects of variation in food abundance at the larval stage on
both larval survival and a suite of adult mosquito life history traits that combine to
determine vectorial capacity. The treatment effects equate to a c.70% relative reduction in
malaria transmission potential for mosquitoes from the low food environment, or,
conversely, a relative increase in transmission potential of c.310% for mosquitoes from
the high food environment.
The most obvious influence of larval food treatment was the impact on daily
survival and prolonged development of larvae in poor nutritive environments. Longer
development times and smaller proportion of mosquitoes successfully pupating and
eclosing has been reported in Anopheles gambiae, Aedes triseriatus, and Anopheles
darlingi (Okech et al. 2007; Hard et al. 1989; Grieco et al. 2007). Further, although
larval development is not a direct component of vectorial capacity, it will affect vector
population growth rates and possibly vector density (depending on the nature of the
density dependence (Russell et al. 2011)). Adult survival has also been shown to be
affected by quality of larval habitat in other mosquitoes (Ameneshewa & Service 1996;
Hawley 2010). One recent study suggested that quality of larval habitat had no effect on
subsequent survival of adult Anopheles stephensi and hence, no implications for
transmission (Takken et al. 2013). However, this study monitored adult survival for five
days post-infection only, which is much shorter than the incubation period of the parasite
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and so provides little insight into ultimate impacts on the number of adults potentially
able to transmit the parasite (note that significant differences in survival between
treatments in the present study only emerged between days five to nine).
Larval food treatment also carried over to have a significant effect on adult body
size. Several studies have shown positive correlation between body size and fitness in
vector mosquito species. For example, in Aedes albopictus reared in both the laboratory
and the field, pupal mass and wing length were consistently correlated positively with
fecundity (Armbruster & Hutchinson 2002). In field-collected Aedes communis, wing
length was a significant predictor of longevity when the adult females were food stressed
(Andersson 1992). Studies on Anopheles gambiae show that reduction in resource
availability through increasing larval density significantly decreases adult mass in males
and females. Reduced body mass was demonstrated to be negatively correlated with both
age at pupation and mating success, suggesting that both development time and body size
have an influence on adult fitness (Gimnig et al. 2002; Ng’habi et al. 2005; Muriu et al.
2013).
Larval food treatment also impacted duration of the gonotrophic cycle, and hence
the reciprocal estimate of daily biting rate. Changes in gonotrophic cycle length were
relatively small (<1 day), but because biting rate enters into the vectorial capacity
equation as a squared term (reflecting that one bite is required for a mosquito to acquire
the parasite and at least one other required to pass it on), even small changes can
contribute to differences in overall vectorial capacity (Dye 1986; Dye & Hasibeder 1986;
Dye 1994). The prolonged gonotrophic cycle length we observe in small females could
be due to decreased nutritional reserves (as could the effects on fecundity). This reduction
in reserves has been shown in Aedes aegypti females to prolong especially the first
gonotrophic cycle, as more than 50% of the lipid resources needed to develop eggs are
from larval stores (Zhou et al. 2004). In nature, the timing of the initial blood meal could
also be delayed if a smaller proportion of females engage in blood feeding, as seen in
Anopheles darlingi emerging from poor larval habitats (Araújo et al. 2012), or if smaller
females have higher initial preference for sugar feeding as opposed to blood feeding
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(Hancock & Foster 1997). These latter effects would potentially further impact vectorial
capacity.
Differences in fecundity and mating success, while they do not contribute directly
to vectorial capacity, could further shape vector density. It has been demonstrated in
several studies that fecundity is positively correlated with body size in several anopheline
species, due to both available teneral reserves for ovarian development as well as larger
blood meal size taken by larger females (Hogg & Hurd 1995; Fernandes & Briegel 2005;
Yaro et al. 2012). Possible explanations for impacts on mating success include depressed
mate-seeking in small individuals of both sexes due to energetic demand (Yuval 1993;
Yuval 2006). Anopheles gambiae males have been demonstrated to preferentially select
larger females for mates (Okanda et al. 2002), so low food females may have not
presented as attractive mates for their conspecific males. Additionally, differences
between treatments could affect the viability and number of sperm (Ponlawat &
Harrington 2007). In our studies, mosquitoes were restricted to mating within their
respective treatment groups. These trends in mating success might change if mosquitoes
were allowed to mate freely with individuals of differing sizes from diverse larval
habitats (Stoffolano et al. 2000).
The effects of larval diet on parasite development and overall vector competence
were mixed. We observed differences in parasite intensity and genomic DNA replication,
suggesting that larger mosquitoes might offer greater nutritional resources for parasite
exploitation within the insect, but found no effect on parasite prevalence at either the
oocyst or sporozoite stage. We used a rodent malaria as an established model (Vaughan
et al. 1994), but there are recognized differences between typical infection intensities of
rodent and human malarias (Billingsley et al. 1994), and the resultant mosquito immune
responses (Dong et al. 2006; Garver et al. 2009). We also acknowledge that we are using
a laboratory strain of An. stephensi that has known susceptibility to certain Plasmodium
species and that natural sympatric vector-parasite pairings can differ in baseline
competence (Joy et al. 2008). The functional importance of these differences is slightly
unclear, but they complicate translation of results across systems and we do not suggest
that our calculations of vectorial capacity can be applied directly to the field. That said,
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human malaria parasites do require mosquito resources for development (Rivero &
Ferguson 2003; Rono et al. 2010; Preuss et al. 2012; Caragata et al. 2013), so there is no
reason to think that host condition is unimportant. Several previous studies have
demonstrated effects of larval density on adult traits including body size (Lyimo et al.
1992; Gimnig et al. 2002; Ng’habi et al. 2005), survival (Ameneshewa & Service 1996),
blood intake, and mating competitiveness (Takken et al. 1998; Ng’habi et al. 2008),
suggesting our results to be robust. Comparative differences might be enhanced or
diminished in the face of the complexity that exists in the field.
The effects we observe on parasite replication rate suggest the additional
intriguing possibility that host condition could affect the extrinsic incubation period (EIP)
of the parasite. We did not measure EIP in our study as we only dissected salivary glands
at a single time point during infection. However, differences in parasite replication rate
due to the influence of temperature, for example, are known to affect length of the EIP,
with important consequences for vectorial capacity (Paaijmans et al. 2010; Paaijmans et
al. 2012). We are not aware of any studies exploring the effects of mosquito condition
(larval through adult) on malaria parasite development, but nutritionally-dependent
parasite replication has been observed in other invertebrate-parasite systems (Kollien &
Schaub 2000; Krist et al. 2003; Pulkkinen & Ebert 2004; Logan et al. 2005). If EIP is
affected by mosquito condition, this could add to the influence of larval habitat on
malaria transmission.
Russell et al. (2011) analyzed a time series of Anopheles gambiae abundance and
condition (body size) data collected in a high transmission setting in central Tanzania.
Their study revealed marked variation in adult body size across the year linked to
rainfall-driven changes in availability (and likely quality) of larval breeding habitats. The
density-dependent feedbacks between mosquito condition and carrying capacity of larval
habitats provided an elegant explanation for the observed adult mosquito population
dynamics. Our data indicate that variation in quality of larval habitats could have
important impacts on vectorial capacity beyond predicted effects on mosquito abundance.
Caveats regarding the laboratory nature of our experimental system
notwithstanding, the magnitude of the effects we observe are non-trivial. A 70%
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reduction in vectorial capacity is of the same order as reported from well implemented
control programs using insecticide sprays or insecticide-treated nets (Garrett-Jones and
Grab 1964; Molineaux et al. 1979; Bayoh et al. 2010; Chitnis et al. 2010). Thus,
variation in larval habitat quality could have a marked influence on the temporal and
spatial dynamics of malaria transmission. Larval resource effects could also have
important implications for control. For example, poorly implemented larval control, such
as inefficient larviciding, could possibly alleviate density effects, increasing resource
availability for the remaining larvae. This reduced larval competition might lead to
inadvertent increases in transmission potential. Conversely, reduced nutrition via
increases in larval competition could reduce transmission potential and might provide a
partial explanation for the so-called ‘paddy paradox’, whereby malaria burden remains
low in rice irrigation areas in spite of very high mosquito densities (Ijumba & Lindsay
2001). The potential for such effects reinforces the need for better understanding the
effects of environmental quality on larval and adult mosquito ecology (Ferguson et al.
2010).
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members of the Thomas & Read labs for helpful discussion, Janet Teeple for insectary
management, Simon Blanford for parasite scoring, Derek Sim for mouse infection and
handling, and Matt Jones for molecular expertise and support. All vertebrate animal
work was carried out by trained research technologists under Penn State University
IACUC protocols specified in permit #27452. The authors would also like to
acknowledge the National Science Foundation Graduate Research Fellowship Program
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Figure 2.1. Daily larval survival from first instar to adult. End of survival curve signifies
all adults have emerged.
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Figure 2.2. Female emergence per day; depicts total adult females (all replicates, all
blocks) emerged at each day after hatching. Female emergence in the low diet is
characterized by fewer individuals, as well as a more extended pattern of emergence with
no distinct peak.
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Wing Length (mm)

Figure 2.3. Frequency distribution of wing length (in mm) of females across both
treatment groups. Red = 0.1 mg/individual/day, n = 213; blue = 0.3 mg/individual/day, n
= 206. Groups are significantly different from each other (treatment, p < 0.001 at a =
0.05, univariate GLM).
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Figure 2.4. Length of first gonotrophic cycle, used to estimate biting rate. Treatments are
significantly different from one another (p < 0.001 at a = 0.05, univariate GLM). Error
bars represent 95% confidence intervals around mean values. Low diet n = 55; high diet n
= 90.
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Figure 2.5. Mean proportion of females with sperm present in spermathecae (considered
a successful mating). Females from high food treatments exhibited higher mating success
than those from low food treatments. Bars are significantly different from one another (p
< 0.001 at a = 0.05). Error bars represent the 95% Confidence intervals around the mean
values. Low diet n = 85; high diet n = 93.
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Figure 2.6. Mean fecundity of females in each treatment group, as measured by number
of eggs laid in the first clutch. Bars include only females that laid eggs; those that did not
lay eggs were excluded from the analysis. Bars are significantly different from one
another (p < 0.001 at a = 0.05, ANOVA). Error bars represent the standard deviation
from the mean. Low diet n = 54; 29.19 ± 14.56 eggs, High diet n = 90; 64.14 ± 17.05
eggs.
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Figure 2.7. Daily post blood meal adult female survival of each food group. Note the
most significant changes occur between day four and ten.
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Figure 2.8. Prevalence of oocysts (dark-colored bars) and sporozoites (light-colored bars)
in both treatments. There is no significant difference between low and high food
treatments for oocysts (p = 0.164 at a = 0.05, GZLM) or sporozoites (p = 0.944 at a =
0.05, GZLM). Error bars represent the 95% confidence intervals around mean values.
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Figure 2.9. Infection load for each treatment as quantified by oocyst intensity in infected
individuals. Treatments are significantly different from each other (p < 0.001 at a = 0.05,
GZLM). Error bars represent the 95% confidence intervals around mean values.
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Figure 2.10. Relationship between oocyst intensity and sporozoite production
(Plasmodium genomes per midgut) for each treatment; red = “low food”, blue = “high
food”. Both oocyst intensity and total genomes are log-transformed for clarity in
visualization. Treatments are significantly different from one another (p < 0.001, GZLM).
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Table 2.1. Generalized linear model output for mosquito life history traits. Bold indicates
significance at a = 0.05. Model fit assessed by value of deviance per degrees of freedom:
larval survival = 1.450; vector density = 0.934; adult survival = 8.967; gonotrophic cycle
= 0.765. P-values are reported only for significant interactions and first order terms.
Table reflects final output of a backwards-eliminated full factorial model. N.S. = not
significant; N.A. = not applicable; a = SPSS unable to compute due to numerical issues.

40

Table 2.2. Generalized linear model output for vector competence and parasite dynamics.
Bold indicates significance at a = 0.05. Model fit assessed by value of deviance per
degrees of freedom: oocyst prevalence = 1.379; sporozoite prevalence = 1.748; oocyst
intensity = 1.422; genomes per midgut = 1.286. P-values are reported only for significant
interaction and first order terms. Table reflects the final output of a backwards-eliminated
full factorial model. Intensity is included as a covariate only for Plasmodium genomes, as
it would be an inappropriate variable for all other parasite traits reported in this table.
N.S. = not significant; N.A. = not applicable.
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Table 2.3. Output of vectorial capacity equation with parameters derived from empirical
observations.
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Chapter 3
Larval diet shapes parasite development rate and potential of
mosquitoes to transmit human malaria (Plasmodium falciparum)
*Published July 2016: Shapiro, L.L.M., Murdock, C.C., Jacobs, G.R., Thomas, R.J. &
Thomas, M.B. (2016) Larval food quantity affects the capacity of adult mosquitoes to
transmit human malaria. Proceedings of the Royal Society B, 283: 20160298.

Abstract
Adult traits of holometabolous insects are shaped by conditions experienced during larval
development, which might impact interactions between adult insect hosts and parasites.
Here, we used Anopheles stephensi mosquitoes and the human malaria parasite
Plasmodium falciparum, to investigate whether larval conditions affect the capacity of
adult mosquitoes to transmit malaria. We reared larvae in two colonies; one colony was
reared on a standard laboratory mass production diet, while the other received a reduced
diet. Emerging adult females were then provided an infectious blood meal. We assessed
mosquito longevity, parasite development rate and prevalence of infectious mosquitoes
over time. Reduced larval food led to increased adult mortality and lower maximum
infection prevalence. Reduced larval food also caused a delay in parasite development
and slowed down the rate at which parasites invaded the mosquito salivary glands,
extending the time it took for mosquitoes to become infectious. This latter result
challenges the standard assumption that the extrinsic incubation period of P. falciparum
is independent of the mosquito host. Together these effects reduced transmission
potential of mosquitoes from the low food regime by 60-70%, or conversely, increased
transmission potential of mosquitoes from the high food regime by 260-330%. Overall,
this work highlights the importance of improving knowledge of larval ecology to better
understand vector-borne disease transmission.
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Introduction
The larvae of many insects that vector human and animal disease exhibit very different
ecologies from the adult vectors ultimately responsible for disease transmission. For
example, while adult vectors often live in and around domestic dwellings, larval sandflies
(vectors of leishmaniasis) inhabit dark, moist subterranean habitats, such as rodent
burrows, and larval mosquitoes (vectors of numerous diseases including malaria,
filariasis, dengue, chikungunya, and Zika virus) occupy aquatic habitats ranging from
freshwater streams to stagnant water in drainage ditches or manmade containers (A
Global Brief on Vector-Borne Diseases, World Health Organization, 2014). For many
holometabolous insects, conditions experienced during the larval stages can carry over to
influence adult life history traits (Campero et al. 2008; De Block & Stoks 2008; Perdikis
2008; Valtonen et al. 2012). However, the majority of vector biology research tends to
focus directly on the adult vectors and the potential for larval ecology to have indirect
influence on disease transmission is relatively less well studied.
The most extensive research exploring the effects of larval condition on the
vectorial capacity of adult mosquitoes derives from Aedes-arbovirus systems (Telang &
Wells 2004; Alto et al. 2005; Alto et al. 2008a; Hawley 2010; Joy, et al. 2010;
Westbrook et al. 2010; Muturi et al. 2012; Telang et al. 2012; Alto & Bettinardi 2013).
For example, in adult female Ae. albopictus, low larval rearing temperatures decrease
dissemination of dengue virus, but increase susceptibility to chikungunya virus, in
comparison to adults from warmer larval environments (Westbrook et al. 2010; Alto &
Bettinardi 2013). Aedes albopictus larvae that are competitively stressed, either
intraspecifically (high larval density) or interspecifically (with Ae. aegypti) are more
likely to become infected with Sindbis virus, whereas Ae. aegypti exhibits equivalent
susceptibility regardless of density or competitive species (Alto et al. 2005).
Additionally, reduced larval food quantity in Ae. aegypti has been shown to influence the
interaction between humoral and cellular branches of the immune system in adult
mosquitoes, which could also directly affect vector competence for a variety of pathogens
(Telang et al. 2012).
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A more limited number of studies show similar effects of larval environment on
life history traits and vector competence of malaria vectors (Lyimo et al. 1992; Bayoh &
Lindsay 2004; Ng’habi et al. 2005; Pfaehler et al. 2006; Okech et al. 2007; Ng’habi et al.
2008; Paaijmans et al. 2009a; Takken et al. 2013; Moller-Jacobs et al. 2014). In
Anopheles gambiae, high larval densities and low larval food quantity hindered first
mating success of emerging adult males (Ng’habi et al. 2005; Ng’habi et al. 2008). In
areas where larval competition between An. gambiae and An. arabiensis occurs, it has
been demonstrated that time to pupation is reduced for An. gambiae and extended for An.
arabiensis compared to larval pools containing only one species (Paaijmans et al. 2009a).
The nature of local soils (organic carbon, nitrogen, and microbial content) has also been
shown to influence larval development of An. gambiae and subsequent susceptibility of
adult mosquitoes to P. falciparum infection (Pfaehler et al. 2006, Okech et al. 2007). We
recently demonstrated that a reduction in larval mosquito food quantity significantly
decreases vectorial capacity of An. stephensi infected with a rodent malaria (P. yoelii
yoelii). We noted significant effects of larval food quantity on adult life history traits
important to transmission, such as survival, length of gonotrophic cycle, and number of
emerging adults; however, we observed no effect of nutrition on parasite prevalence
(Moller-Jacobs et al. 2014).
In spite of this research, the role of larval ecology remains poorly integrated into
understanding of vector-borne disease transmission and, for human malaria in particular,
few studies have explored the net effect of larval condition on both adult mosquito and
parasite traits that combine to determine ultimate transmission potential (Roux et al.
2015; Vantaux et al. 2016). In the current study, we investigate how differences in the
quantity of food available to larval An. stephensi mosquitoes affects the capacity of adult
mosquitoes to vector the human malaria parasite, Plasmodium falciparum. We found that
reducing larval food quantity reduced adult longevity, reduced overall infection
prevalence, increased the parasite extrinsic incubation period and extended the time it
took for mosquitoes to become infectious. Such effects have not been reported previously
for human malaria but, given the variability in larval habitats in nature, could play a
substantial role in transmission dynamics (Minakawa et al. 1999; Pemola-Devi & Jauhari
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2007; Ageep et al. 2009; Constantini et al. 2009; Ndenga et al. 2011; Mehravaran et al.
2012; Sinka et al. 2012).

Methods
Mosquito Rearing and Experimental Design
Anopheles stephensi larvae were collected from our laboratory colony at the
Pennsylvania State University (this colony was initiated in April 2014 with eggs from a
longstanding colony maintained at Walter Reed Army Institute of Research, Silver
Spring, Maryland, USA). Newly hatched (<24 hour old) first instar larvae were
transferred to plastic trays (36 cm x 20 cm x 13 cm) containing one liter of distilled water
at initial densities of 400 larvae per tray. Larvae were maintained on Tetrafin® fish food
under standard insectary conditions (26°C±0.5°C, 80% humidity, and a 12:12 L:D
photoperiod).
From our collected first instar larvae, we generated two separate colonies: 1) a
“high” food colony, receiving 0.6 mg of food per individual per day, which is consistent
with our standard colony maintenance diet, and 2) a “low” food colony, receiving 0.2 mg
of food per individual per day. The specific food regimes were chosen based on a series
of pilot studies, with the goal of generating a “low food” regime that still allowed for a
colony that would produce sufficient numbers of emerging adult mosquitoes to perform
large-scale experimental infections (information in Appendix B). We maintained a
constant concentration of food in each tray by filtering and replacing water daily before
feeding. Each colony comprised 30 trays, with an initial population of 12,000 larvae in
each colony. Larval trays were placed in a different position within the walk-in incubator
each day after filtering water and refeeding.
To ensure that mosquitoes received an infectious blood meal at the same adult
age, first instar larvae for the low food colony were collected from the main colony three
days earlier than first instar larvae for the high food colony (Figure B.1). This was to
adjust for the slower developmental time due to low food availability, and to allow for an
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age-matched comparison of mosquitoes from each colony at the same time points postinfection. Although the mosquitoes from the low food colony were chronologically older,
due to the additional time spent in larval development, the adult females from each
colony were of equal post-emergence age at the time of infection.
In each colony, pupae from each larval tray were distributed evenly across ten
small mesh emergence cages (17.5 cm x 17.5 cm x 17.5 cm, BugDorm®, Taichung,
Taiwan). Upon adult emergence, each cage was provided with cotton balls moistened
with 10% glucose, which were replaced daily. Early emerging females (those emerged >5
days pre-infectious blood meal) in each cage were aspirated and killed. Three to five days
following peak female emergence, adult females from each emergence cage were
distributed evenly across 8-10 experimental cardboard cups (475 mL) for each colony,
totalling 150 females per cup. Each cup was provided a blood meal of human blood
infected with P. falciparum. Dead mosquitoes were counted daily in each cup and subsamples of live mosquitoes were removed (details below) to assess the proportion of
infectious mosquitoes (Figure B.2). Due to logistical constraints of maintaining tray-tocage-to-cup replication within an experiment, we replicated the experiment twice through
time (experimental block 1: eight cups per treatment, 150 females / cup; block 2: 10 cups
per treatment, 150 females / cup) (Figure B.3).
As our experimental females are drawn from a large colony pool that has been
mixed on two separate occasions from pupation to infection, we included wing length as
a feedback signal to ensure our colonies were producing females that were significantly
different between groups. During each experimental block, we removed ten females from
each emergence cage for both food groups at the same time as the allocation of females to
infectious cups for blood meals. These females were frozen and wing lengths were
measured to the nearest micrometer the following day using the cellSens imaging
software platform (Olympus). Wing lengths were significantly different between food
groups in both blocks (Figure 3.1), demonstrating that our colonies were indeed
producing individuals of differing condition.
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Plasmodium falciparum Culture and Infection
In vitro cultures of P. falciparum strain NF54 (wild type, Center for Infectious Disease
Research, Seattle, Washington, USA) were maintained in RPMI 1640 medium (25 mM
HEPES, 2mM L-glutamine), supplemented with 50 µM hypoxanthine and 10% human
A+ serum (Valley Biomedical, Winchester, Virginia, USA). Culture was maintained in
an atmosphere of 5% CO2, 5% O2, and 90% N2. Parasite cells were then subcultured into
O+ human erythrocytes (Valley Biomedical). Gametocyte initiation occurred at 5%
haematocrit and 0.8-1.0% mixed-stage parasitemia. The culture was maintained for 17
days, and parasite cells were washed and provided fresh media daily.
Prior to the administration of the infectious blood meal, females were starved for
18 hours (imbibing only water) to ensure a maximum proportion of blood-feeding in each
cup. On the day the infectious feed was administered, gametocyte cultures
(approximately 8% gametocytemia for each experimental block) were briefly centrifuged,
and the supernatant was removed and discarded. Pelleted erythrocytes were diluted to
40% haematocrit using fresh A+ human serum and O+ human erythrocytes. The mixture
was pipetted into glass bell jars fixed with a Parafilm membrane and connected by plastic
tubing with continuously flowing water heated to 37°C. Each bell jar was filled with 2
mL of blood culture, which feeds approximately 200 females. Mosquitoes were given 20
minutes to fully engorge, after which the bell jars were removed, as the parasites in
culture are no longer viable. In each colony, >90% of females across all cups were
observed to have blood in their midguts in both experimental blocks. Following blood
feeding, mosquitoes were maintained at 27°C ± 0.5°C, 85% humidity, and each cup was
provided with cotton balls soaked with 10% glucose and 0.05% para-aminobenzoic acid
in water, which were replaced daily.

Vector Competence, Parasite Development, and Adult Longevity
To evaluate the effects of larval nutrition on success of parasite establishment, we
assessed both oocyst prevalence and number of oocysts present per infected midgut via
dissections from days 5-10 post infection. 8-10 females were aspirated each day into
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absolute ethanol and midguts were dissected in 0.1 M phosphate-buffered saline. Midguts
were examined under a light microscope with phase contrast at 40x magnification.
To estimate the effects of larval nutrition on parasite development rate, we
evaluated the daily proportion of infectious mosquitoes through days 9-16 following the
infectious blood meal. We aspirated 8-10 mosquitoes from each replicate cup into
absolute ethanol and dissected salivary glands in 0.1 M phosphate-buffered saline.
Glands were ruptured and examined under a light microscope under phase contrast at
100x magnification for the presence of sporozoites.
To quantify effects of larval food quantity on adult survivorship post-infection,
we counted dead mosquitoes in each replicate cup daily. For survival analysis,
mosquitoes removed for dissections each day and those still alive at the end of the
experiment (day 16) were considered censored cases. We built a series of models with
food and block as covariates, using the R package flexsurv. We compared exponential,
Weibull, and Gompertz distributions for survival, as these distributions have been
commonly used to describe mosquito survival under laboratory conditions (Styer et al.
2007; Brady et al. 2013; Christiansen-Jucht et al. 2014; Christiansen-Jucht et al. 2015).
The best-fit model, which was a Gompertz curve described by larval food treatment and
experimental block, was chosen using Aikake’s Information Criterion (AIC) (Table B.1).

Parasite Dynamics and Extrinsic Incubation Period (EIP)
The extrinsic incubation period (EIP) describes the time it takes for the parasite to
develop in the mosquito from the initial parasite-infected blood feed through to the point
at which sporozoites enter the salivary glands and the mosquito becomes infectious. The
number of infectious mosquitoes in a cohort of mosquitoes is expected to increase from
zero to some maximum prevalence over several days (Vaughan et al. 1994; Vaughan
2007; Paaijmans et al. 2012), and defining EIP at different points along this cumulative
curve has been shown to alter estimates of transmission intensity (Paaijmans et al. 2012).
Whether the shape of this cumulative distribution is affected by larval diet is unknown,
and has to date only been shown to be affected by temperature for malaria parasite
development.
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To assess the effect of larval food quantity on parasite dynamics across the course
of sporogony we estimated how larval food treatment and experimental block influenced
the daily mean values for sporozoite prevalence in a non-linear logistic regression model
framework (Paaijmans et al. 2012). Here, the change in proportion of infectious
mosquitoes over time is described by a sigmoidal curve with the given equation:

𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 =

𝑔
1+

𝑒 )A(B)CD )

where g is the maximum observed sporozoite prevalence over the course of the infection,
k is the instantaneous rate of change, x is time post-infection (days), and tm is the time at
which change in the proportion of infectious mosquitoes is maximal. We constructed 24
competing models to describe how the dynamics of mosquito infection across
experimental cups varied in response to food treatment and block effects (see Table B.2
for parameter designations, figures B.4-B.7 for individual cup dynamics in each block).
The largest model had 12 parameters – i.e. treatment, block, and treatment x block
interaction effects on g, tm, and k, while our null model contained only the three
parameters g, k, and tm. We used Akaike’s Information Criterion (AIC) to assess which
model fit our data best (Table B.3).

Estimating Transmission Potential
One of the standard ways to characterize transmission potential is with vectorial capacity,
which describes the daily rate at which future infections arise from one infected human,
given that all female mosquitoes feeding on that human become infected (Garrett-Jones
1964; Garrett-Jones & Shidrawi 1969). However, vectorial capacity assumes there is a
single fixed value for EIP and that there is a constant rate of daily adult mosquito
survival, neither of which fit with our empirical data. Accordingly, we used an alternative
measure, adapted from the work of Killeen et al. (2000), to describe the transmission
potential of a cohort of mosquitoes (see Christofferson & Mores 2011 for similar
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metrics). In this framework, we assessed the number of mosquitoes that are both alive
and infectious at any given time by overlaying our survival curves with our model fits for
change in mosquito infectiousness over time. We extended our survival estimates to the
point where just 1% of mosquitoes were predicted to be alive, as the Gompertz survival
curves never reach zero. We follow the standard assumption that once sporozoites have
invaded the salivary glands, a mosquito remains infectious for life (Macdonald 1957;
Garrett-Jones & Shidrawi 1969; Smith & McKenzie 2004; Smith et al. 2012).
This approach enables us to capture the interacting dynamics of sporogony and
survival. The product of these two proportions (the area under the curve) represents the
cumulative number of “infectious mosquito days”. This value is then multiplied by the
daily biting rate to provide an estimate of the probable number of infectious bites
transmitted by a cohort of mosquitoes, assuming all blood meals are taken on humans
(analogous to force of infection for a given mosquito cohort). Here, we illustrate our
model results by assuming an initial cohort of 100 mosquitoes for each treatment group.
For our estimate of daily biting rate, we followed convention by taking the reciprocal of
the gonotrophic cycle length, as An. stephensi are not observed to take multiple blood
meals per gonotrophic cycle in the field (Macdonald 1957; Smith & McKenzie 2004;
Smith et al. 2012). We used empirically observed values of gonotrophic cycle length
from a pilot experiment conducted with these same food regimes using the same stock
colony (see figure B.6 and also Moller-Jacobs et al. 2014 for similar data).

Results
Post-Infectious Longevity
Larval food treatment significantly affected daily survival of blood-fed adult females
(Figure 3.2). Median survival time predicted by our Gompertz function for females from
the high food groups was 22.3 days (95% CI = 21.2-23.5 days) and 20.8 days (95% CI =
19.9-21.8 days) for block 1 and 2, respectively, and 17.3 days (95% CI = 16.6-18.1 days)
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and 15.9 days (95% CI = 15.3-16.6 days) for females from the low food groups in blocks
1 and 2, respectively.

Effects of Food Treatment on Parasite Establishment
Larval food treatment significantly affected establishment of parasites in the midgut, in
both prevalence and intensity. Mosquitoes emerging from low food environments were
less likely to become infected (p = <0.001, Table 3.1, Figure 3.3), and those that were
infected had fewer oocysts than those in the high food treatment (p = <0.001, Table 3.2,
Figure 3.4). Although these trends were consistent across both experimental blocks, we
did observe a significant effect of block on oocyst prevalence (p = <0.001, Table 3.1) as
well as significant effects of treatment x day, treatment x block, and day x block x
treatment interactions on oocyst intensity (all p=<0.001, Table 3.2). These significant
effects were likely due to lower overall infection prevalence across treatments in the
second block, coupled with intensity values that were less variable between treatments
than those in the first block.

Effects of Food Treatment on the Extrinsic Incubation Period and
Parasite Dynamics
Our best-fit logistic regression model suggested important effects of larval food treatment
on the cumulative distribution of infectious mosquitoes over time (Figure 3.5, Table 3.3).
This model was significantly better than the fully reduced model containing only the
original terms g, k and tm (Table B.3).
We observed an overall reduction (significant in block 1) in the maximum
proportion of infectious mosquitoes (g) in the reduced food treatment. We also observed
differences in the rates of parasite development between treatments with higher rates of
change (k) in the high food treatment compared with the low food treatment, irrespective
of asymptotic differences in maximum prevalence (Figure 3.5, Table 3.3).
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As shown in Figure 3.5, the logistic model indicated that the initial release of
sporozoites within the population (which we characterise as time to 10% of maximum
infectiousness) occurred at 10.3 days post blood meal in the high food treatment in both
blocks 1 and 2. For the low food treatment, 10% infectiousness also occurred at day 10.3
in block 1 but was delayed to day 11 in block 2. As the infection proliferated within the
population, the differences in parasite development between the two treatment groups
increased. The time to 50% of maximum infectiousness (the median incubation period,
indicated by the inflection point) occurred at 10.9 and 10.7 days for blocks 1 and 2 in the
high food treatments, and 12.1 days for the low food treatments in both experimental
blocks. The time to 90% of maximum infectiousness (i.e. approaching the maximum
prevalence, g) was 11.4 and 11.2 days in blocks 1 and 2 for the high food treatment but
13.7 and 12.9 days for the low food treatment.

Estimating Food Treatment Effects on Transmission Potential
Using our metric of transmission potential, we see a clear difference in the number of
cumulative infectious mosquito days between the two larval food treatment groups (area
under the curve indicated in Figure 3.6). Assuming an initial cohort of 100 mosquitoes,
the resulting values represent the probable number of infectious bites transmitted for that
cohort until only 1% of the population is remaining. After multiplying the number of
cumulative infectious mosquito days by daily biting rate, we observe transmission
potential values for the high food group of 247 and 186 infectious bites for block 1 and 2,
respectively. For the low food groups, we observe values of 74 and 71 infectious bites for
block 1 and 2, respectively. Overall, mosquito transmission potential in the low food
group was reduced by 60-70%, relative to the high food group, or conversely,
transmission potential of mosquitoes in the high food regime was increased by 260-330%
relative to the low food group (Table 3.4).
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Discussion
Numerous studies have demonstrated that larval conditions in holometabolous insects can
carry over to affect adult life history traits. The aim of the current experiments was to test
the hypothesis that differences in larval food quantity can affect the potential of adult An.
stephensi mosquitoes to vector the human malaria parasite P. falciparum. Our results
show that changes in larval food can lead to substantial changes in the force of infection
of a cohort of mosquitoes.
One effect of variation in larval food was an impact on daily adult survival. This
effect is not surprising given that adult survival has been shown to be directly correlated
to larval nutritional status in many mosquito species (Gu et al. 2006; Hawley 2010),
including uninfected An. stephensi (Ameneshewa & Service 1996; Afrane et al. 2007)
and in Anopheles adults infected with rodent malaria species (Takken et al. 2013, MollerJacobs et al. 2014).
Perhaps less expected was the clear influence of larval food quantity on parasite
development within adult mosquitoes. Although we did not observe a significant
difference in parasite prevalence between food treatments in our second experimental
block, the effects of larval nutrition on the inflection point and instantaneous rate of
change of our model curves describing parasite growth kinetics, were consistent between
blocks. This result suggests a robust effect of larval food on parasite development.
Currently, there is limited knowledge on what nutrients Plasmodium parasites
utilize from their mosquito hosts. Plasmodium-infected mosquitoes have been shown to
contain significantly lower amounts of amino acids, glucose, and sterols compared to
non-infected, blood fed conspecifics, suggesting that parasite development may influence
the composition and quantity of mosquito reserves (Mack et al. 1979; Ginger 2006;
Mendes et al. 2008; Nyasembe et al. 2014). Plasmodium spp. are also known to scavenge
fatty acids from their mosquito and vertebrate hosts, despite their ability to synthesize
fatty acids de novo (Ginger 2006; van Schaijk et al. 2014), and laboratory observations of
Aedes and Anopheles species infected with avian and rodent malarias, respectively, show
that the mosquito lipoprotein lipophorin is essential for the development and maturation
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of oocysts (Vlachou & Kafatos 2005; Cheon et al. 2006; Atella et al. 2009). Finally,
numerous studies indicate that poor larval diet drastically reduces the relative amounts of
proteins, glycogen stores, and total lipids per microgram of adult body mass in Anopheles
and Aedes species (Briegel 1990; Timmerman & Briegel 1999; Telang et al. 2006;
Telang et al. 2007; Hood-Nowotny et al. 2012; Kominkova et al. 2012; Takken et al.
2013). Hence, it is possible that differences in larval food quantity result in variation in
levels of compounds essential to oocyst maturation in adult females.
Research in other insect-parasite systems indicates that host nutritional status can
affect parasite development. For example, in bumblebees infected with the trypanosome
Crithidia bombi, starving adult bees of pollen resulted in significantly decreased parasite
intensity. Additionally, the life cycle of C. bombi is normally synchronized in healthy
bees but in starved bees, parasite populations were observed to comprise a mix of parasite
life stages (Brown & Loosli 2000; Logan et al. 2005). Similar dynamics have been
observed in triatomine bugs infected with Trypanosoma cruzi (the causative agent of
Chagas’ disease in humans), with evidence that quality and quantity of blood meals can
directly influence parasite development (Garcia & Azambuja 1991; Kollien & Schaub
2000). These findings contrast with a recent study on Ae. aegypti, which showed no
impact of larval rearing condition on the EIP of dengue virus in spite or clear effects on
life history traits such as adult longevity (Bara et al. 2015).
The rate of parasite development within the mosquito is known to be strongly
temperature sensitive and EIP is typically estimated using a degree-day model (Detinova
1962; Detinova 1966; Martens et al. 1999; Ikemoto 2008). Our results reveal that malaria
parasite development cannot be predicted using temperature alone (all of our adult
mosquitoes were housed under identical conditions) but appears to depend also on
endogenous reserves in the adult mosquitoes. This observation challenges the standard
assumption that EIP is an intrinsic property of the malaria parasite and is independent of
vector condition, or even vector species (Mordecai et al. 2013).
Our approach to describing overall transmission potential (force of infection for a
given mosquito cohort) better captures the dynamic interaction of sporogony and survival
than conventional static metrics such as vectorial capacity (Garrett-Jones & Grab 1964;
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Dye 1986; Massad & Coutinho 2012; Smith et al. 2012). All derivations of the vectorial
capacity equation assume a single value for EIP for a particular mosquito population or
environment (typically the first time point that mosquitoes become infectious). However,
our data clearly show sporogony to follow a distribution that cannot be simply
represented by a single time point. Additionally, mosquito survival is typically
characterized using an exponential function that assumes a constant rate of survival per
day. Yet our data show mortality to follow an age-dependent Gompertz distribution, a
result consistent with numerous studies on survival of caged Anopheles, Culex, and Aedes
species (Clements & Paterson 1981; Yang et al. 2008; Brady et al. 2013; ChristiansenJucht et al. 2014).
One limitation in our study is that we did not follow adult survival until all
mosquitoes were dead, and so extrapolate survival using the Gompertz function.
Mortality in the field is likely to be dependent on many interacting factors, including
temperature, rainfall, humidity, predation and habitat (e.g. rural or urban) (Carey et al.
1992; Yuval & Bouskila 1993; Pemola-Devi & Jauhari 2007; Louca et al. 2008; Parham
& Michael 2010; Russell et al. 2011; Mehravaran et al. 2012; Parham et al. 2012). How
these factors interact with larval habitat quality to further shape patterns of adult survival
and longevity in field conditions is relatively unknown.
We acknowledge that our results derive from laboratory-adapted strains of
mosquito and parasite. In the field, we might expect local strains to vary in terms of key
life history traits (Joy et al. 2008), and for larval habitats to differ in terms of both
nutritional composition and mosquito density, further affecting resource competition. The
use of the standard mass-rearing larval diet of fish food could also influence parasite
dynamics. However, what constitutes an “optimal” diet in the field is unclear as larval
habitats are diverse (Himeidan et al. 2009; Kweka et al. 2011; Sinka et al. 2011; Sinka et
al. 2012). Furthermore, the effects of varying nutrition ought to be fundamental; it has
been demonstrated in multiple studies that varying nutrition will affect size, longevity,
fecundity, gonotrophic cycle and other life history traits (Hancock & Foster 1997; Telang
et al. 2006; Araujo et al. 2012; Oliver & Brooke 2013; Takken et al. 2013; Maiga et al.
2014; Moller-Jacobs et al. 2014), so there is little reason to assume the qualitative

56

alterations in traits we observe are an artefact of the lab system alone. Consistent with
this argument, seasonal quality of larval habitats has been shown to influence adult body
size in field populations of Anopheles species (Russell et al. 2011; Hidalgo et al. 2015).
Natural variation in body size of field-collected Anopheles gambiae has also been shown
to influence probability of eventual sporozoite infection (Lyimo & Koella 1992). The
same is also true for other disease vectors. A recent study in Brazil, for example, showed
marked variation in size of field-collected adult Ae. aegypti, with frequency of dengue
infection increasing with female size (Juliano et al. 2014).
Recent years have seen a substantial body of research exploring potential effects
of environmental drivers, such as temperature, on malaria transmission (Afrane et al.
2005; Patz & Olson 2006; Afrane et al. 2008; Paaijmans et al. 2009b; Paaijmans et al.
2010; Alonso et al. 2011; Paaijmans et al. 2012; Blanford et al. 2013; Mordecai et al.
2013). Our results demonstrate that variation in larval nutrition can impact transmission
potential with equivalent effect size to typical variation in environmental temperature
(including predicted effects of climate change), yet the role of larval ecology in both
current and future disease dynamics is rarely considered explicitly. Quantifying how
larval traits feed through to impact malaria transmission could improve understanding of
disease dynamics and inform the development of improved vector control strategies.
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Figure 3.1. Mean wing length of females collected from each food group in each block.
Bars represent approximately ten females from each of ten emergence cages. Error bars
represent the standard deviation from the mean. Wing lengths are significantly different
between food groups (p< 0.001 at α = 0.05, ANOVA). Mean wing length (mm), Low
Food Block 1 = 2.67 ± .106 (n = 98), Low Food Block 2 = 2.75 ± .107 (n = 90), High
Food Block 1 = 3.14 ± .089 (n = 103), High Food Block 2 = 3.13 ± .106 (n = 105).
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Figure 3.2. Proportion of mosquitoes surviving over time, with the predicted Gompertz
distribution overlaid on raw survival data. Parameter estimates: shape (ß) = 0.01184;
High Food Block 1 rate (α) = 0.00632; Low Food Block 1 rate (α) = 0.01214, High Food
Block 2 rate (α) =0.00765, Low Food Block 2 rate (α) = 0.01470. The x-axis begins at
0.4 for ease of visualization.
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Figure 3.3. Overall mean oocyst prevalence for low food (red, Block 1 n = 437, Block 2
n = 465) and high food (blue, Block 1 n = 418, Block 2 n = 583) for each experimental
block. Treatments are significantly different from each other (p < 0.001 at a = 0.05) and
blocks are significantly different from each other (p < 0.001 at α = 0.05). Error bars
represent standard error of the mean.
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Figure 3.4. Mean daily oocyst intensity for low food (red) and high food (blue) for each
experimental block. Treatments are significantly different from each other on each day
for each block (p = <0.001 at α = 0.05). Error bars represent the standard error of the
mean. Block 1 Low Food total n = 209; Block 1 High Food total n = 297; Block 2 Low
Food total n = 187; Block 2 High Food total n = 303.
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Figure 3.5. Raw data for sporozoite prevalence over time for (a) Block 1 and (b) Block 2;
(colored points, blue = high food, red = low food) fitted with our best-fit binary logistic
regression model (black line). Lines connecting points represent separate experimental
cups within each treatment. To illustrate the change in differences between groups
through time, shapes along the black line represent time to 10 % (open square), 50%
(open circle) and 90% (open diamond) of maximum infectiousness. The numbers aside
each shape are the corresponding days to reach that point.
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Figure 3.6. Area curves for rates of survival (blue) and infection (pink) for each block
and treatment combination; (a) Low Food, Block 1; (b) High Food Block 1; (c) Low
Food Block 2; (d) High Food Block 2. Purple areas represent the product of the two
curves (i.e. the number of mosquitoes alive and infectious).
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Table 3.1. Generalized linear mixed effects model output for oocyst prevalence. Bold
indicates significance at α = 0.05. Model fit assessed by deviance per degrees of freedom
(deviance/df = 3.133).
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Table 3.2. Linear mixed effects model output for oocyst intensity. Bold indicates
significance at α = 0.05. Model fit assessed by deviance per degrees of freedom
(deviance/df = 1.944).
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Parameter
asymptote ( g )
rate ( k )
inflection ( tm )

Low Food
Block 1
0.4189
-1.2967
12.0064

High Food
Block 1
0.6519
-4.1039
10.8519

Low Food
Block 2
0.5009
-2.3244
12.1496

High Food
Block 2
0.5416
-5.0417
10.7087

Table 3.3. Estimates for best-fit logistic model parameter values describing the kinetics
of parasite development within the adult mosquitoes for each block and treatment
combination.
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Food
High
Low
High
Low

Block
1
1
2
2

Infectious
Mosquito Days
718.3
260.8
539.6
251.7

Biting Rate
0.344
0.283
0.344
0.283

Transmission
Potential
247.1
73.8
185.6
71.2

Increase
330%
260%

Table 3.4. Calculations of transmission potential for each food treatment and block
combination and the relative increase in transmission potential from high food to low
food.
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Chapter 4
Size isn’t everything: variation in larval environment generates
complex relationships between adult mosquito size, reproductive
fitness, and vectorial capacity
Abstract
Wing length and body size are commonly used proxies for body condition and vector
competence in mosquitoes. We challenge this idea using a suite of different larval
habitats and rearing Anopheles stephensi mosquito larvae across a variety of dietary
regimes and temperatures. All emerging mosquitoes were then transferred to 27°C, the
standard optimum for Anopheles species rearing. Here, we assessed adult female wing
length and reproductive traits relevant to transmission including survivorship, biting rate,
fecundity, and egg viability. We also examined the effects of larval rearing environment
on competence for the human malaria parasite Plasmodium falciparum, and combined
these data with the life history data to calculate vectorial capacity for each larval
treatment group. We found that mosquitoes of the same size, but generated by different
larval environments show significantly different profiles in ultimate vectorial capacity,
and that body size is a very poor predictor of how a mosquito population may contribute
to malaria transmission. Rather, different larval habitats optimized different traits; for
example, high larval temperatures optimized survival at 27ºC, while cool larval
temperatures optimized adult biting rate at 27ºC. Malaria mosquito larval habitats are
diverse; some are transient, shallow, and hot, while others are more permanent, deep, and
cool. Our data suggest that the ecological profile of larval habitats at the local level is
likely to be far more informative than size assessments of adult vectors in high
transmission areas.
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Introduction
Across many animal taxa, body size is often positively correlated with longevity,
reproductive success, and overall fitness (Peters 1983; Stearns & Koella 1986;
Kingsolver & Pfennig 2007). For holometabolous insects, adult body size is strongly
influenced by environmental variation during larval development. These differences in
body size have been shown to influence life history, fitness, and host-parasite interactions
(Boggs 1981; Honek 1993; Ellers & Jervis 2003; Boggs & Freeman 2005; Colasurdo et
al. 2009; Valtonen et al. 2012). For mosquitoes that vector malaria, this is significant, as
malaria transmission is inextricably linked to measures of fitness and reproductive
success, since adult Anopheles females must obligately feed on blood to produce eggs.
Further, wing length has been used in numerous studies as a proxy for body condition
(Nasci 1986; Koella & Lyimo 1996; Armbruster & Hutchinson 2002; Huho et al. 2007;
Lalubin et al. 2014), and is often thought to be correlated with a mosquito population’s
ability to spread disease, a metric known as vectorial capacity (C).
Vectorial capacity describes the rate at which future infections arise from a
currently infected host (provided that all female mosquitoes become infected) and
provides a measure of the transmission potential of a vector population (Garrett-Jones
1964a; Garrett-Jones & Grab 1964; Smith et al. 2004; Massad et al. 2012). It is defined
as:

𝐶=

𝑚𝑎& 𝑏𝑒 ()*+)
𝜇

where m is vector density (vector-to-human ratio), a is the daily biting rate, b is vector
competence (represented by parasite prevalence), µ is daily mosquito mortality, and n is
the length of parasite extrinsic incubation period. Any variation in environment that
affects relevant aspects of vector biology could result in a change in transmission risk via
effects on vectorial capacity (Afrane et al. 2008; Araujo et al. 2012; Paaijmans et al.
2012; Mordecai et al. 2013; Moller-Jacobs et al. 2014; Roux et al. 2015; Shapiro et al.
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2016), and many of these variations are accompanied by changes in body size,
particularly wing length.
Wing length has been demonstrated to be correlated with measures of
reproductive success for both male and female vector mosquitoes. In Anopheles species,
field and laboratory studies show that female longevity increases with wing length
(Ameneshewa & Service 1996; Lehmann et al. 2006; Araujo et al. 2012; A.M.G.
Barreaux personal communication). Larger females also take larger blood meals, leading
to higher lifetime fecundity compared to smaller conspecifics (Hogg et al. 1996; Okanda
et al. 2002; Fernandes & Briegel 2005). Larger female Anopheles species are also more
attractive as mates to males of all sizes, and are more likely to both be successfully
inseminated and successfully oviposit after the first blood meal (Yuval 1993; Okanda et
al. 2002). Body size is less predictable in determining fitness for male vector mosquitoes.
Larger male Aedes aegypti were noted to have more spermatozoa in both laboratory and
field-collected populations (Ponlawat & Harrington 2007). However, among male
Anopheles gambiae reared in different larval densities, there was no significant difference
in total number of matings across all size classes over the course of 28 nights of
swarming observation (Ng’habi et al. 2005).
Female mosquito body size also influences host-seeking and blood-feeding
behaviors. Larger female Culex nigripalpus, when blood meal-naïve, are more likely to
seek out a bird host over a honey or nectar source in olfactometer assays (Hancock &
Foster 1997). Additionally, under equivalent ambient adult conditions (temperature,
humidity), larger females generated through higher quantities of larval food take less time
to digest a blood meal and lay a clutch of eggs (gonotrophic cycle) than smaller females
(Araujo et al. 2012; Takken et al. 2013; Moller-Jacobs et al. 2014). Assuming that one
blood meal is sufficient for egg development and successful oviposition, shorter
gonotrophic cycle leads to more frequent biting by larger females, thus increasing the
probability of disease transmission.
Across multiple mosquito-pathogen systems, wing length has been demonstrated
to correlate both positively and negatively with vector competence. For example, in
Aedes species exposed to both Sindbis virus and chikungunya virus, larger females are
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more likely to have virus disseminated in their salivary glands as well as a higher viral
titer overall than smaller females (Alto et al. 2005; Westbrook et al. 2010). Conversely,
smaller female Aedes aegypti and Aedes albopictus are more likely to become infected
with and transmit dengue fever (Alto et al. 2008b). For malaria, the relationship between
wing length and vector competence is more ambiguous. Some studies show that parasite
intensity, but not prevalence, during establishment (the oocyst stage) is not affected by
wing length (Lyimo & Koella 1992). Others show clear relationships between larger
females and higher oocyst prevalence (Takken et al. 2013). At the infectious (sporozoite)
stage, the same contradictions are present (Lyimo & Koella 1992; Mwangangi et al.
2004).
Here, we present results from a series of experiments that examine how
differences in larval rearing conditions affect the wing length of adult female Anopheles
stephensi mosquitoes. We then evaluate how larval environment and adult female wing
length affects reproductive success and vectorial capacity for the human malaria
Plasmodium falciparum. Mosquitoes of equivalent size generated from variable
environments exhibited significantly different fitness and vectorial capacity profiles.
Further, different larval habitats were observed to optimize different traits. These results
suggest that size may not a reliable proxy for body condition in predicting fitness or
vectorial capacity in the context of multiple environmental variables, particularly in
natural settings.

Methods
Mosquito Rearing and General Experimental Design
Anopheles stephensi larvae were collected from our laboratory colony at the
Pennsylvania State University. Newly hatched (<24 hour old) first instar larvae were
transferred to plastic trays (36 cm x 20 cm x 13 cm) containing one liter of distilled water
and 50 mL of Tetrafin fish food slurry at initial densities of 400 larvae per tray.

71

From our collected first instar larvae, we generated six larval treatment groups at
three temperatures (22ºC, 27ºC and 32ºC) and two dietary regimes: 1) a “high food” diet
of 0.6 mg of food per individual per day, which is consistent with our standard colony
maintenance diet, and 2) a “low food” diet of 0.2 mg of food per individual per day. We
maintained a constant concentration of food in each tray by filtering and replacing water
daily before feeding. Each group comprised 14 trays, for an initial population of 5,600
larvae. Larval trays were maintained in Percival reach-in climate-controlled incubators,
set at their respective temperatures (±0.5°C), 85% relative humidity, and a 12:12 L:D
photoperiod. To correct for differences in larval developmental time and ensure agematched comparisons of adult traits, we collected first-instar individuals at staggered time
points based on a pilot experiment (Figure C.1).
Daily, the number of pupae in each tray was recorded, and pupae were evenly
distributed across across four mesh emergence cages per treatment group (17.5 x 17.5 x
17.5 cm) (BugDorm®, Taichung, Taiwan). All emergence cages were maintained at
standard insectary conditions (27°C±0.5°C, 80% humidity, and a 12:12 L:D
photoperiod).
Upon adult emergence, each cage was provided with cotton balls moistened with
10% glucose, replaced daily. We used females from these treatment groups to conduct
three separate experiments to assess the effect of larval rearing conditions on: 1) wing
length overall; 2) relationship between wing length and measures of reproductive
success; and 3) vector competence for Plasmodium falciparum. (see schematic diagram
in Figure C.2).

Evaluation of Adult Female Body Size
Approximately 45-55 females were removed from each emergence cage for a
total of 180-220 females per larval treatment group. Females were aspirated into a single
50mL plastic tube and placed overnight in a freezer at -20ºC. One wing was removed
from each female and mounted to a glass slide using clear nail lacquer. Wings were
measured to the nearest micrometer using the cellSens imaging software platform
(Olympus).
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To evaluate the effects of larval food and temperature on wing length, we used a
standard least squares model with food and temperature as categorical variables, along
with their interaction. To assess pairwise differences between groups, we performed a
post-hoc Tukey’s HSD test.
In addition to measuring wing length, we measured dry weight for approximately
100 females for each treatment to examine the allometric relationship between dry weight
and wing length. These data are not discussed in the present chapter, but a detailed
explanation of methods, results, and a brief discussion of the relationship between both
size variables can be found in Appendix C.

Modified Life-Table and Reproductive Output
Three to five days after peak female emergence, 35 females from each emergence cage
were placed into a single emergence cage (one cage per treatment group). Each cage was
given a non-infectious human blood meal using a Hemotek™ membrane feeding system.
100 fully engorged females from each emergence cage were then transferred individually
to 50 mL plastic conical tubes containing 5 mL of distilled water as an oviposition
substrate (total n = 600 females). Tubes were topped with mesh and provided cotton balls
moistened with 10% glucose, replaced daily, and were maintained at standard insectary
conditions (27°C±0.5°C, 80% humidity, and a 12:12 L:D photoperiod).
Each day, tubes were monitored for eggs. Gonotrophic cycle length was recorded
as the number of days post blood meal on which the first clutch of eggs was laid. Eggs
were counted, and given a 48-hour period to hatch, after which egg viability was assessed
by counting hatched larvae. Females were given a total of three weeks to lay one clutch
of eggs. To ensure mating success, spermathaecae were dissected from females that
remained alive at the end of the three-week period and those that had died, but had not
oviposited. Presence of sperm, alive or dead, was considered a successful mating. To
evaluate effects of wing length on reproductive traits, one wing was also removed from
each female and was mounted onto a glass slide using clear nail lacquer. Wing lengths
were measured to the nearest micrometer the following day using the cellSens imaging
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software platform (Olympus, Hunt Optics & Imaging Inc., Pittsburgh, Pennsylvania,
USA).
All analyses of effects of larval environment and wing length on reproductive
traits were carried out using SAS JMP 12.0 (Cary, North Carolina, USA). Larval food,
temperature, and the interaction of food x temperature explained 90% of the variation in
wing length (Table 4.1, Figure 4.1), so we used the residuals from our standard least
squares model assessing wing length as a covariate. Essentially, instead of testing the
effects of wing length on reproductive variables, we are testing only the effects of wing
length that are not explained by larval environment (the remaining 10% of the error of the
initial wing length model), to avoid the inevitable multicollinearity between larval
condition variables and wing length. As such, the only interaction that was considered in
each full factorial model was the interaction between food and temperature, as
interactions of larval variables with the residual wing covariate are accounted for in the
original wing length model. All models were evaluated for goodness-of-fit by assessing
model adjusted R2, Lack-of-Fit tests, and residual plots, in the case of standard least
squares models. For analyses that required the use of generalized linear models, model fit
was assessed using deviance per degrees of freedom, log likelihood values and residual
plots. For all response variables, Tukey’s HSD tests were used to assess significant posthoc pairwise comparisons.
For gonotrophic cycle length, fecundity, hatch rate, and number of larvae per
female, we used standard least squares linear regression analysis. For mating success, we
used a generalized linear model and assumed a binomial distribution. For each dependent
variable in our analyses, larval food and larval temperature were included as factors, and
residuals of our wing length model were included as a covariate.

Plasmodium falciparum Culture and Infection
In vitro cultures of P. falciparum strain NF54 (wild type, Center for Infectious Disease
Research, Seattle, Washington, USA) were maintained in RPMI 1640 medium (25 mM
HEPES, 2mM L-glutamine), supplemented with 50 µM hypoxanthine and 10% human
A+ serum (Valley Biomedical, Winchester, Virginia, USA). Culture was maintained in
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an atmosphere of 5% CO2, 5% O2, and 90% N2. Parasite cells were then subcultured into
O+ human erythrocytes (Valley Biomedical). Gametocyte initiation occurred at 5%
haematocrit and 0.8-1.0% mixed-stage parasitemia. The culture was maintained for 17
days, and parasite cells were washed and provided fresh media daily.
Three to five days following peak female emergence, adult females from each
emergence cage were distributed evenly across six experimental cardboard cups (475mL)
per treatment group, totalling 150 females per cup. Each cup was provided a blood meal
of human blood infected with P. falciparum. Blood for this culture came from the same
donor as the uninfected blood fed to females in the reproductive traits experiment. Dead
mosquitoes were counted daily in each cup and sub-samples of live mosquitoes were
removed (details below) to assess the proportion of infectious mosquitoes over time.
Prior to the administration of the infectious blood meal, females were starved for
18 hours (imbibing only water) to ensure a maximum proportion of blood-feeding in each
cup. On the day the infectious feed was administered, gametocyte cultures
(approximately 8% gametocytemia) were briefly centrifuged, and the supernatant was
removed and discarded. Pelleted erythrocytes were diluted to 40% haematocrit using
fresh A+ human serum and O+ human erythrocytes. The mixture was pipetted into glass
bell jars fixed with a Parafilm membrane and connected by plastic tubing with
continuously flowing water heated to 37°C. Each bell jar was filled with 2 mL of blood
culture, which feeds approximately 200 females. The feeding apparatus can
accommodate six bell jars per 20-minute feed; to control for possible batch effects, one
cup from each treatment was fed in each of six feeds. To ensure safety of lab personnel,
we did not attempt to remove unfed females; however, >90% of females across all cups
were observed to have engorged midguts in each treatment.

Evaluation of Vector Competence (Parasite Prevalence and PostInfection Longevity)
To estimate the effects of larval condition on vector competence, we assessed the daily
proportion of infected mosquitoes through days 5-14 following the infectious blood meal.
To do this, we aspirated 8-10 mosquitoes from each replicate cup into absolute ethanol
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and dissected midguts (days 5-8) and salivary glands (days 10-14) in 0.01 M phosphatebuffered saline. Midguts and salivary glands were examined under a light microscope at
40x and 100x magnification for the presence of oocysts and sporozoites, respectively.
Mortality was assessed in each treatment for an additional two days, but no dissections
were performed past day 14 post blood meal.
For post blood meal survival analysis, mosquitoes removed for dissections each
day and those that remained alive at the end of the experiment (day 16) were considered
censored cases. We built a series of models with larval food and larval temperature as
covariates, using the R package flexsurv. We compared exponential, Weibull, and
Gompertz distributions of mortality. An exponential mortality distribution is often
assumed in conventional models of malaria transmission, such as vectorial capacity and
the basic reproductive number (R0) (Garrett-Jones & Shidrawi 1969; Massad & Coutinho
2012; Mordecai et al. 2013), while both Weibull and Gompertz distributions have been
demonstrated to more accurately describe age-dependent mosquito mortality under
laboratory and field conditions (Styer et al. 2007; Brady et al. 2013; Christiansen-Jucht et
al. 2014). The best-fit model, which was a Gompertz distribution with both larval food
and larval temperature as covariates, was chosen using Aikake’s Information Criterion
(AIC) (Table C.1).
As the vectorial capacity equation uses single values for parasite prevalence, we
only used data for oocyst prevalence and sporozoite prevalence from the days at which
we observed each group to reach its respective maximum prevalence (see Table C.2 and
Table C.3 for daily values). To evaluate effects of larval conditions on parasite
prevalence, we used a linear mixed-effects model, with larval food and larval temperature
as fixed effects, and replicate cup as a random effect, using the R package lme4.
Differences between groups were assessed with Tukey’s post-hoc tests using the R
package multcomp.

Calculating Vectorial Capacity
To quantify the effects of larval environment on vectorial capacity, we calculated µ by
averaging daily survival across the duration of the infectious experiment (16 days) for
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each of our temperature groups. For vector density, m, we used the number of total pupae
produced in each larval treatment group, multiplied by sex ratio proportions from a
previous pilot experiment using the same larval conditions (data not shown, see Table
C.4, Figure C.3). For vector competence, b, we used the values we observed for the
maximum proportion of infectious mosquitoes (sporozoite prevalence) for each group.
For estimates of daily biting rate (a), we used our data for the reciprocal of gonotrophic
cycle lengths. For n, we assumed the approximate median EIP (time for the population to
reach 50% of maximum infectiousness) from previous work (Shapiro et al. 2016; Chapter
3) using the same low and high larval food levels (low food = 12 days; high food = 11
days).

Results
Effect of Larval Environment on Adult Female Wing Length
Overall, adult female wing length was significantly affected by food, temperature and the
interaction of food and temperature (Standard Least Squares R2 = 0.899; F1,5 = 1040.95; p
<0.001). Post hoc tests revealed that, within each temperature group, higher larval food
produced larger females. Additionally, within each food group, 22ºC larval environments
produced the largest females, where 32ºC produced the smallest females. Despite these
clear effects of food and temperature alone, there were two combinations of larval
treatments that produced females of equivalent size. No significant differences were
observed between low food 22ºC and high food 27ºC (p = 0.573) or between low food
27ºC and high food 32ºC (p = 0.054) (Figure 4.1, Table C.5).
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Relationship Between Larval Environment, Wing Length, and
Reproductive Success
Mating success was significantly shaped by larval food and wing length residuals, but not
larval temperature (Table 4.1). Within the 27ºC and 32ºC temperature groups, females
from high larval food environments were more likely to be mated than those from low
food environments (p < 0.001 for each), but there was no difference in mating success
between 22ºC low food, 22ºC high food and 27ºC low food or between 27ºC high food
and 32ºC high food (Table C.6), between resulting in a significant food x temperature
interaction (Table 4.2, Figure 4.2a).
Gonotrophic cycle was also significantly affected by larval food, larval
temperature, and wing length residuals (Table 4.2). Females from high larval food
environments had shorter gonotrophic cycles than those from low food environments,
regardless of temperature treatment (p < 0.001). There was also a significant food x
temperature interaction on gonotrophic cycle length, which is revealed through post-hoc
tests that show that there are no significant differences between food groups at 22ºC (p =
0.79) nor are there significant differences between 27ºC and 32ºC at the high food level
(p = 0.99) (Table 4.2, Figure 4.2b, Table C.6).
Larval food, temperature and wing length residuals significantly affected
fecundity (Table 4.3). Females from 22ºC larval environments laid the most eggs (low
food = 52.8, S.E. = 3.52; high food = 135.9, S.E. = 3.45) and those from 32ºC laid the
fewest eggs (low food = 34.9, S.E. = 2.55; high food = 92.6, S.E. = 3.62). Within each
temperature group, adults from high larval food environments laid more eggs than low
food adults (p < 0.001, Table C.7), resulting in a significant food x temperature
interaction (Table 4.3, Figure 4.3).
The only significant predictor of hatch rate (number of eggs hatched per first
clutch per female) was larval food. A significantly higher proportion of eggs laid by
females from high food environments hatched compared to those from low food
environments (mean proportion hatched = 81% and 63% for high and low food,
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respectively). Larval temperature and wing length residuals had no effect on hatch rate
(Table 4.3, Table C.7).
The number of larvae per female was significantly affected by larval food,
temperature and wing length residuals (Table 4.3). Females from high food environments
produced more larvae than those from low food environments (p < 0.001, Table C.7).
Within the high food group, each temperature was significantly different from each other,
however, there were no significant differences between temperatures in the low food
group, resulting in a strong food x temperature interaction (Table 4.3, Figure 4.3).

Effects of Larval Environment on Vector Competence for Plasmodium
falciparum
In general, adults from low food environments experienced significantly higher daily
mortality than adults from high food larval environments, regardless of temperature
(Figure 4.4). However, using our Gompertz distribution to calculate median survival
time, within each food group, adults from 32ºC larval environments had the longest
median survival time (high food = 17.99 days; low food = 14.15 days), while those from
27ºC larval environments had the shortest median survival time (16.33 days; low food =
12.93 days) (Table C.8).
At the oocyst stage (parasite establishment), there was no significant effect of
larval food (p = 0.405) or temperature (p = 0.205) on parasite prevalence (Figure 4.5,
Table 4.4). However, at the sporozoite stage, there was a significant main effect of larval
food on maximum sporozoite prevalence (p = 0.024), with adults from high larval food
environments exhibiting higher parasite prevalence across all temperatures compared to
those from low larval food environments (Figure 4.5, Table 4.4).

Relationship Between Larval Environment, Wing Length, and Vectorial
Capacity
Overall, we found that wing length was weakly correlated with vectorial capacity
(exponential distribution, R2 = 0.454, Figure 4.6). While we did observe the highest
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vectorial capacity to occur in the group with the largest wings (22ºC, high food), the
values for intermediate and low vectorial capacity did not correspond with intermediatesized or small mosquitoes. Vectorial capacity was consistently higher across the high
food groups compared to the low food groups, regardless of temperature. Additionally,
between food groups, vectorial capacity was consistently related to larval temperature,
with the highest, intermediate, and lowest values were observed at 22ºC, 32ºC and 27ºC,
respectively (Figure 4.6, Table C.9).

Discussion
Wing length is known to be heavily shaped by larval conditions in
holometabolous insects; and, for mosquitoes that vector disease, numerous studies
suggest that wing length could be either positively (Russell et al. 2011; Araujo et al.
2012; Lunde et al. 2013; Bara et al. 2015) or negatively (Alto et al. 2008b; Westbrook et
al. 2012) correlated with vectorial capacity, while others report no effects of wing length
(Jennings & Kay 1999; Mwangangi et al. 2004; Dodson et al. 2012; Breaux et al. 2014).
Here we present evidence using Anopheles stephensi and Plasmodium falciparum that
suggests that size is only weakly correlated with vectorial capacity. Rather, we observe
more generally that different larval environments optimize different traits that are
important to transmission; and that the larval conditions that generate differences in size
are more important for predicting vectorial capacity than size alone.
The principle impediment to conclusively linking wing length to vectorial
capacity in malaria mosquitoes is the fact that numerous characteristics of larval habitat
have been shown to affect emerging adult size (Pfaehler et al. 2006; Mwangangi et al.
2007; Kirby & Lindsay 2009; Roux et al. 2015). Thus, elucidating what is a true effect of
size – as opposed to effects of larval habitat – is a complex task that is ultimately unlikely
to provide valuable insight into which habitats produce the best vectors under field
conditions. For example, mosquito wing length was shown to be a significant predictor of
competence for Plasmodium falciparum in Anopheles gambiae reared in larval habitats
that differed in soil type and soil treatment (i.e., autoclaved vs. not autoclaved) (Okech et
al. 2007). However, it has been demonstrated that differences in physiochemical
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characteristics of larval habitats, including dissolved organic and microbial content,
significantly influence adult body size (Mwangangi et al. 2007).
In the field, the diversity of larval habitats – even for a single mosquito species –
is substantial. For example, in India, where Anopheles stephensi is an important vector of
Plasmodium falciparum, larvae are regularly found in rice fields, riverbeds, streams, rock
holes, and man-made containers. They are also known to inhabit both shaded and sunlit
bodies of water, stagnant and slow-flowing water, clear and turbid water, as well as water
depths ranging from 0.1 to 1.5 meters (Pemola Devi & Jauhari 2007; Naeem-Ullah et al.
2010; Sinka et al. 2011). Food sources for An. stephensi include vegetation detritus,
microbes, and decaying invertebrate matter (Pemola Devi & Jauhari 2007; Rani et al.
2009; Sinka et al. 2011; Chavshin et al. 2012). For example, in the Bahawalnagar district
of Pakistan, where An. stephensi acts as a principle malaria vector, mean air temperatures
can range from 11ºC to 38ºC throughout the year (Klinkenberg et al. 2004).
Further, characteristics of larval environments may also have both direct and
indirect effects on emerging adult size. Temperature alters metabolic rate and speed of
digestion, both of which directly impact adult size; but temperature can also shape the
composition of microbial species available for larval consumption, which can indirectly
affect mosquito size depending on microbe nutritional content (Okech et al. 2007; Muturi
et al. 2012; Minard et al. 2013). Relationships between larval environment, size, and
ultimate vectorial capacity may differ between species. In Aedes albopictus and Aedes
aegypti reared under different larval densities and inter- or intraspecific competition, size
was a significant predictor of both infection and dissemination of dengue virus, but only
in Aedes aegypti. Regardless of larval conditions, size had no impact on competence for
dengue virus in Aedes albopictus (Alto et al. 2008b).
Because all experiments on adult females were performed at 27ºC, we expected
that the 27ºC larval temperature would have produced mosquitoes with the highest
vectorial capacity (within each respective food group), as they are already adapted to this
temperature (see Christiansen-Jucht et al. 2015 for similar results). Interestingly, within
both larval food groups, the 27ºC group exhibited the lowest vectorial capacity. These
results suggest that rearing temperatures that differ from the ambient temperature into
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which adults emerge may impart a benefit. In Aedes species, extreme larval temperatures
have been shown to up-regulate several heat-shock proteins that are responsible for
stabilizing cellular proteins that could be denatured by thermal, chemical, or desiccation
stress (Benoit et al. 2010; Zhao et al. 2009; Muturi et al. 2011; Muturi et al. 2012). In
many cases, the constitutive up-regulation of these genes act as a buffer in adult
invertebrates, protecting them from further thermal stress as they emerge into
environments much cooler or warmer than those they experienced as larvae (Alahiotis &
Stephanou 1982; Feder et al. 1997; Olsen et al. 2006; Zhao et al. 2009), which may in
part explain our counterintuitive results in survival patterns in the 22ºC and 32ºC groups.
Cooler larval environments also slow metabolic rate, hence reducing the oxidative
stress associated with faster metabolism (Dowling & Simmons 2009; Campero et al.
2008; Pedersen et al. 2008; Paital et al. 2016). Anopheles gambiae females exhibiting
knockdown of important antioxidant/detoxification pathways exhibited significantly
decreased fecundity, while females with normally-functioning antioxidant/detoxification
genes did not experience detrimental impacts on fecundity (DeJong et al. 2007). As such,
females from cooler larval environments may be more efficient in blood meal digestion,
as the relative cost of oxidative stress is much lower, leading to our observations of much
shorter gonotrophic cycles in the high food 22ºC group.
We acknowledge that we are using a lab-adapted strain of both mosquito and
parasite, so it is difficult to directly translate our results into field-realistic situations. In
the field, we might expect local strains to vary in terms of key life history traits (Joy et al.
2008), and for larval habitats to differ in terms of both nutritional composition and
mosquito density, further affecting resource competition and likely resulting in complex
density x diet x temperature interactions. Additionally, the lack of realistic flight
dynamics could be masking possible effects of nutrient deficiencies in females from
food-deprived or extreme temperature treatments. Mosquitoes were caged in small cups
and given glucose water ad libitum, so they were unlikely to exhibit flight-mediated
depletion of important reserves such as glycogen that are noted in more realistic
conditions (Nayar &Van Handel 1971; Timmerman & Briegel 1999; Briegel et al. 2001;
Niitepöld & Boggs 2015).
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Moving forward, it would be useful to perform this experimental design in a fullyfactorial manner, allowing groups of mosquitoes from each larval temperature treatment
to eclose in all three temperatures. This would allow for evaluation of how mosquitoes
perform in relatively low or high temperatures across their entire life cycle, as well as
allowing for assessment of performance under more extreme temperature shifts (10ºC as
opposed to only 5ºC as we present here). In addition to a broader experimental design,
future work should also include basic assays of body condition on newly-eclosed
individuals to investigate temperature and food-mediated differences in important teneral
reserves (e.g. lipids, glycogen, and carbohydrates).
Overall, our work further demonstrates the importance of larval environment in
determining vectorial capacity of malaria mosquitoes, suggesting that identification of
key metabolites and biochemical signatures of larval environments by more advanced
technologies offers a significant advantage over measuring wing length of samples of
mosquito populations. Significant work has already begun to address the degree to which
nutrients from the larval environment affect the development and physiochemical
composition of emerging adult mosquitoes (Moribayashi et al. 2004; Peck & Walton
2006; Hood-Nowotny et al. 2012). Furthermore, advances in metabolomics,
transcriptomics, and ecophysiology have allowed for identification of biomarkers of
previously-encountered environmental stressors (e.g., temperature, pesticides, starvation)
across many animal taxa (Anderson et al. 2004; Beaulieu & Costantini 2014; Everatt et
al. 2015; Sulmon et al. 2015). Tightly coupled with regular, long-term surveillance and
sampling of larval habitats in the field, modifications of these techniques for their
adaptability for routine use on field-collected mosquitoes represent a promising approach
for future local-scale malaria risk prediction, as well as improved vector surveillance and
control.
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Figure 4.1. Mean wing length for each larval food and temperature combination. Groups
that share letters are not significantly different from each other based on Tukey’s HSD
post-hoc tests for multiple comparisons. Error bars represent the standard deviation from
the mean. Sample sizes: Low 22ºC = 185; High 22ºC = 205; Low 27ºC = 208; High 27ºC
= 208; Low 32ºC = 185; High 32ºC = 191.
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Figure 4.2. (a) Proportion of mated females in each temperature group; light-colored bars
= low food; dark-colored bars = high food. Significant differences observed between low
and high food for 27ºC and 32ºC (p < 0.001 for both) (b) Length of gonotrophic cycle in
each larval environment. Gonotrophic cycle was significantly shorter in all high food
groups compared to low food groups (p < 0.001 at a = 0.05, GZLM). Groups that share
letters are not significantly different from each other (Tukey’s HSD test; details in table
C.6). Error bars represent the standard deviation from the mean.
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Figure 4.3. Mean fecundity and larvae per female for each larval group. Light colored
bars = eggs per female; dark-colored bars = larvae per female. Groups that share letters
are not significantly different from each other (a/b/c/d/e notation used for fecundity;
w/x/y/z notation used for larvae). Error bars represent the standard error of the mean.
Hatch rate was significantly affected by food only; low food 22ºC = 79.2%; high food
22ºC = 86.1%; low food 27ºC = 71%; high food 27ºC = 88.2%; low food 32ºC = 72.9%;
high food 32ºC = 84.4%.
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Figure 4.4. Raw survival data for each larval treatment group, following administration
of a human blood meal infected with P. falciparum. Survival curves represent censored
data, with subsets removed for dissection and any surviving individuals at the end of day
16 considered to be censored cases.
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Figure 4.5 Maximum parasite prevalence for each larval group. Light-colored bars:
oocyst prevalence; dark-colored bars: sporozoite prevalence. Error bars represent the
standard error of the mean.
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Figure 4.6. Relationship between wing length and vectorial capacity across larval
environment. Red dashed line represents the best fit curve, an exponential model (R2 =
0.454). Each point is labeled according to its respective larval group.
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Factors
Food
Temperature
Food x Temperature

SS
14.897
33.25
0.456

df
1
2
2

F
1592.7
1777.49
24.39

p
<0.0001
<0.0001
<0.0001

Table 4.1 Standard least squares model output for wing length. Bold indicates
significance at a = 0.05. Model fit assessed by R2 (0.899) and the ANOVA for the model
(F1,5 = 1040.95, p = <0.0001).
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Source
Intercept
Food
Temperature
Residual Wing
Food x Temperature

Mating Success (n = 581 )
χ²
df
p
299.8
1
<0.0001
14.62
1
<0.0001
4.56
2
0.102
4.49
1
0.034
10.96
2
0.004

Gonotrophic cycle (n = 453 )
F
df
p
N.A.
1
<0.0001
262.4
1
<0.0001
23.86
2
<0.0001
16.61
1
<0.0001
15.75
2
<0.0001

Table 4.2. Generalized linear model output for mating success and standard least squares
model output for gonotrophic cycle length. Bold indicates significance at a = 0.05.
Mating success model fit assessed by value of deviance per degrees of freedom (0.902);
gonotrophic cycle model fit assessed by lack-of-fit test (F1,406 = 0.936, p = 0.65). P-values
are reported only for significant interactions and first order terms. Table reflects final
output of a backwards-eliminated full factorial model. N.A. = not applicable.
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Source
Food
Temperature
Residual Wing
Food x Temperature

Fecundity (n = 448)
F
df
p
607.5
1
<0.0001
33.64
2
<0.0001
7.04
1
0.008
5.18
2
0.006

Hatch Rate (n =
F
df
46.63
1
1.61
2
0.54
1
N.S.
N.S.

443)
p
<0.0001
0.201
0.462
N.S.

Larvae per Female (n = 418)
F
df
p
458.3
1
<0.0001
22.71
2
<0.0001
8.68
1
0.003
4.15
2
0.016

Table 4.3. Standard least squares model output for fecundity, hatch rate, and larvae per
female. Bold indicates significance at a = 0.05. Model fit assessed by lack-of-fit test
(fecundity: F1,388 = 0.957, p = 0.608; hatch rate: F1,385 = 0.867; p = 0.782 larvae: F1,357 =
0.75, p = 0.933). For each model, the intercept is significant (p < 0.0001). P-values are
reported only for significant interactions and first order terms. Table reflects final output
of a backwards-eliminated full factorial model. N.S. = not significant.
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Factors
Intercept
Food
Temperature
--Random Effect:
Replicate Cup

Oocyst Prevalence (n = 287)
χ²
df
p
25.348
1
<0.001
0.694
1
0.405
3.173
2
0.205
-------

Sporozoite Prevalence (n = 371)
χ²
df
p
44.329
1
<0.001
5.118
1
0.024
0.758
2
0.684
-------

0.021

0.013

1

0.9

1

0.9

Table 4.4. Output from linear mixed-effect model analysis for both oocyst prevalence
and sporozoite prevalence. In each case, replicate cup was included as a random effect,
and the output from the analysis of random effects is also included. Bolded p-values
indicate significance at α = 0.05.
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Chapter 5
Redefining the effects of temperature variation on malaria
transmission potential

Abstract
The strongest predictor of malaria transmission potential is parasite development rate
relative to mosquito survival, both of which are highly temperature-sensitive. Current
theoretical understanding of how changes in ambient temperature may shape malaria
transmission derives from models built using a limited number of studies on a variety of
both mosquito and parasite species. Here, we conducted a comprehensive investigation of
how temperature affects Anopheles stephensi mosquitoes infected with the human
malaria parasite Plasmodium falciparum. After mosquitoes took an infectious blood
meal, females were transferred to seven temperatures ranging from 18ºC to 34ºC. Daily,
we assessed mosquito mortality. Salivary glands were dissected daily to estimate the
change in sporozoite prevalence (infectiousness) over time. We also evaluated the length
of the gonotrophic cycle, and hence, biting rate, for females from 21ºC to 34ºC. We then
analyzed our data using a standard static metric (relative vectorial capacity), and
compared this to the most current temperature-sensitive transmission model, as well as a
dynamic model that better describes the continuous nature of mosquito mortality and
infectiousness over time. We saw reduced time to infectiousness at hotter temperatures,
but ultimate maximum infectiousness occurred at cooler temperatures. Mortality rate
increased with temperature, coupled with a turnover in the proportion of infectious
mosquitoes above 30ºC, suggesting that P. falciparum may possibly have a lethal effect
at higher temperatures. For calculations of relative vectorial capacity, our data predicted a
thermal optimum of 30ºC - 4ºC higher than the most current model. Our dynamic model
predicted a thermal optimum of 26ºC, along with a narrower range between lower and
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upper thresholds for transmission. Broadly, our observations challenge the most current
understanding of temperature-mediated effects on vector-parasite interactions. Our
empirical data contradict several important assumptions used in both classical static
models (vectorical capacity) as well as those developed to be more temperature-sensitive.
These observations lead to three key insights: 1) neither EIP nor mosquito mortality can
be treated as a single time point, so models must reflect the continuous nature of
senescence, sporogony, and possible differential mortality; 2) from a climate change
perspective, as temperatures warm, endemic areas may see a decrease in malaria
incidence; however, the geographic range permissible to endemic malaria may expand;
and 3) our model comparisons suggest that species-specific models are likely to result in
more fine-tuned predictions of current and future shifts in temperature.

Introduction
Transmission of malaria is strongly influenced by environmental temperature
(Nikolaev 1935; Noden et al. 1995; Okech et al. 2004; Paaijmans et al. 2010; Paaijmans
et al. 2012; Murdock et al. 2016). This has led to a large body of both theoretical and
empirical research exploring the possible effects of changing temperature on malaria risk,
specifically in the context of global climate change (Shope 1991; Githeko et al. 2000;
Paaijmans et al. 2009b; Gething et al. 2010; Alonso et al. 2011; Blanford et al. 2013;
Mordecai et al. 2013). More fundamentally, temperature is known to affect current
transmission dynamics, regardless of future climate predictions, and hence is included as
a key explanatory variable in numerous modeling studies (Martens et al. 1999; Blanford
et al. 2013; Caminade et al. 2014; Dhimal et al. 2015; Murdock et al. 2016). Many
aspects of both mosquito and parasite life history are affected by temperature, but the
strongest influence on transmission occurs through effects on parasite development rate
relative to mosquito longevity, as well as daily biting rate (Smith & McKenzie 2004;
Smith et al. 2007; Bellan 2010; Mordecai et al. 2013). For transmission to be successful,
parasites need to complete development before the death of their mosquito host, and the
mosquito host must take at least two blood meals in order to transmit the parasite. If
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parasite growth is either hindered or accelerated by temperature relative to mosquito
longevity, or if biting rate is greatly increased or decreased by temperature, these
interactions have profound effects on the likelihood of transmission.
Temperature has been repeatedly demonstrated to strongly influence both parasite
development rate and host survival in a number of invertebrate-parasite systems; though
the direction and magnitude of these temperature-mediated dynamics differ considerably
across species (Burnett 1949; Becnel et al. 1992; James & Lighthart 1992; Arthurs et al.
2003). For example, the water flea, Daphnia magna, exposed to the obligate-killing
bacterium Pasteuria ramosa, experiences increased mortality at higher temperatures,
along with accelerated within-host P. ramosa spore production rate (Ebert 1995).
Conversely, mechanisms and speed of replication of nuclear polyhedrosis virus in
silkworms are greatly inhibited at high temperatures (Kobayashi et al. 1981). For vectorborne diseases of humans and wildlife, the effects of temperature are equally diverse
(Mullens et al. 2004; Genchi et al. 2009; Herrmann & Gern 2010; Lambrechts et al.
2011; Alto & Bettinardi 2013; Liu-Helmersson et al. 2014; Hanafi-Bojd et al. 2015). In
triatomine bugs, the time for the parasite Trypanosoma cruzi (the causative agent of
Chagas’ disease) to complete its development decreases as temperature rises (Garcia et
al. 2007; Elliot et al. 2015; Medone et al. 2015). The development of Onchocerca
volvulus in blackflies is also accelerated by temperature; however, field data and model
predictions combine to suggest that past a critical thermal maximum, the detrimental
effects of temperature on blackfly survival will outweigh the effects of accelerated
parasite growth, thus reducing onchocerciasis in currently endemic regions (Cheke et al.
2015).
For malaria, work in animal models has demonstrated effects of temperature on
both parasite development and mosquito survival. For example, in the rodent malarias P.
yoelii and P. chabaudi, parasite development occurs much faster in higher temperatures.
However, despite quicker parasite development rate, mosquitoes were observed to suffer
greater mortality at higher temperatures, such that fewer adults survived to infectious age
as compared to those infected at lower temperatures, resulting in an overall decrease in
mosquito vectorial capacity at higher temperatures (Paaijmans et al. 2010; Paaijmans et
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al. 2012). Conversely, sandflies infected with the lizard malaria P. mexicanum
experienced no differences in survivorship between 16ºC and 32ºC, yet time to complete
parasite development decreased significantly with increasing temperature, suggesting a
positive relationship between temperature and sandfly vectorial capacity (Fialho & Schall
1995).
Established understanding of the effects of temperature changes on human
malaria parasite development, mosquito longevity, and daily biting rate, however, derive
from a very limited number of empirical studies, some dating back more than seventy
years, employing methods that are difficult to interpret and often poorly-controlled
(Knowles & Basu 1942; Basu 1943; Nikolaev 1935). The current functions describing
estimates of parasite development time (extrinsic incubation period, or EIP), vector
longevity, and daily biting rate synthesize these data and hence combine different
experimental methods, different parasite and vector species, and different temperatures
(i.e., a limited range of temperatures for individual studies with very minimal data at the
extremes) (Mordecai et al. 2013).
Given the importance of these relationships and their extensive use across dozens
of studies, this represents a significant gap in both empirical data and fundamental
knowledge. Here we present the first detailed, systematic investigation of how
temperature affects parasite development, mosquito survival, and daily biting rate for a
realistic pairing of a single key vector species (Anopheles stephensi, the Asian malaria
mosquito) with a human malaria parasite (Plasmodium falciparum) across a range of
temperatures relevant to malaria transmission. We assess the effects of temperature on
predicted malaria risk using a dynamic model that captures the distribution of parasite
development and mosquito survival over time, and compare these predictions with those
of the vectorial capacity equation, a canonical static model that employs single values for
both parasite development and host survival parameters.
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Methods
Mosquito Rearing and General Experimental Design
An. stephensi Liston adult females were collected from our laboratory colony at The
Pennsylvania State University (this colony was initiated in April 2015 with eggs procured
from a colony maintained at Johns Hopkins University, Baltimore, Maryland, USA).
Standard insectary conditions are 27ºC ± 0.5ºC, 80% ± 5% relative humidity and a 12:12
photoperiod. When females were three to five days old, they were separated from males
and aspirated into cardboard cups (475 mL), each containing 150 adult females. Four
cups were allocated to each of six temperatures (21ºC, 24ºC, 27ºC, 30ºC, 32ºC, and
34ºC), totalling 600 females per temperature. Each cup was provided a blood meal of
human blood infected with P. falciparum. Dead mosquitoes were counted daily in each
cup and salivary glands were dissected daily to assess parasite prevalence. Gland
sampling began on day ten post-blood meal for 21ºC and 24ºC, day eight for 27ºC, day
six for 30ºC and day five for 32ºC and 34ºC, based on results from a pilot experiment
(Tables D.1-D.4, Figure D.1-D.3). The entire experiment was then repeated.

Temperature selection and maintenance
Temperatures were selected based on minimum and maximum temperatures for
P. falciparum and other human malaria species measured in empirical studies and
mathematical models predicting effects of temperature on parasite development
(Nikolaev 1935; Knowles & Basu 1942; Basu 1943; Detinova 1962; Martens et al. 1999;
Ikemoto 2008; Parham & Michael 2010; Mordecai et al. 2013). All mosquitoes were
housed in secure cardboard cups inside secondary mesh containment cages (BugDorm®,
Taichung, Taiwan). Cages were held in Percival® (Perry, Iowa, U.S.A.) reach-in
incubators at 21ºC, 24ºC, 27ºC, 30ºC, 32ºC, and 34ºC, each ± 0.5ºC and 80% ± 5%
relative humidity. To ensure incubators were functioning correctly, we placed Omega®
OM-62 (Stamford, Connecticut, U.S.A.) portable USB dataloggers in each incubator.
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Daily, data were extracted at approximately 09:00 a.m. to ensure temperature and
humidity were stable throughout the duration of the experiment.

Plasmodium falciparum culture and infection
In vitro cultures of P. falciparum strain NF54 (wild type, Center for Infectious
Disease Research, Seattle, Washington, USA) were maintained in RPMI 1640 medium
(25 mM HEPES, 2mM L-glutamine), supplemented with 50 µM hypoxanthine and 10%
human A+ serum (Valley Biomedical, Winchester, Virginia, USA). Culture was
maintained in an atmosphere of 5% CO2, 5% O2, and 90% N2. Parasite cells were then
subcultured into O+ human erythrocytes (Valley Biomedical). Gametocyte initiation
occurred at 5% haematocrit and 0.8-1.0% mixed-stage parasitemia. The culture was
maintained for 17 days, and parasite cells were provided fresh media daily.
On the day of the blood meal, gametocyte cultures (approximately 8%
gametocytemia for each experimental block) were briefly centrifuged, and the
supernatant was removed and discarded. Pelleted erythrocytes were diluted to 40%
haematocrit using fresh A+ human serum and O+ human erythrocytes. The mixture was
pipetted into glass bell jars fixed with a Parafilm membrane and connected by plastic
tubing with continuously flowing water heated to 37°C. Each bell jar was filled with 2
mL of blood culture, which feeds approximately 200 females. Mosquitoes were given 20
minutes to fully engorge, after which the bell jars were removed, as the parasites in
culture are no longer viable after 20 minutes. In each cup, >95% of females were
observed to have engorged fully. Immediately following the blood meal, mosquitoes
were transferred to their respective temperature treatments and maintained by providing
cotton balls soaked with 10% glucose and 0.05% para-aminobenzoic acid in water, which
were replaced daily.

Post Blood Meal Survival
Daily, we counted dead mosquitoes at the bottom of each replicate cup within the same
three-hour window (09:30 – 13:30). For survival analysis, mosquitoes removed for
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dissections each day and those that remained alive at the end of the experiment (day 25)
were considered censored cases. We built a series of models with temperature and block
as covariates, using the R package flexsurv. We compared exponential, Weibull, and
Gompertz distributions of mortality. An exponential mortality distribution is often
assumed in conventional models of malaria transmission, such as vectorial capacity and
the basic reproductive number (R0) (Macdonald 1957; Garrett-Jones & Grab 1964; Smith
et al. 2007; Massad & Coutinho 2012), while both Weibull and Gompertz distributions
have been demonstrated to more accurately describe age-dependent mosquito mortality
under laboratory conditions (Clements & Paterson 1981; Novoseltsev et al. 2012; Brady
et al. 2013; Christiansen-Jucht et al. 2014; Christiansen-Jucht et al. 2015). The best-fit
model, which was a Gompertz distribution with both temperature and block as covariates,
was chosen using Aikake’s Information Criterion (AIC) (Table D.5).

Sporozoite Prevalence and Population-Level Infectiousness
To assess how temperature shapes the change in proportion of infectious mosquitoes (the
daily fraction with sporozoites in their salivary glands) over time, we vacuum-aspirated
8-10 mosquitoes from each replicate cup into absolute ethanol and dissected salivary
glands in 0.01 M phosphate-buffered saline each day according to the schedule discussed
in the general experimental design section. Glands were ruptured beneath a glass cover
slip and examined under a light microscope at 100x magnification for presence of
sporozoites.

Gonotrophic Cycle Length and Biting Rate
To estimate effects of temperature on the length of the gonotrophic cycle, 3-5 day-old
females were fed to repletion on a Hemotek™ membrane feeder using pork intestine
sausage casing filled with human blood heated to 37ºC. Fully engorged females (n = 85
per temperature treatment) were then transferred to individual 50 mL plastic tubes
covered with mesh and filled with 5.0 mL of distilled water. Each tube was provided a
cotton ball moistened with 10% glucose solution that was replenished daily. Daily, tubes
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were checked for presence of eggs between 9:00 am and 10:00 am. Females in tubes that
had laid eggs were then transferred to a clean tube and sugar was withheld for six hours,
after which these females were offered a second human blood meal on the Hemotek™
system (in groups of 5 tubes per feeder, all feeds occurred at 27ºC for optimum response).
This allowed for a quantification of the length of time to laying the first and
second clutches; the mean of these values was used as gonotrophic cycle length. For
females not laying a second clutch, the number of days to laying the first clutch was
considered as the mean in the final calculation of mean cycle length. To calculate biting
rate, we used the reciprocal of the mean gonotrophic cycle for each temperature.
Differences in biting rate were assessed using a Kruskal-Wallis test followed by Dunn’s
post-hoc rank sum comparison using the R package pgirmess.
To assess if temperature affected the likelihood of egg laying in general, mating
success was also assessed by dissection of spermathecae from females in that had not laid
eggs by day 21 post-blood meal. Spermathecae were ruptured under a glass cover slip
and observed under a light microscope at 40x magnification. Presence of sperm, whether
alive or dead, was considered a successful mating. Data on each individual clutch and
mating success can be accessed in the supplementary materials (Tables D.6-D.8).

Quantifying Parasite Extrinsic Incubation Period
To assess how temperature affects P. falciparum within-host extrinsic incubation period,
we fit a basic logistic curve to the data for both blocks in each temperature:
𝑔B =

𝑔
1 + 𝑒 )A(B)C)

where at any given day x, the proportion of infectious mosquitoes is dependent on g (the
asymptote), which is the maximum sporozoite prevalence, k (a rate constant), which
describes the instantaneous change in proportion of infections mosquitoes through time,
and t (the inflection point), or the time at which 50% of maximum proportion infectious
is reached (Paaijmans et al. 2012).
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For 21ºC, 24ºC and 27ºC, the curve was fit to all data points whereas at 30ºC,
32ºC and 34ºC, the curve was fit to data truncated at the peak proportion of infectious
mosquitoes, as the data in these temperatures exhibit a hump-shaped pattern rather than a
sigmoidal distribution. However, this truncation does not affect the calculation of the
maximum proportion infectious, the rate constant, nor the inflection point from which
extrinsic incubation period is subsequently calculated, as these dynamics are dependent
upon only the data points leading to the maximum prevalence reached, regardless of
whether that maximum value is maintained throughout the infection. The remainder of
the infectiousness curve for 30ºC, 32ºC, and 34ºC (all data points post-truncation) was
calculated using nonlinear least squares models in the R package nlme (Table D.9)
We solved our logistic equation for the time at which the curve reached 10%,
50% and 90% of maximum infectiousness. As EIP is poorly defined in the literature
(Macdonald 1957; Garrett-Jones & Grab 1964; Bellan 2010), we provide here three
estimates for each temperature to represent a range of possible interpretations of EIP.
Here, we report model parameters and EIP values for the mean model describing both
blocks; however, values for model parameters and EIP for each block separately may be
found in the supplementary material (Table D.10, Table D.11)

Adding Observations at the Cool End of the Temperature Spectrum
In our pilot experiment, we had included an 18ºC group (n = five cups of 150
females/cup), where we observed an average oocyst prevalence of 19% on days 6 and 10
post blood meal, but observed no sporozoites in the salivary glands up until day 26, when
we ran out of mosquitoes to dissect (Figure D.2; Tables D.1-D.4). Due to these results
and the logistics of producing enough females for a large scale infectious experiment for
dissections past day 26, this group was excluded from the two replicates presented here.
However, we did further explore 18ºC in an additional small experiment (two
cups of 100 females/cup), in which we observed oocysts on the midgut, and at day 24, we
observed sporozoites in the hemolymph. Dissections were then continued weekly until
day 56, at which point no sporozoites had been observed in the salivary glands. These
data suggest that although parasites could infect and develop oocysts at 18ºC, even to the

103

point of rupturing and producing hemolymph sporozoites, they were unable to complete
sporogony as no parasites were ever observed in the salivary glands. Combining these
results, throughout our assessment of transmission potential, we consider vector
competence at 18ºC to be zero.

Assessing Effects of Temperature on Relative Vectorial Capacity
Together, these data provide estimates of the key parameters necessary to estimate
relative vectorial capacity, which describes the daily rate at which mosquitoes can
transmit parasites to humans relative to the vector-to-human population ratio. The relative
vectorial capacity (rVc,) is described by the following equation:

𝑟𝑉𝐶 =

𝑎& 𝑏𝑒 ()*+)
𝜇

where a is the daily biting rate, b is vector competence (represented by sporozoite
prevalence), µ is daily mosquito mortality and n is the length of parasite extrinsic
incubation period (Massad & Coutinho 2012; Liu-Helmersson 2014).
To quantify the effects of temperature on relative vectorial capacity, we calculated µ
by reducing our Gompertz curve data to six data points to allow for an exponential
distribution (see Mordecai et al. 2013 and Appendix D for detailed methods). We used
the proportion alive on day one of the experiment, the day at which the proportion alive
was closest to 0.01, and the four days following that closest to 0.01. We then fit an
exponential curve to our reduced data, using the exponential coefficient as our measure of
mortality rate. For n, we used the median EIP (EIP50). For vector competence, b, we used
our calculated values of the asymptote (g) of our logistic curves. For estimates of daily
biting rate (a), we used our data for the reciprocal of gonotrophic cycle lengths.
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Quantifying Temperature Effects on Malaria Transmission Potential
While many quantifications of malaria transmission potential may employ a classical
model such as relative vectorial capacity or R0, our empirical data do not satisfy several
key assumptions of the relative vectorial capacity equation. We do not observe constant
(exponential) daily survival rate, EIP occurs as a distribution rather than a single discrete
value, and the proportion of infectious mosquitoes declines over time in the high
temperature treatments, which means either infectious mosquitoes have different survival
rates or mosquitoes recover from infection. Accordingly, we used an alternative measure,
adapted from the work of Killeen et al. (Killeen et al. 2000) (see Christofferson et al.
2011 for similar methods) to describe the transmission potential of a theoretical cohort of
mosquitoes. Using this dynamic model, we assessed the number of mosquitoes that are
both alive and infectious at any given time by multiplying the number of mosquitoes
alive (data from our survival curves) by the probability of being infectious (data from our
curves for change in proportion of infectious mosquitoes over time). We extended our
survival estimates to the point where just 1% of mosquitoes were predicted to be alive, as
the Gompertz survival function never reaches zero (day 50, for 21ºC, out to which all
temperature curves were followed, allowing for equal comparisons).
This approach enables us to capture the interacting dynamics of sporogony and
survival. The product of these two proportions (the area under the curve) represents the
cumulative number of “infectious mosquito days”. This value is then multiplied by the
probability a female will imbibe a human blood meal (biting rate) to provide an estimate
of the probable number of infectious bites transmitted by a cohort of mosquitoes,
assuming all blood meals are taken on humans (analogous to force of infection for a
given mosquito cohort). Here, we illustrate our model results by assuming an initial
cohort of 100 mosquitoes for each treatment group, using model estimations describing
survival and change in infectiousness for the mean of both of our experimental blocks.
For our estimate of daily biting rate, we used the values calculated from our empirical
data on gonotrophic cycle length across our temperature treatments.
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Results
Post Blood Meal Survival
In general, mosquito mortality increased with temperature. Our data were best described
by fitting a Gompertz curve for survival with experimental block and temperature as
covariates (Figure 5.1, Figure 5.2a, Table 5.1). Although the same trend occurs in each
block, survivorship was higher across all temperatures in the second block (Table 5.1).

Gonotrophic Cycle Length and Biting Rate
Gonotrophic cycle length was negatively correlated with temperature, thus resulting in
higher biting rates at higher temperatures. However, this relationship was saturating at
higher temperatures. As temperature increased, the differences between biting rate
decreased; i.e., the rates for 27ºC and 30ºC are not significantly different from each other,
nor are the rates for 30ºC and 32ºC or 32ºC and 34ºC (Table 5.2, Figure 5.2b).

Dynamics of Sporogony
Dissection of mosquitoes revealed an increase in the prevalence of sporozoite-infected
mosquitoes over time in all temperatures (Figure 5.2c, Figure 5.2d, Figure 5.3). In Table
5.3, we provide EIP10, EIP50, EIP90 and vector competence values for the mean model
describing both blocks. EIPs were shortest at 34ºC and increased at cooler temperatures,
irrespective of the specific measure of EIP (i.e. EIP10 increased from 6.7 to 11.1 days,
EIP50 increased from 7.1 to 14.6 days, EIP50 increased from 7.6 to 18.2 days).
Additionally, the relative and absolute difference between EIP10 and EIP90 increased
progressively under cooler conditions.
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Comparing Effects of Temperature on Transmission Potential vs.
Relative Vectorial Capacity
Relative vectorial capacity for P. falciparum peaked at 30ºC, with upper and lower
thresholds for transmission at 35ºC and 18ºC, respectively (Figure 5.2e). Because of fast
parasite development and increased biting rates, mosquitoes in high temperature
treatments exhibit increased vectorial capacity, despite high mortality rates up to 30ºC.
However, constraints on mosquito survival at the warmer end of the temperature
spectrum prevent vectorial capacity from continuing to rise past this thermal optimum.
Regardless of whether EIP-10, EIP-50 or EIP-90 was chosen for n, the results for peak
vectorial capacity temperature were the same. These estimates differ substantially to
those from the equivalent model of relative vectorial capacity based on alternative mixedspecies temperature-dependent life history relationships (Mordecai et al. 2013) (Figure
5.2e, additional details in Appendix D).
Using our metric of dynamic transmission potential, we see a clear effect of
temperature on the cumulative number of infectious mosquito days (area under the curve,
Figure 5.4). Assuming an initial cohort of 100 mosquitoes the resulting values represent
the predicted number of infectious bites transmitted by that cohort until only 1% of the
population is remaining (Table 5.4). After multiplying the number of cumulative
infectious mosquito days by our calculated temperature-dependent biting rates, our data
predict a lower temperature optimum of 26ºC, with a slightly cooler upper threshold
(34ºC) than the model of relative vectorial capacity based on the same parameters (Figure
5.2f).
These differences in thermal performance curves have important biological
significance. For example, with the standard vectorial capacity model a shift in
temperature from 26 to 30ºC (e.g. via seasonal change or longer term climate warming)
would increase transmission by 105%, whereas the alternative, more biologically realistic
model predicts a 125% decline.
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Discussion
Our study represents one of the most detailed empirical investigations of the effects of
temperature on P. falciparum and a key mosquito vector conducted to date. The results
show quantitative and qualitative differences to the currently accepted temperaturedependent relationships and yield several insights that challenge convention.
Survival of adult mosquitoes is usually represented by an exponential function
(i.e. constant mortality rate per day) in conventional models of malaria transmission
(Macdonald 1957; Garrett-Jones & Grab 1964; Smith et al. 2007; Massad & Coutinho
2012; Mordecai et al. 2013). Our data, like others (Clements & Paterson 1981;
Novoseltsev et al. 2012; Christiansen-Jucht et al. 2014; Christiansen-Jucht et al. 2015),
suggest survival is more accurately described using a function that assumes agedependent mosquito mortality. A recent analysis of survival data for Aedes mosquitoes
indicated that age-dependent mortality is more likely to be found in the laboratory as
external mortality factors tend to be higher in the field, lessening the effect of senescence
(Brady et al. 2013). Whether our data are an artefact of prolonged survival under
laboratory conditions is unclear, as the nature of mortality of adult Anopheles species
under field conditions is very poorly understood.
Existing models of P. falciparum sporogony (either the classic degree-day models
or more contemporary thermodynamic curves) provide a single estimate of EIP for a
mosquito cohort at a given temperature. Our data indicate that sporogony is not perfectly
synchronized but follows a distribution across the mosquito population (see also
Paaijmans et al. 2012; Shapiro et al. 2016). We see that temperature affects the absolute
and relative extent of this distribution as well as the median value. These results have
important implications for interpreting EIP. Most empirical studies examining sporogony
are extremely vague in whether EIP is being scored as the first mosquitoes to become
infectious (EIP-10), the median value (EIP-50), or the time to maximum prevalence (EIP90), yet which measure of EIP is used will strongly influence the resultant development
rate functions (Table 5.3). These in turn can have substantial impacts on estimates of
transmission (Paaijmans et al. 2012).
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At present, 16ºC is considered a lower limit for P. falciparum (Detinova 1962;
Ikemoto 2008; Paaijmans et al. 2009; Mordecai et al. 2013) transmission because the
standard parasite degree day model predicts an EIP of 56 days and mosquitoes are
assumed to not live this long in nature (Craig et al. 1999). Our data indicate a threshold
of 18oC or higher. Our 18ºC threshold is based on vector competence and not the length
of EIP and it is unclear whether small increases in temperature will play out in equivalent
ways for these alternative constraints.
A number of recent studies propose unimodal thermodynamic development rate
curves (the reciprocal of EIP) for P. falciparum, in which growth rate increases up to a
maximum around 29ºC and then declines steeply at higher temperatures (Ikemoto 2008;
Paaijmans et al. 2009; Mordecai et al. 2013). Our data show parasite development rate to
continue to increase up to 34ºC, with no evidence for a turn over (additional details in
Appendix D). These differences emphasize the limitations in the available data.
Further, at high temperatures we see a decline in the prevalence of potentially
infectious mosquitoes over time, suggesting either that mosquitoes are recovering from
infection (e.g. sporozoites are dying or otherwise being cleared from the salivary glands),
or that infectious mosquitoes are dying faster than uninfected mosquitoes. Our current
experiments do not allow us to determine the mechanism explicitly but when we compare
overall mosquito survival with the rate of decline in the proportion of infection
mosquitoes over time we see no difference in instantaneous hazard rates (Figure D.4-D.6,
Figure D.13); this outcome is more consistent with enhanced death of infectious
mosquitoes than parasite clearance. It has been suggested that P. falciparum has no lethal
effect on naturally occurring mosquito hosts (Ferguson & Read 2002), yet most studies
examine infections in the range of 25-28ºC. Our data suggest that P. falciparum might
impact mosquito survival at higher temperatures (see also Murdock et al. 2016). None of
the standard malaria transmission models, or studies examining potential impacts of
climate change, consider possible costs of parasite infection under increased
environmental stress (temperature).
We acknowledge that we used long-standing lab colonies of a single mosquitoparasite combination and it is likely that parasite development, vector competence, biting
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rate and longevity vary between species and between local populations (Joy et al. 2008;
Murdock et al. 2016). However, this fact only strengthens the need for more detailed
system specific studies, as there is little reason to think that our system is more
idiosyncratic than any other local malaria vector-parasite pairing in nature.
The effect of temperature on the distribution and risk of vector-borne disease still
remains a contentious topic within malaria research. Combined with suggested
predictions from more recent models, the work presented here adds to a growing body of
evidence that temperature increases of the predicted 2ºC-4ºC over the next century may
reduce malaria incidence in current endemic areas, while simultaneously expanding the
geographic range of malaria risk. Undoubtedly, temperature-mediated changes in disease
risk do not occur in a vacuum, and are further complicated by other drivers of increased
(or decreased) transmission, such as changes in land use and agricultural practices,
expanding suburbanization and increased global human movement (Patz et al. 2004;
Kilpatrick & Randolph 2012). Nevertheless, our results represent a strong foundation on
which to build further, more complex investigations of vector-parasite species specific
reactions to temperature changes, the results of which are critical inclusions in future
model predictions of disease risk.

Notes
This work is currently in preparation to be submitted to PLoS Biology in September of
2016. Co-authors include Shelley A. Whitehead and Matthew B. Thomas. We would like
to acknowledge Mark Kennedy for his expertise in parasite culture and infection, as well
as his assistance with daily dissections and parasite scoring. We would like to thank Janet
Teeple for insectary management and mosquito production, as well as Drs. David
Kennedy and Elsa Hansen for their assistance with questions concerning mathematical
modeling and statistics. Additional information, including a detailed discussion of how
our data and models compare to those used by Mordecai et al. 2013 can be found in
Appendix D.
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Figure 5.1. Raw data (dashed lines) overlaid on Gompertz model predictions (black lines) for
each temperature; a) Block 1, b) Block 2.
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Figure 5.2. (a-d) Parameters of relative vectorial capacity; points represent raw or
predicted data and dotted lines represent the nonlinear regressions that best describe how
these parameters change across temperature (comparisons with Mordecai data can be
found in Appendix D). (a) Daily mortality rate as calculated by reducing Gompertz curve
predictions for each temperature. (b) Biting rate as calculated by taking the reciprocal of
the gonotrophic cycle. (c) Vector competence (maximum proportion of infectious
mosquitoes) as predicted by the binary logistic regression used to calculate EIP. (d)
Relationship between extrinsic incubation period (red) and parasite development (blue,
1/EIP). (e) Comparison of relative vectorial capacity using data from present study (blue)
and the current state of the art model used by Mordecai et al. 2013 (red); stars represent
optimum temperature for each curve. (e) Comparison of scaled predictions from the
present study: relative vectorial capacity (blue) and transmission potential (red); stars
represent optimum temperature for each curve.

112

21 C

10

15
Day Post Infection

20

25

1.0
0.8
0.6
0.4

1.0 0.0

Proportion Infectious

0.6

Proportion Infectious

Day Post Infection

34 C
5

10

34ºC

15

20

25

20

25

Day Post Infection

0.0

0.0
5

25

0.8

20

0.6

32ºC

15

0.4

10

27ºC

0.2

0.8
0.6
0.4
0.2
1.0 0.0

Proportion Infectious

0.4

0.6

Proportion Infectious

Day Post Infection

32 C
5

0.8

25

0.4

20

0.2

15

24ºC

0.2

1.0

1.0
0.8
0.6
0.4
0.2

10

30ºC

0.8

1.0 0.0

30 C
5

0.2

Infectious
Proportion Infectious

21ºC

0.0

Proportion
Proportion Infectious

24 C

24 C

5

10

15

20

PostBlood
InfectionMeal
DayDay
Post

25 5

10

15
Day Post Infection

Figure 5.3. Dynamics of sporogony across infection represented by the change in
proportion of infectious mosquitoes over time. Blue points with connecting lines
represent dynamics for each experimental cup in block 1; red points with connecting lines
represent cup dynamics for block 2. The logistic regression model for block 1 is depicted
by the solid black line, whereas the model for block 2 is the dashed black line.

113
100

60
50
40
20
10
5

10

40

40

0.4

30
20

0.2

10

0
0
0 1 5
45
100 50

80
60
50
40
30
20
10

80
60

0.6

50
40

0.4

30
20

15 20 25 30 35
Day Post Blood Meal

40

45

0.2

60

0.6

50
40

0.4

30
20

10

15 20 25 30 35
Day Post Blood Meal

Day Post Blood Meal

0.4

0.2

0.2

0
0
45100 50
0 1 5
80

10

40

15 20 25 30 35
Day Post Blood Meal

40

45

0
50 1

34ºC

0.8

70
60

0.6

50
40

0.4

30
20

0.8

0.6

0.4

0.2

0.2

10
0

5

0.6

10

0
50
0

0.8

32ºC90

10
0

10

40

0.8

70

0
5

15 20 25 30 35
Day Post Blood Meal

0.8

70

Proportion Infectious

70

0

10

90
30ºC

Number Alive and/or Infectious

90

15 20 25 30 35
Day Post Blood Meal

0.6

50

Number Alive and/or Infectious

0
100 0

60

80

Proportion Infectious
Proportion Infectious

30

0.8

70

1

27ºC

Proportion Infectious

70

1

24ºC
90
Number Alive and/or Infectious

80

Number Alive and/or Infectious

80

100

1

Proportion Infectious

Number Alive and/or Infectious

21ºC
90

Proportion Infectious

Number Alive and/or Infectious

90

Proportion Infectious

Number Alive and/or Infectious

100

45

0
50
0

0
5

10

15 20 25 30 35
Day Post Blood Meal

40

45

50

Figure 5.4. Area curves for rates of survival (blue) and infection (pink) for each
temperature; Purple areas represent the product of the two curves (i.e. the number of
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Block
1
2
1
2
1
2
1
2
1
2
1
2

Temperature
21ºC
21ºC
24ºC
24ºC
27ºC
27ºC
30ºC
30ºC
32ºC
32ºC
34ºC
34ºC

Median Survival
Time (days)
24.9
29.2
21.7
25.7
20.3
24.2
16.3
19.9
14.7
18.1
12.4
15.5

Gompertz
Senescence Rate
0.00993
0.00656
0.0133
0.00938
0.01507
0.01066
0.0223
0.01574
0.0265
0.01872
0.0347
0.0245

23.6
27.6
20.5
24.4
19.2
22.9
15.3
18.8
13.7
17.0
11.6
14.6

Lower 95%
(days)
26.5
30.9
22.9
26.9
21.5
25.5
17.4
21.0
15.8
19.2
13.2
16.4

Upper 95%
(days)
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Table 5.1. Senescence rates (α) from Gompertz survival curves at shape (ß) = 0.07216;
and calculated median survival time with 95% confidence intervals for each block x
temperature combination.
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Temperature (ºC)
21
24
27
30
32
34

n
73
81
75
72
65
75

Mean
5.18
4.07
3.38
2.97
2.65
2.38

±SE
0.062
0.049
0.053
0.061
0.055
0.054

Biting Rate
0.193 a
0.246 b
0.296 c
0.337 cd
de
0.377
0.421 e

Table 5.2. Mean length of gonotrophic cycle across all temperatures. Biting rate is
calculated as the reciprocal of the gonotrophic cycle. Kruskal-Wallis rank-sum test: X2 =
347.99, df = 5, p<0.0001. Superscripts indicate significant differences between groups
following post-hoc comparisons.

Temperature
21ºC
24ºC
27ºC
30ºC
32ºC
34ºC

EIP-10
11.1 (9.7-11.7)
10.4 (10.1-10.6)
10.1 (9.5-10.6)
7.6 (7.1-7.6)
6.9 (6.0-7.5)
6.7 (6.1-6.8)

EIP-50
14.6 (13.6-16.2)
11.5 (11.3-11.8)
10.5 (10.1-10.9)
8.3 (8.1-8.5)
7.7 (7.4-8.0)
7.1 (7.0-7.3)

EIP-90
18.2 (18.1-18.8)
12.4 (11.9-13.0)
11.0 (10.8-11.2)
9.0 (8.6-9.9)
8.4 (7.8-9.9)
7.6 (7.5-8.1)

Vector Competence
0.48 (0.41-0.58)
0.60 (0.57-0.64)
0.59 (0.58-0.62)
0.43 (0.40-0.47)
0.41 (0.37-0.45)
0.37 (0.36-0.39)
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Table 5.3. Estimates of EIP-10, -50 and -90 and vector competence (maximum
sporozoite prevalence) calculated from the mean binary logistic equation for change in
proportion of infectious mosquitoes fit to both experimental blocks. Bolded numbers
represent model output, while numbers in parentheses represent the 95% confidence
intervals.
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Temperature (ºC)
21
24
27
30
32
34

Infectious
Mosquito Days
613.3
776.7
796.5
327.9
225.1
157.7

Biting Rate
0.193
0.246
0.296
0.337
0.377
0.421

Predicted
Infectious Bites
118 (105-131)
191 (155-227)
236 (215-257)
111 (105-117)
85 (78-92)
66 (64-68)

Table 5.4. Estimated number of infectious bites transmitted by a cohort of 100
mosquitoes over 50 days for each temperature group. Numbers in parentheses represent
the standard deviation from the mean of both blocks.
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Chapter 6
Synthesis & General Discussion
Our understanding of the ecology of mosquito-parasite interactions in changing
environments is the most fundamental tool in maintaining and improving malaria control.
The primary impediment to furthering our ecological knowledge of vector-parasite
biology is the bridging of the expansive gap between research in complex,
multidimensional field systems and studies in abstracted and oversimplified lab systems.
In each chapter, we have progressively moved beyond standard laboratory conditions to
answer foundational questions about how mosquito biology and ecology can change in
variable environments.
One of the most significant hurdles to implementing ecology into malaria control
programs is the inclusion of the larval stages of vector mosquitoes, which, until recently,
have often been ignored in their ramifications for adult vector fitness and disease
transmission. In Chapter 2, we evaluated food quantity as one aspect of larval Anopheles
ecology that is known to vary in the field (Gimnig et al. 2001; Okech et al. 2007; Walker
& Lynch 2007; Fournet et al. 2010; Hood-Nowotny et al. 2012; Kaufman et al. 2012;
Komínková et al. 2012; Bara et al. 2014). Though we used a model rodent malaria
(Plasmodium yoelii), our results demonstrate significant consequences of varying larval
food quantity for ultimate vectorial capacity. We demonstrated that reduced food quantity
led to a 70% relative reduction in vectorial capacity; most interestingly, this reduction
was due to life history traits alone, as we found no differences in ultimate sporozoite
prevalence between our two larval groups.
Having demonstrated that larval food quantity has the possibility to impart farreaching effects on disease transmission, we built on our experimental design from
Chapter 2 using with previous techniques for modeling parasite development over time
(Christofferson & Mores 2011; Paaijmans et al. 2012) to assess effects of larval food on
parasite growth dynamics, extrinsic incubation period, and mosquito senescence in
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Chapter 3. Here, we advanced further beyond many lab studies by using the human
malaria parasite Plasmodium falciparum in a naturally-occurring vector (Anopheles
stephensi) integral to the spread of falciparum cases in India and Southeast Asia (Sharma
1995; Pemola Devi & Jauhari 2007; Dash et al. 2008; Sinka et al. 2011; Dhimal et al.
2015; WHO World Malaria Report 2015).
To date, the only variable that has been suggested to alter EIP of malaria parasites
in Anopheles mosquitoes was ambient temperature experienced by adult mosquitoes
(Boyd 1932; Nikolaev 1935; Detinova 1962; Paaijmans et al. 2012). We determined that
larval food quantity was integral in determining the growth kinetics of P. falciparum, and
that EIP was decreased by 1-2 days in adults from high food environments. This change
is equivalent to what would be observed if temperature increased by 2-4ºC, which aligns
with the current most widely-accepted predictions for global climate warming over the
next century (Githeko et al. 2000; IPCC 2007; Tubiello et al. 2007; IPCC 2013;
Mordecai et al. 2013).
We also found that adult survival in each group followed an age-dependent
distribution. Consequently, we moved beyond vectorial capacity and instead employed a
model for transmission potential that was able to account for the fact that both EIP and
mosquito mortality follow continuous distributions (Killeen et al. 2000; Christofferson &
Mores 2011; Bara et al. 2015). Again, we observed that even in cases where ultimate
sporozoite prevalence was equivalent between groups, parasite dynamics, survival
distributions and life history traits combined to result in a 70% relative decrease in
transmission potential from high food availability to relative nutritive stress.
Our results offer key insights into how larval nutritive environment may shape
overall transmission potential, yet we are currently unable to fully explain the
mechanisms underpinning the nutrient-mediated shift in parasite development time. The
nutritional requirements for malaria parasite growth that are endogenous to the mosquito
host remain a considerable “black box” in our understanding of mosquito-parasite
interactions. Significant work has already begun to address the degree to which nutrients
from the larval environment affect the development and physiochemical composition of
emerging adult mosquitoes (Dadd et al. 1988; Anderson et al. 2004; Moribayashi et al.
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2004; Peck & Walton 2006; Hood-Nowotny et al. 2012). In addition, emerging
techniques in ecophysiology and metabolomics have been used to assess physiological
changes in insects (including dipterans such as Drosophila, biting midges, and flesh flies)
exposed to nutritive, thermal, and chemical stressors (Michaud et al. 2008; Pedersen et
al. 2008; Bratty et al. 2011; Colinet et al. 2012; Teets et al. 2012; Malmendal et al.
2013). Recent studies have examined how the metabolome of Anopheles gambiae shifts
when infected with a mycobacterium (Hoxmeier et al. 2015), and quantitative measures
of metabolites in vertebrate blood stage P. falciparum are already available (Olszewski et
al. 2009). Undoubtedly, such techniques could be used to classify specific compounds
and molecules that differ in both presence and magnitude between infected and noninfected mosquitoes across all stages of parasite development within the mosquito vector.
In Chapter 4, we demonstrated that the larval conditions that generated
differences in adult vector size were of much greater significance in predicting vectorial
capacity than the differences in size alone. Additionally, we showed that different
interactions between larval habitat variables can produce mosquitoes of equivalent size.
These findings, along with recent studies by others that investigate similar questions
(Reiskind & Zarrabi 2012; Barreaux et al. 2016; Barreaux et al. in prep) suggest that the
merit of using wing length as a proxy for body condition may be highly overestimated.
Building upon the techniques we suggest for elucidating endogenous mosquito nutrients
important for parasite development, future studies that investigate effects of both larval
and adult body condition on ultimate malaria transmission potential should focus on
identifying biomarkers of body condition that better predict vector competence in the
field. This is especially important given the fact that the umbrella of “global climate
change” includes not only shifts in ambient temperatures, but also shifts in agricultural
practices, land use, conservation efforts, and deforestation that are anticipated to have
major effects on the characteristics and diversity of larval habitats in endemic areas (Patz
et al. 2004; Afrane et al. 2005; Matthys et al. 2006; Afrane et al. 2008; Stresman 2010;
Kilpatrick & Randolph 2012; Reinbold-Wasson et al. 2012).
In Chapter 5, we evaluated the effects temperature on patterns of age-dependent
mortality, parasite dynamics, and biting rate and gonotrophic cycle. We used previously
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published methods (Paaijmans et al. 2012) to generate a comprehensive illustration of
how parasites develop over time by dissecting mosquitoes daily in order to accurately
pinpoint extrinsic incubation period under six different temperatures. In this Chapter, we
observed several key points that redefine the most current understanding (Mordecai et al.
2013) of temperature-mediated changes in malaria transmission risk. Most notably, our
predictions were based on true extrinsic incubation period instead of the most commonly
used degree-day models that only estimate EIP based on a paucity of data for mixed
parasite and vector species (Nikolaev 1935; Detinova 1962). Interestingly, we show that
the proportion of infectious mosquitoes within a population decreases after reaching a
peak prevalence at temperatures of 30ºC and above, suggesting that, at temperatures
hotter than the “optimum” 27ºC, Plasmodium falciparum may indeed have lethal effects
on vector mosquitoes, which was previously thought to be untrue (Ferguson & Read
2002). Finally, we find that our results are similar to those in Chapter 3 in that our
empirical data violate some of the most crucial elements of predictions using the
reproductive rate (R0) or vectorial capacity (C). Accordingly, we use the same dynamic
model employed in Chapter 3, concluding vectorial capacity suggests a drastic increase in
transmission potential with rising temperature, while our model predicts a significant
decrease in transmission potential at temperatures above 26ºC, which aligns with the
most recent work on malaria transmission under warming temperatures (Murdock et al.
2016; Yamana et al. 2016).
Though our work suggests that warming temperatures at the higher end of the
temperature spectrum over which both vectors and parasites function will likely end up in
a decrease in malaria incidence in currently endemic areas, we are unable to conclude
with certainty how shifts in temperature may modify disease risk in cooler regions. Our
most comprehensive data ended at 21ºC and though we have assumed zero competence at
18ºC based on pilot experiments, very recent ongoing work shows that transmission may
be possible at 18ºC. However, the results are difficult to interpret, as parasite strains used
in each experiment (Chapter 5 used wild type, whereas more recent work in our group
uses wild type expressing GFP), and it is suggested that these two strains may differ in
their thermal envelope in which transmissibility is possible (A. Pathak & C. C. Murdock,
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personal communication). Regardless, it is crucial that further studies exhaustively
explore the dynamics of transmission below 21ºC, as the best estimate we currently have
for lower thresholds of Plasmodium falciparum come from estimates based on degreeday curves, suggesting a lower threshold of 16ºC, at which point sporogony would be
complete at 111 days, an age to which mosquitoes in natural conditions are unlikely to
survive (Detinova 1962; Ikemoto 2008).
Though our findings in Chapter 5 stand as a valuable and strong foundation upon
which to build further, more accurate predictive efforts for malaria transmission under
climate change scenarios, we only used constant temperatures. In the past decade, a
quickly growing body of literature has demonstrated that temperature fluctuation is an
essential variable in quantifying effects of climate change on disease transmission,
especially at more regional and local levels, as opposed to wide-scale global predictions
(Paaijmans et al. 2009; Paaijmans et al. 2010; Lambrechts et al. 2011; Murdock et al.
2012; Blanford et al. 2013; Lyons et al. 2013; Murdock et al. 2013; Paaijmans et al.
2013; Heinig et al. 2015; Westby et al. 2015). It is important to know how temperature
fluctuation may change the results we see in Chapter 5, especially at the extreme ends of
the temperature spectrum, where even modest diurnal temperature ranges may create a
“rescue effect” allowing for transmission at mean temperatures lower than the expected
threshold, while simultaneously forcing a cooler high temperature threshold through
damaging effects on the mosquito vector, the malaria parasite, or both.
Though we present a thorough investigation of the effects of select environmental
variation across the mosquito life cycle, there are still many hurdles that must be cleared
in furthering our understanding of environmentally-mediated effects on mosquito
biology. For example, we do not address mosquito behavior in any of our work, and
variables such as flight capacity, host-seeking, and thermoregulation represent further
challenges. Flight capacity and mosquito dispersal are known to be affected by larval
conditions (Dadd et al. 1989; Kaufmann & Briegel 2004; Majambere et al. 2008;
Koenraadt et al. 2010), weather patterns (Service 1997; Midega et al. 2007; Majambere
et al. 2008; Lutambi et al. 2013), and infection with a variety of pathogens, including
malaria parasites (Schiefer et al. 1977; Simpson & Laurence 1979). It would be
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interesting to determine how environmental temperature experienced by adult vectors
could further shape these observations. Host-seeking has also been shown to be affected
by both larval and adult nutrition (Hancock & Foster 1997; Takken et al. 1998; Nasci
1986; Klowden 1986), and time to first host-seeking is known to be extended at lower
temperatures (Paaijmans et al. 2013). The physiology of host seeking depends on currents
and internal pressure of hemolymph that acts to modulate the function of antennal organs
(auxiliary hearts) (Boppana & Hillyer 2014), and hemolymph pressure is known to be
directly affected by desiccation stress (Ellison et al. 2015), which is likely to arise in
climate change scenarios. How these processes are regulated under a wide range of
realistic temperature and humidity combinations remain unknown. Lastly, a recent study
has suggested that microclimates within a single house where blood-feeding has occurred
may influence the resting and thermoregulatory behavior of vector mosquitoes (Cator et
al. 2013). This remains a vastly understudied component of mosquito biology that is
likely to affect transmission potential under current conditions, and is also likely to shift
as temperature, humidity, and human populations and activities change over the next
century.
The synthesis of the results presented in this thesis make a strong case for moving
beyond standard laboratory conditions to further our understanding of the basic biology
and ecology of mosquito-parasite interactions. This paradigm of “laboratory ecology”
allows us to investigate environmentally-mediated changes that are likely to occur in the
field, while preserving a level of control that is permissive to isolating environmental
factors of interest which cannot be done in the infinitely complex field environment.
However, our conclusions are accompanied by a frontier of unanswered questions that
remain as “ecological obstacles” to our maintenance of malaria vector control and
development of novel control technologies. Deconstructing these ecological obstacles
will undoubtedly enhance our appreciation of seemingly minute details of mosquito and
parasite biology, and this knowledge is our most important and robust weapon in the fight
against malaria worldwide.

124

Appendix A
Supplement to Chapter 2
Pilot Studies
Rationale
The purpose of these pilot studies was to evaluate a series of differing food quantities to
assign a “high food” and a “low food” treatment for further experiments. The criteria we
established were that 1) treatments must produce females of significantly different size;
2) “low food” females must take longer to develop, and therefore experience peak
emergence later than “high food” females; 3) each treatment must produce roughly
equivalent numbers of eclosing females so that large scale experiments can be performed
using adults from each treatment group.

Methods
First instar (<24 h old) Anopheles stephensi Liston larvae were collected from our
maintenance colony at Penn State University. Larvae were transferred in groups of fifty
into clear plastic cups (265mL) filled with 80mL of food slurry (distilled water and
Tetrafin fish food) (Table A.1). Daily, larvae were counted with a disposable plastic
eyedropper, cups were rinsed and food was adjusted on a per-larva basis. We recorded
larval survival, average day to peak adult emergence (both males and females), the
average number of adults emerging from each replicate cup, and the wing length of
emerging adult males and females. Results for wing length and emergence are reported
here only for females, as only effects on females were important to this experimental
design. In the second pilot study, we also included a “stress test”, where three cups of
five females per treatment were placed in a plastic cup provided with water only.
Mortality was assessed every four hours, with the purpose of assessing the robustness of
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post-emergence teneral nutrient reserves carried over from the larval treatment in each
group.

Pilot Study 1 Food
Treatments
0.1 mg/larva/day
0.2 mg/larva/day
0.3 mg/larva/day
0.4 mg/larva/day
0.5 mg/larva/day

Pilot Study 2 Food
Treatments
0.0 mg/larva/day
0.05 mg/larva/day
0.1 mg/larva/day
0.2 mg/larva/day
0.3 mg/larva/day

Table A.1. Food treatments evaluated in each pilot experiment.

Results
Larval survival
In the first pilot experiment, larvae fed 0.3 mg/individual/day survived best, followed by
0.2 mg/individual/day and 0.1 mg/individual/day. Higher treatments (0.4
mg/individual/day, 0.5mg/individual/day) resulted in a sharp drop in survival within the
first four days, likely because of microbial growth that became toxic in conditions of food
overabundance (Figure A.1.A). In the second pilot experiment, unsurprisingly, the no
food group all died within three days. No adults emerged from the 0.05
mg/individual/day group. Both 0.3 mg/individual/day and 0.1 mg/individual/day survived
equally well up until day 13, at which point all 0.3 mg/individual/day adults had
emerged, and the survival rate for 0.1 mg continued to drop, making its overall survival
the worst among the groups that had emerging adults. The survival of the 0.2
mg/individual/day group was slightly lower than that of 0.3 mg/individual/day (Figure
A.1.B).
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Figure A.1. Kaplan-Meier survival curves for larvae in each treatment for (A) pilot
experiment 1 and (B) pilot experiment 2. End of the curve signifies emergence; error bars
represent standard error of the mean.

127

Wing length
Across both pilot experiments, wing length was positively correlated with increasing
amounts of food (Figure A.2). In the first pilot experiment, one-way ANOVA followed
by Bonferroni-adjusted pairwise t-tests revealed that all groups were significantly
different from one another, with the exception 0.2 mg/larva/day and 0.3 mg/larva/day
treatments (p = 0.135) (Figure A.2.A), while in the second pilot, Bonferroni-adjusted
pairwise t-tests revealed that all groups were significantly different from one another (p <
0.0001) (Figure A.2.B).
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Figure A.2. Wing length (in mm) of females emerging from each larval food treatment in
(A) pilot experiment 1 and (B) pilot experiment 2. Error bars represent standard deviation
from the mean. Letters represent non-significant differences between groups following
post-hoc Bonferroni-adjusted pairwise t-tests. Initial analysis was performed using a oneway ANOVA: pilot experiment 1 (df = 4; F = 60.68; p < 0.0001); pilot experiment 2 (df
= 2; F = 133.11; p < 0.0001).
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Day of peak adult emergence
In the first pilot experiment, the number of emerging females did not differ remarkably
from 0.1/mg/individual/day to 0.3 mg/individual/day, while both 0.4 mg/individual/day
and 0.5 mg/individual/day (also not markedly different from each other) produced about
half the amount of adults compared to lower food treatments. The day on which peak
female emergence was observed differed considerably between treatments; the earliest
emergence was observed on day eight post hatch in the 0.3 mg/larva/day, 0.4
mg/larva/day and 0.5 mg/larva/day groups, while the latest emergence occurred at day 12
post hatch in the 0.1 mg/larva/day group (Figure A.3.A).
In the second pilot experiment, 0.3 mg/larva/day produced the most females (n =
34), while 0.2 mg/larva/day and 0.1 mg/larva/day did not differ markedly (n = 28, n = 27,
respectively). The day of peak female emergence for 0.3 mg/larva/day was one day later
(day 9) than in pilot experiment 1, while peak emergence for 0.2 mg/larva/day and 0.1
mg/larva/day was consistent with the first pilot, occurring at day 9 and day 12,
respectively (Figure A.3.B).
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Figure A.3. Total number of females emerging on each day post-hatch across all food
groups for (A) pilot experiment 1 and (B) pilot experiment 2. For pilot experiment 1,
peak emergence occurred at day 12 for 0.1 mg/larva, day 9 for 0.2 mg/larva, day 8 for 0.3
mg/larva, day 8 for 0.4 mg/larva and day 8 for 0.5 mg/larva. For pilot experiment 2, peak
emergence occurred occurred at day 12 for 0.1 mg/larva, day 9 for 0.2 mg/larva, and day
9 for 0.3 mg/larva.
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Stress tests
The 0.3 mg/individual/day treatment survived the best during the stress tests, with an
average time to 100% mortality of 54.4 hours. According to Tukey’s HSD post-hoc
pairwise comparisons, there was no significant difference between time to 100%
mortality between 0.2 mg/individual/day and 0.1 mg/individual/day (46.3 hours and 41.1

Time until 100% mortality (hours)

hours, respectively).

70
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0.2 mg

0.1 mg

40
30
20
10
0

0.3mg

Food Treatment

Figure A.4. Time (in hours) to 100% mortality for females in each food group during
stress tests. Error bars represent standard deviation from the mean. Letters represent nonsignificant differences between groups following Tukey’s HSD pairwise comparisons.
Initial analysis was performed using a one-way ANOVA (df = 2; F = 5.246; p = 0.009).
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Conclusions
After these, we considered 0.1 mg/larva/day and 0.3 mg/larva/day to be our
representative “low food” and “high food” treatments, respectively. This was due to the
relatively high survival in both groups and the production of equivalent numbers of adult
females, along with consistent significant differences between groups for wing length,
peak emergence date, and stress test performance.

Additional Tables
Assay & Target
Locus

Plasmodium spp.
18S rRNA gene

Primer & Probe Sequence
(5’ to 3’)
F: TGT CAG AGG TGA AAT
TCT TAG ATT TTC T;
R: ACT TTC GTT CTT GAT
TAA TGG AAG TAT TT
Probe: 6-FAM-CAA ACA ACT
GCG AAA GC

Amplicon
Size

88 bp

GenBank
Accession
Number

Amplifies

Does not
Amplify

DQ241815

P. chabaudi;
P. falciparum;
P. malariae;
P. berghei;
P. yoelii

Mouse or
mosquito genes
(background or
named)

Table A.2. Sequences for primers and probes for P. yoelii qPCR assay; adapted from
Bell et al. 2009 J. Insect Pathol.).
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Appendix B
Supplement to Chapter 3

Supplementary Figures

Figure B.1. Total observed females emerging from each food treatment. Each food
treatment was initiated with 500 larvae (ten cups of 50 larvae each). Note the difference
in peak emergence time between treatments, which informed our experimental setup of
our “low food” (0.2 mg/larva/day) and our “high food” (0.6 mg/larva/day) colonies.
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Figure B.2. Schematic diagram of experimental design and schedule of sampling times
for midguts (oocyst stage) and salivary glands (sporozoite stage).
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Figure B.3. Schematic diagram of distribution of pupae and adults across emergence
cages and infection cups, respectively.
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Figure B.4. Dynamics of the change in proportion of infectious mosquitoes over time for
each replicate cup in experimental block 1. Error bars represent the standard deviation
from the mean.
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Figure B.5. Dynamics of the change in proportion of infectious mosquitoes over time for
each replicate cup in experimental block 2. In the low food group, replicate cup four was
discarded, as the sugar cotton ball was mistakenly replaced with a water cotton ball post
blood-meal, causing high mortality that would not allow for enough dissections over the
time period of days 9-16 to be comparable to other cups within the experiment. Error
Bars represent standard deviation from the mean.
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Figure B.6. Observed values for gonotrophic cycle in pilot studies of the Walter Reed
Anopheles stephensi colony. Represented here are the treatments used in this paper. Red
= 0.2 mg/individual/day (“Low Food”, n=86), blue = 0.6 mg/individual/day (“High
Food”, n=107). Mean gonotrophic cycle for Low Food = 3.53 days, biting rate a = 0.283,
High Food = 2.91 days, biting rate a = .344. Error bars represent standard error of the
mean. Difference between treatments is significant using a Wilcoxon rank sum test,
p<0.001 at α=0.05.
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Supplementary Tables

Table B.1 AIC scores for each constructed survival curve model and covariates included
in each model we explored.

Table B.2. Term designations for each treatment, block, or treatment by block effect on
each parameter of the initial EIP binary logistic model. Each candidate model contained
the original terms g, k, and tm.
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Table B.3. Competing models listed in order of least to greatest AIC scores. Models are
named according to terms specified in Table B.2.
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Figure C.1. Daily number of females emerged for each treatment used in the present
study from our pilot experiment. Bars represent the total number of females emerged
from five cups of 50 larvae for each treatment (n = 250 larvae per treatment). Total
number of females emerged per group: Low 22ºC: n = 66; High 22ºC: n = 105; Low
27ºC: n = 63; High 27ºC: n = 103; Low 32ºC: n = 29; High 32ºC: n = 103. For the present
study, we started our Low 22ºC treatment first, then High 22ºC two days later, Low 27ºC
four days later, Low 32ºC seven days later, Low 32ºC eight days later, and High 32ºC ten
days later than the initial Low 22ºC collection.
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Figure C.2. Schematic diagram of general experimental design. Larvae were reared in
six different environments (three temperatures, two dietary regimes: low food = 0.2
mg/individual/day; high food = 0.6 mg/individual/day). All pupae were collected in
emergence cages (four per treatment) and maintained at 27ºC. From those emergence
cages, females were used for three separate experiments: 1) Subsamples of adult females
from each treatment group to assess wing length; 2) Modified life table using uninfected
human blood to assess reproductive traits; and 3) P. falciparum-infected human blood
meal to assess vector competence (parasite prevalence and post-infection mortality).
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Figure C.3. Guide to how vector density (m) was calculated for assessing effect of larval
conditions on vectorial capacity; light-colored bars = low food, dark-colored bars = high
food. (a) Sex ratio data from a pilot experiment run previous to the presented study.
Light-colored bars = low food, dark-colored bars = high food. These data derive from
treatment groups that correspond with the treatment groups presented in the final study,
and each proportion represents the overall proportion of emerging adult females from five
cups of 50 larvae each, per treatment (250 total initial larvae per treatment group). Post
hoc tests reveal a significant difference in sex ratio only between 22ºC high food and
32ºC low food. (b) Mean proportion of total larvae pupated (out of 5600) per treatment
group; light-colored bars = low food, dark-colored bars = high food. (c) Mean number of
pupae per tray per treatment group: circles = 22ºC; squares = 27ºC; triangles = 32ºC.
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Supplementary Tables

Model
gompertz
gompertz2
gompertz3
weibull
weibull2
weibull3
exponential
exponential2
exponential3

covariates
food, temperature
food
temperature
food, temperature
food
temperature
food, temperature
food
temperature

df
5
3
4
5
3
4
5
3
4

AIC
12885.02
12912.26
13158.6
13240.95
13262.85
13475.5
14391.01
14404.92
14562.89

AIC
0
27.24
273.58
355.93
377.83
590.48
1505.99
1519.9
1677.87

Table C.1. AIC scores for each constructed survival model and its associated covariates.
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Treatment
Low Food 22ºC

High Food 22ºC

Low Food 27ºC

High Food 27ºC

Low Food 32ºC

High Food 32ºC

Day Post
Blood Meal
5
6
7
8
5
6
7
8
5
6
7
8
5
7
6
8
5
6
7
8
5
6
7
8

Prevalence
0.146
0.288
0.418
0.332
0
0.247
0.444
0.385
0.462
0.413
0.331
0.215
0.46
0.466
0.277
0.383
0.274
0.387
0.341
0.292
0.405
0.423
0.387
0.354

S.E.
0.021
0.043
0.059
0.034
0
0.036
0.065
0.042
0.067
0.06
0.047
0.024
0.064
0.067
0.039
0.042
0.039
0.052
0.05
0.029
0.061
0.061
0.058
0.035

Table C.2. Daily values for oocyst prevalence for each larval treatment group.

n
47
45
50
96
52
47
46
84
47
47
49
83
51
49
49
85
50
47
46
97
45
48
45
103
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Treatment
Low Food 22ºC

High Food 22ºC

Low Food 27ºC

High Food 27ºC

Low Food 32ºC

High Food 32ºC

Day Post
Blood Meal
11
12
13
14
11
12
13
14
11
12
13
14
11
12
13
14
11
12
13
14
11
12
13
14

Prevalence
0.159
0.123
0.203
0.149
0.089
0.224
0.315
0.25
0.102
0.161
0.129
0.103
0.298
0.138
0.257
0.239
0.054
0.096
0.183
0.095
0.181
0.237
0.175
0.247

S.E.
0.044
0.044
0.053
0.044
0.035
0.055
0.064
0.05
0.039
0.05
0.046
0.041
0.061
0.046
0.053
0.046
0.03
0.041
0.05
0.034
0.052
0.056
0.051
0.047

n
69
57
59
67
67
58
54
72
59
56
54
58
57
58
70
88
56
52
60
74
55
59
57
85

Table C.3. Daily values for sporozoite prevalence for each larval treatment group. Day
10 not shown, as no sporozoites were observed until day 11 post blood meal.
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Treatment
22ºC Low
22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

Number Pupated
(out of 5600)
2728
3079
3624
4851
3327
3754

Pilot Sex Ratio
(Proportion Female)
0.5897
0.5063
0.4375
0.4537
0.3544
0.4731

Total Predicted
Females
1609
1559
1586
2201
1179
1776

Table C.4. Guide to how vector density (m) was calculated for assessing effect of larval
conditions on vectorial capacity. Pilot sex ratio information was taken from a pilot study
examining the effects of larval temperature and larval food on a suite of life history traits;
these data derive from treatment groups that correspond with the treatment groups
presented in the final study, and each proportion represents the overall proportion of
emerging adult females from five cups of 50 larvae each, per treatment (250 total initial
larvae per treatment group).

22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
<0.001
<0.001
0.573
<0.001
<0.001

22ºC High
***
<0.001
<0.001
<0.001
<0.001

27ºC Low
***
***
<0.001
<0.001
0.054

27ºC High
***
***
***
<0.001
<0.001

32ºC Low
***
***
***
***
<0.001

Table C.5. Post-hoc comparisons of differences between ranked means for Standard
Least Squares model on wing length for each larval environment.

147

Mating Success (Tukey's HSD)
22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
0.09
0.63
<0.001
<0.001
<0.001

22ºC High
***
0.63
<0.001
<0.001
<0.001

22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
<0.001
0.79
<0.001
0.014
<0.001

22ºC High
***
<0.001
<0.001
<0.001
<0.001

27ºC Low
***
***
<0.001
<0.001
<0.001

27ºC High
***
***
***
<0.001
0.276

32ºC Low
***
***
***
***
<0.001

Gonotrophic Cycle (Tukey's HSD)
27ºC Low
***
***
<0.001
<0.001
<0.001

27ºC High
***
***
***
<0.001
0.999

32ºC Low
***
***
***
***
<0.001

Table C.6. Post-hoc comparisons for mating success and gonotrophic cycle for each
larval environment. Bold indicates significance at α = 0.05.
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Fecundity (Tukey's HSD)
22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
<0.001
0.023
<0.001
0.015
<0.001

22ºC High
***
<0.001
<0.001
<0.001
<0.001

22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
<0.001
0.138
<0.001
0.993
<0.001

22ºC High
***
<0.001
0.999
<0.001
0.944

27ºC Low
***
***
<0.001
0.999
<0.001

27ºC High
***
***
***
<0.001
<0.001

32ºC Low
***
***
***
***
<0.001

Proportion Hatched (Tukey's HSD)
27ºC Low
***
***
<0.001
0.524
<0.001

27ºC High
***
***
***
<0.001
0.968

32ºC Low
***
***
***
***
<0.001

Larvae per Female (Tukey's HSD)
22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
<0.001
0.091
<0.001
0.082
<0.001

22ºC High
***
<0.001
0.016
<0.001
<0.001

27ºC Low
***
***
<0.001
0.99
<0.001

27ºC High
***
***
***
<0.001
<0.001

32ºC Low
***
***
***
***
<0.001

Table C.7 Tukey’s HSD post-hoc comparisons for fecundity, hatch rate, and larvae per
female. Bold indicates significance at α = 0.05.

15.75
18.82
14.58
17.63
15.33
19.41
14.04
17.47
12.93
16.33
14.15
17.99
0.005755
0.002455
0.007599
0.003242
0.005603
0.002153

12.47
15.33
11.46
14.28
13.05
15.92

Median Survival
Time (Days)

Food
Low
High
Low
High
Low
High

Temperature
22ºC
22ºC
27ºC
27ºC
32ºC
32ºC

Gompertz
Senescence Rate

Median Survival
Time (Lower 95%)

Median Survival
Time (Upper 95%)
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Table C.8. Calculated senescence rates (α) for the best-fit Gompertz survival model.
Shape (ß) = 0.24302 (Upper 95% = 0.2557; Lower 95% = 0.2303). Median survival times
in days calculated from Gompertz model, with upper and lower limits calculated with
95% confidence intervals for senescence rates (α, not shown) and shape (ß).

Treatment
High 22ºC
High 27ºC
Low 22ºC
High 32ºC
Low 27ºC
Low 32ºC

Wing
Length (mm)
3.42
3.21
3.15
2.88
2.83
2.54
Density (m)
1559
2201
1609
1776
1586
1179

Biting
Rate (a)
0.424
0.343
0.289
0.343
0.298
0.267

Vector
Competence (b)
0.315
0.298
0.203
0.247
0.161
0.183

Mortality
Rate (µ)
0.125
0.154
0.228
0.117
0.284
0.243
EIP (n)
11
11
12
11
12
12

Vectorial
Capacity
178.58
92.09
7.76
121.79
2.64
3.43
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Table C.9. Calculations of vectorial capacity for each larval environment represented in
Figure 4.6; table is ordered by wing length from largest to smallest to illustrate how
vectorial capacity relates to wing length.
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Relationships Between Wing Length and Dry Weight
After removal of approximately 200 females per larval food treatment for wing length
evaluation, 100 individual females from each treatment group were placed in numbered
0.6mL microfuge tubes, which were transferred into an airtight plastic container filled
with a 2:1 mix of silica beads and cat litter as a desiccant. Tubes were open inside the
desiccation container and were left to dry for 72 hours, after which they were closed and
stored at room temperature. Individual females were then weighed to the nearest
microgram using an ultra-microbalance (Sartorius M3P, Sartorius AG, Göttingen,
Germany), and were then put back into the same numbered tube. After weighing, one
wing was removed from each female and mounted to a glass slide using clear nail
lacquer. Wings were measured to the nearest micrometer using the cellSens imaging
software platform (Olympus).
Differences between dry weight for each separate larval group were evaluated
using a Kruskal-Wallis ranked-sum test using each combination of larval food and
temperature as a distinct level, followed by post-hoc Dunn’s tests for multiple
comparisons of mean ranked sums using the R package PMCMR (Figure C.4, Table
C.10)
To assess the relationship between female wing length and dry mass, wing length
and dry weight were log-transformed, followed by linear regression analysis and
numerical comparison of slopes for each treatment group (Figure C.4, Figure C.5, Table
C.11, Table C.12). The full factorial model was reduced through backwards elimination
of non-significant, higher order interactions. We evaluated goodness-of-fit by assessing
model adjusted R2 and residual plots (Table C.11). Overall, wing length, larval food, and
larval temperature significantly affected dry weight. Relationships between wing length
and dry weight were steeper for high food in the 22ºC and 32ºC groups, but the opposite
was true for 27ºC, resulting in significant food x temperature and wing length x
temperature interactions (Table C.11). Upon assessing each slope individually,
relationships between wing length and dry weight were significant for each larval
treatment group except for 27ºC/high food (Table C.12).
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1

a

a

b

c

d

c

Low 22ºC

High 22ºC

Low 27ºC

High 27ºC

Low 32ºC

High 32ºC

Dry Weight (mg)

0.8

0.6

0.4

0.2

0

Figure C.4. Mean dry weight for each larval temperature and food combination
(Kruskal-Wallis ranked-sum test: χ² = 524.66; df = 5; p < 0.0001). Groups that share
letters are not significantly different from each other, following Dunn’s post-hoc analysis
(Table C.10).
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1
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(a)

0.9
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Dry Mass (mg)
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(b)
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Figure C.5. Linear relationship between wing length and dry mass for each temperature
treatment across low food (a) and high food (b). Squares and solid red line = 32ºC;
diamonds and dashed red line = 27ºC; circles and dotted red line = 32ºC.
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22ºC High
27ºC Low
27ºC High
32ºC Low
32ºC High

22ºC Low
0.999
<0.001
<0.001
<0.001
<0.001

22ºC High
***
<0.001
<0.001
<0.001
<0.001

27ºC Low
***
***
<0.001
0.021
0.002

27ºC High
***
***
***
<0.001
<0.001

32ºC Low
***
***
***
***
<0.001

Table C.10. Output of Dunn’s post-hoc test for dry weight following Kruskal-Wallis
ranked-sum comparison across each larval food and temperature combination. Bold
indicates significance at α = 0.05.

Source
Intercept
Log(wing)
Food
Temperature
Log(wing) x Temperature
Food x Temperature
Error

Degrees of
Freedom
1
1
1
2
2
2
642

Sum of
Squares
0.378
0.269
0.058
0.046
0.063
0.234
3.711

F
65.35
46.53
10.07
3.95
5.49
20.27

p
<0.001
<0.001
0.002
0.019
0.004
<0.001

Table C.11. Linear model output for effects of wing length (log-transformed), larval
food, larval temperature, and significant higher-order interactions on dry weight: R2 =
0.799; model ANOVA: F5,645 = 511.4, p < 0.0001.
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Dry Weight
Low Food 22ºC
Low Food 27ºC
Low Food 32ºC
High Food 22ºC
High Food 27ºC
High Food 32ºC

Slope

95% C.I.

F

df

p

1.956
1.318
1.575
3.53
0.563
2.916

(0.61 to 3.301)
(0.58 to 2.06)
(1.07 to 2.08)
(2.01 to 5.04)
(-0.29 to 1.41)
(2.25 to 3.58)

8.304
12.4
38.62
21.25
1.728
75.17

1,103
1,113
1,94
1,116
1,115
1,98

0.005
<0.001
<0.001
<0.001
0.191
<0.001

Gonotrophic Cycle

Table
C.12.
and to
linear
output for0.131
the linear
Low Food
22ºCSlope comparisons
-0.786
(-1.81
0.24) regression
2.34 model1,65
Low
Food
27ºC
-0.225
(-1.24
to
0.79)
0.195
1,61
0.661
relationship between wing length and dry weight (log transformed) for each separate
Low Food 32ºC
-1.061
(-2.24 to 0.12)
3.27
1,46
0.077
larval
significance
at α3.68
= 0.05. 1,61
Hightreatment
Food 22ºC group. Bold
-1.424 indicates
(-2.91
to 0.06)
0.059
High Food 27ºC
High Food 32ºC

-2.999
-1.566

(-4.46 to -1.54)
(-2.94 to -0.19)

16.76
5.17

1,76
1,71

<0.001
0.026

Fecundity
Low Food 22ºC
Low Food 27ºC
Low Food 32ºC
High Food 22ºC
High Food 27ºC
High Food 32ºC

0.409
7.332
4.715
0.429
3.669
1.839

(0.001 to 3.01)
(3.64 to 11.02)
(0.71 to 8.72)
(-1.18 to 2.01)
(1.07 to 6.27)
(-0.803 to 4.48)

0.075
15.76
5.62
0.272
7.91
1.93

1,65
1,61
1,46
1,61
1,76
1,71

0.786
<0.001
0.022
0.604
<0.001
0.17

Larvae per Female
Low Food 22ºC
Low Food 27ºC
Low Food 32ºC
High Food 22ºC
High Food 27ºC
High Food 32ºC

5.169
5.76
4.943
1.093
3.782
2.967

(-2.67 to 13.0)
(-.077 to 12.3)
(-0.15 to 10.03)
(-2.32 to 4.51)
(-2.84 to 10.4)
(-0.51 to 6.44)

1.74
3.13
3.837
0.411
1.297
2.913

1,59
1,55
1,42
1,58
1,71
1,67

0.192
0.083
0.057
0.524
0.259
0.093
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Appendix D
Supplement to Chapter 5

Pilot Experiment
Anopheles stephensi Liston adult females were collected from our laboratory colony at
The Pennsylvania State University (this colony was initiated in April 2015 with eggs
procured from a colony maintained at Johns Hopkins University, Baltimore, Maryland,
USA). Standard insectary conditions are 27ºC ± 0.5ºC, 80% ± 5% relative humidity and a
12:12 photoperiod. When females were three to five days old, they were separated from
males and aspirated into cardboard cups (475 mL), each containing 150 adult females.
Four cups were allocated to each of eight temperatures (16ºC, 18ºC, 21ºC, 24ºC, 27ºC,
30ºC, 32ºC, and 34ºC), totalling 750 females per temperature. Each cup was provided a
blood meal of human blood infected with P. falciparum. Based on estimates for
development time from previous studies, midguts and salivary glands were dissected
according to the schedule in Table D.1. Mortality was also assessed daily by counting
dead mosquitoes at the bottom of each cup (dead mosquitoes were not removed).
Parasite data is outlined in Table D.2 (oocyst prevalence), Table D.3 (oocyst
intensity), and Table D.4 (sporozoite prevalence). Mortality data is provided in Figure
D.2. Due to the fact that we observed no sporozoites in the 16ºC or 18ºC treatments, these
temperatures were eliminated from the two replicates that comprise Chapter 5.
Additionally, it was found at the time of the pilot experiment that our colony was infected
with microsporidians, so the data that comprise Chapter 5 are based on replicates from a
new colony, which exhibits large differences in mortality (Compare to figure 5.1).
Whether these differences in mortality are due to genetic strain or the absence of
microsporidian infection is unknown.

157

Pilot Experiment: Figures
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Figure D.1. Raw data for pilot experiment dissections for sporozoite prevalence. Each
point represents five replicate cups (approximately 40-50 mosquitoes). Error bars
represent the standard deviation from the mean.
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Proportion Surviving

1
0.8
16C
18C
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21C
24C
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27C
30C
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32C
34C

0
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13
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22

25

Figure D.2. Raw survival data for each temperature treatment included in the pilot
experiment. The end of the curve signifies that no more mosquitoes were left, as we did
not follow until the last mosquito died, but instead ended the experiment when no more
mosquitoes were left to dissect. To generate these Kaplan-Meier curves, we considered
individuals that were removed to be dissected as censored cases, which is why curves
never reach zero. Error bars represent the standard error of the mean for the proportion
surviving on each day in each treatment.
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Pilot Experiment: Tables

Temperature
16ºC
18ºC
21ºC
24ºC
27ºC
30ºC
32ºC
34ºC

Midgut Sampling
(Day Post Blood Meal)
6, 10
6, 10
6, 8, 10
6, 8, 10
6, 7, 9
5, 6, 7
5, 6, 7
4, 5, 6

Salivary Gland Sampling
(Day Post Blood Meal)
19 to 24, 26
15 to 24, 26
12 to 20
11 to 18
10 to 17
7 to 15
7 to 14
7 to 13

Table D.1. Schedule for sampling of midguts (oocyst intensity and prevalence) and
salivary glands (sporozoite prevalence) for each group that was followed throughout the
pilot experiment.
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Temperature
16ºC
18ºC
21ºC

24ºC

27ºC

30ºC

32ºC

34ºC

Day Post
Blood Meal
6
10
6
10
6
8
10
6
8
10
6
7
9
5
6
7
5
6
7
4
5
6

Mean
0.0385
0.0487
0.1132
0.2667
0.2708
0.2549
0.3409
0.265
0.333
0.462
0.333
0.362
0.395
0.345
0.265
0.314
0.386
0.204
0.302
0.26
0.366
0.25

SE
0.027
0.034
0.044
0.067
0.065
0.062
0.072
0.064
0.071
0.081
0.069
0.071
0.075
0.065
0.064
0.066
0.074
0.058
0.071
0.063
0.076
0.069

Number
Sampled
52
41
53
45
48
51
44
49
45
39
48
47
43
55
49
51
44
49
43
50
41
40

Table D.2. Oocyst prevalence for each temperature on each day of midgut dissections.
Maximum observed prevalence values are highlighted in bold. Maximum prevalence was
observed at 24ºC (46%), while minimum prevalence was observed at 16ºC (4.8%).

161

Temperature
16ºC
18ºC
21ºC

24ºC

27ºC

30ºC

32ºC

34ºC

Day Post
Blood Meal
6
10
6
10
6
8
10
6
8
10
6
7
9
5
6
7
5
6
7
4
5
6

Mean
1.5
2
2
2.83
2.54
2.15
3.67
2.85
6.8
6.3
8.94
5.41
7.06
2.53
4.23
3.13
2.65
2.3
2.31
1.92
3.13
2.7

SE
0.5
0
0.258
0.271
0.268
0.222
0.549
0.372
0.795
1.65
2.43
1.42
1.89
0.246
1.01
0.315
0.209
0.213
0.263
0.239
0.291
0.396

Number
Infected
2
2
6
12
13
13
15
13
15
18
16
17
17
19
13
16
17
10
13
13
15
10

Table D.3. Oocyst intensity values for each temperature on each day of midgut
dissections. Maximum observed intensity values are highlighted in bold. Maximum
intensity was observed at 27ºC (8.94 oocysts), while minimum intensity was observed at
16ºC (2 oocysts).
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Temperature
16ºC

18ºC

21ºC

24ºC

Day Post
Blood Meal
19
20
21
22
23
24
26
15
16
17
18
19
20
21
22
23
24
26
12
13
14
15
16
17
18
19
20
11
12
13
14
15
16
17
18

Mean
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.079
0.098
0.146
0.125
0.429
0.333
0.381
0.436
0.462
0.043
0.22
0.333
0.429
0.512
0.55
0.585
0.538

SE
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.044
0.047
0.056
0.053
0.077
0.074
0.076
0.081
0.081
0.029
0.065
0.074
0.077
0.079
0.081
0.078
0.081

Number
Sampled
43
43
44
40
45
41
45
42
42
43
45
44
43
40
45
43
40
21
38
41
41
40
42
42
42
39
39
47
41
42
42
41
40
41
39

Table D.4. Sporozoite prevalence values for 16ºC to 24ºC on each day of salivary
dissections. Maximum observed prevalence values are highlighted in bold.
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Temperature
27ºC

30ºC

32ºC

34ºC

Day Post
Blood Meal
10
11
12
13
14
15
16
17
7
8
9
10
1
12
13
14
15
7
8
9
10
11
12
13
14
7
8
9
10
11
12
13

Mean
0.279
0.429
0.425
0.538
0.54
0.512
0.588
0.611
0
0.024
0.17
0.325
0.316
0.341
0.357
0.349
0.32
0.182
0.233
0.225
0.2
0.156
0.2
0.156
0
0.2
0.147
0.265
0.121
0.067
0.083
0.063

SE
0.069
0.072
0.079
0.081
0.071
0.079
0.086
0.118
0
0.024
0.055
0.075
0.076
0.075
0.075
0.074
0.095
0.059
0.065
0.067
0.064
0.065
0.074
0.065
0
0.06
0.062
0.077
0.058
0.046
0.058
0.063

Number
Sampled
43
42
40
39
50
41
34
18
46
41
47
40
38
41
42
43
25
44
43
40
40
32
30
32
16
45
34
34
33
30
24
24

Table D.4. (continued) Sporozoite prevalence values for 27ºC to 34ºC on each day of
salivary dissections. Maximum observed prevalence values are highlighted in bold.
Maximum prevalence was observed at 27ºC (61%) and minimum prevalence was
observed at 32ºC (23%).
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Supplementary Figures

21ºC
150
’s

X4

24ºC
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X4
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150
’s
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32ºC
150
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X4

34ºC
150
’s

X4

Infection with P. falciparum
8% gametocytemia

Salivary gland dissections:
21ºC: 10-23, 25 dpi
24ºC: 9-23, 25 dpi
27ºC: 8-18, 20, 22, 24-25 dpi
30ºC: 6-17, 19 dpi
32ºC: 5-15, 17, 19 dpi
34ºC 5-14, 16 dpi

Figure D.3. Schematic of experimental design and dissection schedule as determined by
pilot experiment results.
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Figure D.4. Dynamics of survival (purple line) and the proportion of mosquitoes alive
and infectious (turquoise line) for each replicate cup and block in the 30ºC treatment used
to mathematically analyze the possibility of differential mortality.
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Figure D.5. Dynamics of survival (purple line) and the proportion of mosquitoes alive
and infectious (turquoise line) for each replicate cup and block in the 32ºC treatment used
to mathematically analyze the possibility of differential mortality. In block 1, replicate
cup 4 was eliminated due to lack of mosquitoes to fill the cup to 150 females.
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Figure D.6. Dynamics of survival (purple line) and the proportion of mosquitoes alive
and infectious (turquoise line) for each replicate cup and block in the 34ºC treatment used
to mathematically analyze the possibility of differential mortality.
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Supplementary Tables

Model
gompertz2
gompertz
weibull2
weibull
llogis2
exp2
llogis
exp
lnorm2
lnorm

Covariates
temp, block
temp
temp, block
temp
temp, block
temp, block
temp
temp
temp, block
temp

df
8
7
8
7
8
7
7
6
8
7

AIC
21172.55
21244.42
21331.35
21387.75
21468.1
21514.76
21537.47
21553.83
21570.6
21646.73

AIC
0
71.87
158.8
215.2
295.55
342.21
364.92
381.28
398.05
474.18

Table D.5. Comparison of selected survival models and covariates; analyzed using the
flexsurv package in R.

Temperature (ºC)
21
24
27
30
32
34

n
73
81
75
72
65
75

Mean
5.18
4.07
3.38
2.97
2.65
2.38

±SE
0.062
0.049
0.053
0.061
0.055
0.054

Biting Rate
0.193
0.246
0.296
0.337
0.377
0.421

Table D.6. Data for mean gonotrophic cycle length for the first clutch only across each
temperature.
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Temperature (ºC)
21
24
27
30
32
34

Number Alive after
First Clutch

Number Laying
Second Clutch

74
80
71
74
77
79

46
59
56
39
43
46

mean
5.13
4.15
3.39
3.05
2.69
2.57

SE
0.096
0.072
0.079
0.122
0.071
0.091

Table D.7. Data for mean gonotrophic cycle length for the second clutch across each
temperature. Also included are data for the number still surviving following the first
clutch and the proportion of those which laid a second clutch of eggs.

Temperature (ºC)
21
24
27
30
32
34

mated (%)
77/85 (91)
82/85 (96)
78/85 (92)
77/85 (91)
79/85 (93)
79/85 (93)

Table D.8. Data for mating success across each temperature

Temperature
30ºC
30ºC
32ºC
32ºC
34ºC
34ºC

Block
1
2
1
2
1
2

Model
1.045 * EXP(-0.081 * day)
1.365 * EXP(-0.108 * day)
1.045 * EXP (-0.091 * day)
2.624 * EXP(-0.178 * day)
1.853 * EXP(-0.166 * day)
3.786 * EXP(-0.232 * day)

Table D.9. Nonlinear least-square regression models for post-truncated data (each block
separately; mean was taken for data to generate Figure 5.4) for 30ºC, 32ºC and 34ºC.
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Block
1
2
1
2
1
2
1
2
1
2
1
2

Temperature
21ºC
21ºC
24ºC
24ºC
27ºC
27ºC
30ºC
30ºC
32ºC
32ºC
34ºC
34ºC

asymptote ( g )
0.397 (0.336-0.581)
0.637 (0.498-1)
0.511 (0.481-0.548)
0.704 (0.665-0.775)
0.573 (0.547-0.604)
0.623 (0.586-0.661)
0.425 (0.393-0.457)
0.453 (0.313-0.531
0.402 (0.335-0.468)
0.415 (0.321-0.509)
0.340 (0.301-0.377)
0.395 (0.365-0.435)

0.921
0.407
3.515
1.551
1.413
4.582
4.799
2.319
2.367
4.042
2.817
1.952

rate (k )
(0.453-4.193)
(0.207-0.835)
(1.696-6.109)
(1.017-2.438)
(0.414-2.412)
(0.547-9.231)
(1.918-7.862)
(0.422-4.216)
(1.031-4.775)
(1.242-6.842)
(1.097-4.938)
(1.797-3.502)

inflection (t)
13.97 (12.98-15.05)
16.13 (14.21-20.73)
11.34 (10.94-11.65)
11.66 (11.36-11.97)
10.86 (9.91-11.81)
10.37 (10.01-10.75)
8.27 (7.95-8.6)
8.28 (7.52-9.05)
7.65 (7.12-8.19)
7.67 (7.17-8.18)
6.97 (6.67-7.23)
7.02 (6.95-7.03)

Table D.10. Logistic regression EIP model parameters for each block separately.

Block
1
2
1
2
1
2
1
2
1
2
1
2

Temperature
21ºC
21ºC
24ºC
24ºC
27ºC
27ºC
30ºC
30ºC
32ºC
32ºC
34ºC
34ºC

EIP-10
11.59 (10.2-12.46)
10.73 (10.13-11.59)
10.72 (10.31-11.29)
10.21 (9.99-10.46)
10.71 (9.38-11.62)
9.92 (9.76-10.24)
7.81 (7.45-8.31)
7.34 (6.99-8.04)
6.92 (6.71-7.57)
7.13 (6.85-7.49)
6.19 (5.23-6.23)
5.89 (5.75-6.34)

EIP-50
13.97 (12.98-15.1)
16.13 (14.22-20.73)
11.34 (10.94-11.65)
11.66 (11.36-11.97)
10.86 (9.91-11.84)
10.37 (10.01-10.75)
8.27 (7.95-8.6)
8.28 (7.52-9.05)
7.65 (7.12-8.19)
7.67 (7.17-8.18)
6.97 (6.67-7.23)
7.02 (6.97-7.03)

EIP-90
16.36 (15.57-17.83)
21.52 (20.79-23.36)
11.97 (11.56-12.28)
13.08 (12.27-13.96)
11.02 (10.44-11.91)
10.83 (10.52-10.99)
8.73 (8.23-9.9)
9.23 (8.53-9.57)
8.58 (7.72-8.65)
8.22 (7.86-8.5)
7.75 (7.12-7.64)
8.14 (7.59-8.25)

Table D.11. Values for extrinsic incubation period (EIP) for each block separately, as
calculated using model parameters presented in Table D.10.
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Block
1
1
1
1
2
2
2
2
1
1
1
2
2
2
2
1
1
1
1
2
2
2
2

Temperature
34ºC
34ºC
34ºC
34ºC
34ºC
34ºC
34ºC
34ºC
32ºC
32ºC
32ºC
32ºC
32ºC
32ºC
32ºC
30ºC
30ºC
30ºC
30ºC
30ºC
30ºC
30ºC
30ºC

Cup
1
2
3
4
1
2
3
4
1
2
3
1
2
3
4
1
2
3
4
1
2
3
4

Range
days 7-12
days 7-11
days 9-14
days 9-14
days 9-15
days 10-16
days 9-16
days 10-14
days 9-13
days 9-14
days 9-14
days 9-15
days 13-19
days 11-15
days 10-14
days 9-15
days 10-16
days 9-16
days 13-16
days 14-19
days 12-15
days 11-15
days 11-15

Survival Hazard Rate
2.3e-5 to 3.8e-4
1.3e-5 to 2.4e-4
3.6e-5 to 3.2e-4
4.2e-5 to 3.8e-4
2.6e-4 to 1.4e-3
5.5e-5 to 4.4e-4
5.5e-4 to 2.1e-3
5.1e-5 to 3.5e-4
1.8e-5 to 2.1e-4
2.6e-5 to 2.6e-4
3.6e-5 to 3.4e-4
3.5e-4 to 1.3e-3
5.1e-6 to 6.5e-5
5.1e-6 to 6.5e-5
1.7e-5 to 1.9e-4
6.5e-6 to 1.2e-4
1.9e-6 to 7.1e-5
5.2e-6 to 5.3e-5
1.9e-8 to 8.6e-6
7.9e-7 to 1.6e-5
3.8e-6 to 6.9e-5
1.5e-5 to 1.5e-4
4.5e-7 to 4.3e-5

Alive & Infectious
Hazard Rate
2.4e-5 to 7.8e-5
2.6e-5 to 3.4e-4
3.9e-5 to 2.38e-4
4.2e-5 to 3.5e-4
1.4e-4 to 4.9e-4
3.7e-5 to 1.3e-4
4.8e-4 to 3.1e-3
6.7e-5 to 1.7e-4
1.9e-5 to 1.6e-4
1.3e-5 to 4.4e-4
2.5e-5 to 7.0e-4
2.3e-4 to 3.5e-3
1.7e-6 to 3.4e-5
1.7e-6 to 3.4e-5
2.0e-5 to 5.1e-5
1.1e-5 to 3.0e-4
6.7e-6 to 6.3e-5
2.7e-7 to 3.1e-5
7.6e-7 to 3.5e-6
6.9e-6 to 2.5e-5
1.5e-5 to 6.9e-5
5.2e-5 to 2.2e-4
9.3e-7 to 3.6e-4

Overlap
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Table D.12. Mathematical analysis for the possibility of differential mortality or
recovery. Overlapping hazard rates indicate that it is most likely that the decrease in the
proportion of infectious mosquitoes in higher temperatures over time scales with
mortality rates.
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Comparison with A Current State-of-the-Art Model
A Temperature-Sensitive R0 Model
Rationale
In this section, we conduct a thorough comparison between our data (Chapter 5) and what
is currently the best model for temperature-sensitive malaria transmission potential in the
literature (Mordecai et al. 2013). Here, we dissect Mordecai’s temperature-sensitive R0
model, which is built using data from a variety of both vector and parasite species, and
directly compare each parameter to our empirical data using only Anopheles stephensi
and Plasmodium falciparum. Our purpose for including these comparisons is to further
augment our argument that temperature-driven effects on malaria transmission (or
transmission of any vector-borne disease) is likely to be highly species-dependent.
Although Mordecai et al. offer a comprehensive investigation of temperature effects on
all transmission relevant traits, we demonstrate here that the relationships between these
traits and the overall outcome of transmission predictions can change dramatically if
focus is given to a single vector-parasite species combination.

Background
The full temperature-sensitive model built by Mordecai et al. is as follows:

𝑅" 𝑇 =

𝑎 𝑇 & 𝑏𝑐 𝑇 𝑒

)

* G
HIJ G

𝐸𝐹𝐷 𝑇 𝜌𝐸𝐴 𝑇 𝑀𝐷𝑅(𝑇)
𝑁𝑟𝜇(𝑇)R

where a is daily biting rate (reciprocal of the gonotrophic cycle length), bc is vector
competence (defined here as oocyst prevalence * sporozoite prevalence), µ is the daily
mortality rate, and PDR is the parasite development rate (the reciprocal of extrinsic
incubation period). Canonically, a vector density term (usually m is included in
calculations of R0 or vectorial capacity (as in Chapter 2, Chapter 4), however, this term is
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extremely difficult to calculate in the field. To solve this, the authors have devised a
three-parameter term that determines adult vector density: EFD, the average eggs laid per
female per day; ρEA, the probability of mosquito survival from egg to adult; and MDR,
the [larval] mosquito development rate, all of which have been shown to be temperature
sensitive.

Data collection
For each parameter, the authors used existing data collected from several empirical
studies. Below is a table outlining the mosquito species, parasite species, and blood
source (if applicable) used for each parameter (Table D.13). We then proceed with a
more detailed discussion of how the original sources collected their data. We close with a
comparison of the nonlinear models constructed by Mordecai et al. and the nonlinear
models for corresponding parameters from our data in Chapter 5.
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Parameter

Mosquito Species

Native Vector
Region

Parasite
Species

Blood Source

Reference

Anopheles
pseudopunctipennis

Latin America

uninfected

Rabbit
(membrane-fed)

Lardeux et al.
2008

Vector
competence (b )

An. quadrimaculatus

North America

Plasmodium
vivax

Human hospitalized
patients

Stratman-Thomas
1940

Mortality (µ )

An. gambiae

sub-Saharan
Africa

uninfected

none
(sugar fed only)

Bayoh 2001

Parasite
development rate
(PDR)

An. stephensi

Indian
subcontinent

P. falciparum

Human
(membrane-fed)

Eling et al. 2001

(PDR )

An. culicifacies

Indian
subcontinent

P. vivax

Human hospitalized
patients

Siddons 1944

(PDR )

An. atroparvus

Europe,
Mediterranean

P. falciparum

unknown

Shute & Maryon
1952

(PDR )

An. quadrimaculatus

North America

P. malariae

Human inoculated

Boyd & StratmanThomas 1933

(PDR )

An. gambiae

sub-Saharan
Africa

P. falciparum

Human
(membrane-fed)

Vaughan et al.
1992

Eggs per female
per day (EFD)

Aedes albopictus

Southeast Asia

uninfected

Mouse (live,
anesthetized)

Delatte et al. 2009

Probability of
survival from egg
to adult (pEA )

An. gambiae

sub-Saharan
Africa

uninfected

Horse
(membrane-fed)

Bayoh & Lindsay
2003

Mosquito
development rate
(MDR )

An. gambiae

sub-Saharan
Africa

uninfected

Horse
(membrane-fed)

Bayoh & Lindsay
2003

Biting rate (a )

Table D.13. Summary of data collection sources for each parameter of the model
constructed by Mordecai et al. 2013, including mosquito & parasite species, native vector
mosquito range, and sources for blood, where applicable.
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Biting rate (a)
Biting rate is defined as the daily probability that a female mosquito will bite a human
host. It is conventionally estimated by taking the reciprocal of the length of the
gonotrophic cycle (the time from a female imbibing a blood meal to laying a clutch of
eggs). Here, biting rate is estimated using data from Lardeux et al. 2008, Malaria
Journal:

Table D.14. Table from Lardeux et al. (2008), Malaria Journal, which provides data to
parameterize biting rate (a). Original table caption: “mean times to oviposition and
proportion of ovipositing females at each constant temperature; mean times to oviposition
for each cohort are in days”. GTMO = general mean time to oviposition; IQR =
interquartile range”.
(Our data for biting rate were used in Chapter 5, and can be found at the end of Chapter 5
in Table 5.2)
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Vector competence (b)
Vector competence is described as “the product of the proportion of the bites by infective
mosquitoes that infect susceptible humans and the bites by susceptible mosquitoes on
infectious humans that infect mosquitoes” (Macdonald 1957), which would be
represented by the product of both oocyst and sporozoite prevalence. However, the data
used to calculate the model parameters used by Mordecai et al. (as well as our data in
Chapter 5) are simply sporozoite prevalence (therefore, the correct notation would be
simply b). All data were derived from Stratman-Thomas, 1940, American Journal of
Tropical Medicine and Hygiene. The most concerning issue with these data is the fact
that many data points along this curve represent sample sizes of ten mosquitoes or less,
with 26ºC represented by only one mosquito, found to be infected upon dissection, which
is recorded as a prevalence of 1, but this is misrepresented and if a larger sample size
were available, we would likely see different results for the ultimate nonlinear curve
calculated for vector competence.

Table D.15. Table from Stratman-Thomas (1940), Am. J. Trop. Med. Hyg., which
provides data to parameterize vector competence (bc). Original table caption: “Effect of
various constant temperatures on the development of the sporogenous cycle of
Plasmodium vivax in Anopheles quadrimaculatus”. Here, we interpret “trial lot” as a
replicate, but “trial lot” is not explained in the methods in the original paper.
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Temperature
13ºC*
16ºC*
22.5ºC*
23.5ºC*
26ºC
28ºC
30ºC
32ºC

Maximum Proportion
Infectious (Raw)
0
1
0.89
0.79
1
0.73
0.78
0

Sample Size for
Maximum Prevalence
(Total Dissected)
9 (20)
9 (54)
90 (170)
70 (133)
1 (8)
44 (99)
11 (29)
23 (57)

Replicates
(Approximate n per
Replicate)
1 (20)
5 (11)
8 (21)
6 (22)
1 (8)
5 (19)
2 (15)
2 (28)

Table D.16. Sample size data from Stratman-Thomas (1940), Am. J. Trop. Med. Hyg.,
which provides data to parameterize vector competence (b). Asterisks represent
temperatures which were not held constant throughout the experiment process: 13ºC was
noted to range from 13ºC to 18ºC, 16ºC ranged from 15ºC to 17ºC, 22.5ºC ranged from
22ºC to 23ºC and 23.5ºC ranged from 23ºC to 24ºC.

Clearly, the conclusions at the lowest temperatures are quite debatable. It is taken that at
16ºC, prevalence is 100%, whereas at 13ºC, prevalence is 0%, which is problematic, as
the true temperature ranges for both of these data points overlap significantly. Methods
for 13ºC were not included in the manuscript itself and no supplementary methods could
be located.
For our data, sample size for maximum sporozoite prevalence was ostensibly not much
greater than the best samples from the Stratman-Thomas paper. However, we dissected
hundreds of mosquitoes across the infectious time period in order to arrive at these
points.
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Temperature
21ºC
24ºC
27ºC
30ºC
32ºC
34ºC

Maximum Proportion
Infectious (Raw Total)
0.563
0.769
0.744
0.486
0.452
0.431

Sample Size: Block 1
Maximum Prevalence
(total dissected)
16
32
31
32
30
33

Sample Size: Block 2
Maximum Prevalence
(total dissected)

(374)
(385)
(407)
(377)
(340)
(345)

21
32
35
33
33
32

(356)
(392)
(397)
(358)
(381)
(327)

Sample Size: Max
Prevalence (total
dissected)
47
64
66
65
63
65

(730)
(777)
(804)
(735)
(721)
(672)

Table D.17. Raw data for maximum proportion of infectious mosquitoes for each
temperature (represents mean of both blocks) in Chapter 5. Sample sizes listed according
to the sample size dissected on the day that maximum mean infectious prevalence was
reached, as well as the total number sampled over the course of the infection in
parentheses.

Post-blood meal mortality (µ) & survival (1 - µ)
Data to construct the curve for daily mortality rates were taken from Bayoh, 2001, from
his doctoral dissertation out of University of Durham, Durham, UK; Chapter 6:
“Mortality rates of adult Anopheles gambiae s.s. under controlled conditions of
temperature and humidity” (unpublished).
Here, the author exposes mosquitoes to temperatures ranging from 0ºC to 45ºC in
increments of 5ºC. These treatments are repeated across a humidity gradient as well
(40%, 60%, 80% and 100% relative humidity). The author ensured all treatments were
constant by checking dataloggers each day. Mosquitoes were housed in 15cm3 mesh
cages, each containing 30 females and 20 males. Mortality was monitored daily until the
last remaining individual died. Each temperature x humidity combination comprised a
total of four replicate cages (total per treatment: 200 mosquitoes; 120 females, 80 males).
Mordecai et al. used only data from the 100% RH treatment, despite the fact that a range
from 60% to 80% would be more expected in Afrotropical regions of high malaria
transmission (Guerra et al. 2008; Gething et al. 2011; Sinka et al. 2012).
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The mean day of survival (for females) for each temperature at 100% RH is as follows:
40ºC : 1.15 days
35ºC : 6.73 days
30ºC : 12.57 days
25ºC : 23.89 days
20ºC : 35.61 days
15ºC : 39.92 days
10ºC : 9.78 days
5ºC : 5.06 days

Temperature
5ºC
10ºC
15ºC
20ºC
25ºC
30ºC
35ºC
40ºC

Mean Survival
Time (days)
5.06
9.78
39.92
35.61
23.89
12.57
6.73
1.15

Table D.18. Survival of Anopheles gambiae females across a range of eight
temperatures, each kept at 100% RH. Data from Mohamed Nabie Bayoh, included as
electronic supplementary material in Mordecai et al. 2013 Ecology Letters.
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The mean survival probability in Mordecai et al. was calculated as follows: “For each
temperature we identified the last day at which the proportion of the population surviving
was greater than 0.01. We then used the survival data from the first day of the experiment
and one day before reaching the 0.01 threshold to three days after the threshold, for a
total of 6 data points. We used the exponent of the constant mortality function, µ, as an
independent observation of mortality at each temperature” (Mordecai et al. 2013).
This results in taking the Gompertz distribution of full mortality, reducing it to an
exponential function, and taking the exponential coefficient as mortality probability, then
subtracting from 1 to arrive at survival probability, as follows:

Figure D.7. Survival of Anopheles gambiae females at eight different temperatures, all at
100% relative humidity; data from Bayoh 2001. (a) Raw survival data fitted with
Gompertz curve. (b) Data fit to reduced six data points from Gompertz distribution with
overlaid exponential model fits to ascertain exponential mortality rates. Figure from the
electronic supplementary material provided with Mordecai et al. 2013 Ecology Letters.
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For our data, we first calculated survival probability (and hence mortality probability) by
taking the average of the cumulative survival over the course of 17 days. We chose 17
days because it is the least amount of raw data available (for 34ºC) and thus allowed us to
standardize to 17 days across temperature treatments. Although this allowed us to use
only raw data in our calculations of relative vectorial capacity, we chose to amend our
calculations to use the same method as Mordecai et al. as it permitted us to capture the
entire curve. From 27ºC to 34ºC, the differences between averaging to day 17 and using
the reduced Gomperz method were negligible. However, at 21ºC and 24ºC, we can see
large differences between the two methods, with the reduced Gompertz data representing
a lower mortality rate, which is likely to be more accurate, as we collected data through
day 25 for both 21ºC and 24ºC, and averaging to day 17 represents an arbitrary cutoff that
ignores the age-dependent nature of the curves that result in extended survival at lower
temperatures.

Temperature
21ºC
24ºC
27ºC
30ºC
32ºC
34ºC

Average to Day 17
0.128
0.148
0.166
0.216
0.262
0.351

Reduced Data
0.096
0.105
0.151
0.219
0.265
0.325

Table D.19. Comparison of survival data (mean of both blocks) from Chapter 5 using our
original method of averaging Kaplan-Meier survival rates to day 17 and using the method
employed by Mordecai et al. to reduce our Gompertz distributions to exponential curves
for use in our relative vectorial capacity equation.
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Parasite development rate (PDR) and extrinsic incubation period (EIP)
For calculation of the parasite development rate curve, Mordecai et al. drew data from six
different sources comprising five mosquito species and three parasite species. The main
issue with these data is that there are two very influential data points (at 15ºC and 34.4ºC)
at which the authors report no development to sporozoite stage in the mosquito, and that
point is recorded as “0”, forcing the curve to turn over in a Briere distribution.
However, without these data points, the PDR curve is fit adequately with a linear
regression. It is tempting to say that whether or not “0” is a correct representation of no
parasite development to sporozoite stage is a purely semantic argument, yet we reason
that it is inappropriate to conflate “no growth observed” and “zero growth”. We maintain
that at the cool end, growth may not be observed because it may take many days, even
months, for parasites to develop to produce sporozoites, at which point an experiment
may be over or all mosquitoes have died. A similar problem exists at the warm end,
where parasites may indeed show growth to a certain point, at which point either the
parasite or the mosquito host dies before sporozoites may be produced. In both of these
cases, however, these artefacts of parasite survival or host survival (or both) are used to
define a curve for which “zero growth” is an inappropriate assessment of host-parasite
interactions.
For our data, we also define our parasite development rate as 1/EIP, however,
since we have no true data below 21ºC nor above 34ºC, we are unable to make any
biologically relevant claims about where this curve would “turn over” if no observed
sporozoites were truly considered zero growth. Certainly, we know from a large body of
insect-parasite literature that there are cool and warm temperatures which form
boundaries past which parasites (or their insect hosts) may be unviable, but in our case,
we have no such data and thus present our parasite development curve similar to our
biting rate, using a logarithmic curve. For simplicity, we have chosen to use PDR-50, the
reciprocal of EIP-50, or, the point at which 50% of a given mosquito population has
reached its maximum proportion of infectious individuals. The data for PDR-50 values
was included in Chapter 5 and can be found in its entirety in table 5.3.
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Eggs per female per day (EFD)
As stated by Mordecai et al., there currently exist no data on fecundity of anopheline
species across different temperatures. As such, for their paper, they have chosen to use
data from Delatte et al. 2009, J. Med. Ent. which explores the effects of four temperatures
(20ºC, 25ºC, 30ºC and 35ºC) on the larval development & survival, adult longevity,
fecundity and gonotrophic cycle length in Aedes albopictus. Here, the authors offered an
anesthetized mouse to individually housed mosquitoes each day, and counted the days
between egg clutches as well as number of eggs. This was continued until all mosquitoes
were dead. At 20ºC, data were collected for four clutches, while data for eight clutches,
seven clutches and two clutches were collected at 25ºC, 30ºC and 35ºC, respectively. We
do not have comparisons for these data as we currently have no data for fecundity of An.
stephensi across our relevant temperatures.

Table D.20. Original data for fecundity from Delatte et al. 2009, Journal of Medical
Entomology used to calculate nonlinear eggs per female per day (EFD) curve in
Mordecai et al. 2013. Original caption: “Average duration of oviposition and the number
of eggs laid by gonotrophic cycles for Aedes albopictus at 20ºC, 25ºC, 30ºC and 35ºC.
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Probability of survival from egg to adult (pEA)
To parameterize the probability of surviving from egg to adult, Mordecai et al. used data
from Bayoh & Lindsay, 2003, Bulletin of Entomological Research. Here, the authors fed
F1 females on horse blood, and collected newly laid eggs. 60 eggs were placed in
hatching bowls in cages at their respective temperature treatments, and the experiment
was repeated five times (total of 300 eggs/temperature). The raw data are as follows:

Table D.21. Original data for development time from egg to adult from Bayoh & Lindsay
2003, Bulletin of Entomological Research used to calculate probability of survival from
egg to adult (pEA) in Mordecai et al. 2013. Original caption: “Development time of
Anopheles gambiae s.s. and proportion of adults produced at different constant
temperatures”.
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Mosquito development rate (MDR)
To parameterize the development rate of egg to adult, Mordecai et al. used data from
Bayoh & Lindsay, 2003, Bulletin of Entomological Research. Here, the authors used 30
2-day-old larvae from the egg bowls (discussed in previous section) from each
temperature treatment, repeating a total of five times (total = 150 larvae per temperature).
From here, the authors fit the following equation to describe development time for each
immature stage:

Table D.22. Original data for temperature-dependent development rate from Bayoh &
Lindsay 2003, Bulletin of Entomological Research used to calculate mosquito
development rate (MDR) in Mordecai et al. 2013. Original caption: “Coefficients of the
curve fit D = a + b/(1 + (t / c)d), which describes the relationship between temperature
and the stage-specific development times of Anopheles gambiae s.s. immature stages”.

Development curves were then fit for each temperature: 16ºC, 18ºC, 20ºC, 22ºC, 24ºC,
26ºC, 28ºC, 30ºC, 32ºC and 34ºC.
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Comparison of nonlinear models for individual parameters
In Table D.23, we outline the differences between the models calculated by Mordecai et
al. and our calculated models for each individual parameter for the temperature-sensitive
reproductive rate equation, which we then used to calculate the differences in relative
vectorial capacity in Chapter 5 (Figure 5.2). We follow with a series of figures that depict
the differences in curves for the datasets and models predicted by Mordecai et al.
compared to our data and predicted models (Figures D.8-D.14).

Probability of
survival from egg to
adult ( pEA )
Mosquito
development rate
(MDR )
0.000111 ∗ %(% − 14.7º+) (34.4º+ − %)

−0.00924 ∗ ( ) + 0.453 ∗ ( − 4.77

−0.1148 ∗ ( ) + 6.574 ∗ ( − 73.17

Eggs per female
per day ( EFD )

−0.0016 ∗ ' ( + 0.0705 ∗ ' + 0.0759

−0.000828 ∗ ' ( + 0.0367 ∗ ' + 0.522

Survival (1 - µ )

N.A.

N.A.

N.A.

0.1515 ∗ &' ( − 0.3956

−0.0044 ∗ & ' + 0.2202 ∗ & − 2.061

−0.054 ∗ ' ( + 25.2 ∗ ' − 206

Vector
competence ( b )

0.000111 ∗ %(% − 14.7º+) (34.4º+ − %)

0.4397 ∗ () * − 1.1394

0.000203 ∗ &(& − 11.7º,) (42.3º, − &)

Biting rate ( a )

Parasite development
rate ( PDR )

Equation: Shapiro et al.

Equation: Mordecai et al.

Parameter

D.13

D.12

D.11

D.10

D.9

D.8

D.7

Figure
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Table D.23. Comparison of calculated models for Mordecai et al. 2013 and Shapiro et al.
(Chapter 5) for each parameter of the temperature-sensitive reproductive rate/relative
vectorial capacity model.
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Figure D.8. Comparison of data and model predictions for biting rate (a). Red line and
filled squares = data from Lardeux et al. 2008 and fitted Briere curve; black line and open
circles = data from Shapiro et al. (Chapter 5) and fitted logarithmic curve.
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Figure D.9. Comparison of data and model predictions for vector competence (b). Red
line and filled squares = data from Stratman-Thomas 1940 and fitted quadratic curve;
black line and open circles = data from Shapiro et al. (Chapter 5) and fitted quadratic
curve.
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Figure D.10. Comparison of data and model predictions for mosquito survival (1 - µ).
Red line and filled squares = data from Bayoh 2001 and fitted quadratic curve; black line
and open circles = data from Shapiro et al. (Chapter 5) and fitted quadratic curve.
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Figure D.11. Comparison of data and model predictions for parasite development rate
(PDR). Red line and filled squares = data from Eling et al. 2001, Siddons 1944, Shute &
Maryon 1952, Boyd & Stratman-Thomas 1933, and Vaughan et al. 1992 and fitted Briere
curve; black line and open circles = data from Shapiro et al. (Chapter 5) and fitted
logarithmic curve.
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Figure D.12. Data and quadratic model predictions for eggs per female per day (EFD).
Red line and filled squares = data from Delatte et al. 2009.
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Figure D.13. Data and quadratic model predictions for probability of survival from egg
to adult (pEA). Red line and filled squares = data from Bayoh & Lindsay 2003.
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Figure D.14. Data and Briere model predictions for mosquito development rate (MDR).
Red line and filled squares = data from Bayoh & Lindsay 2003.

192

Bibliography
Aboagye-Antwi, F. & Tripet, F. (2010) Effects of larval growth condition and water
availability on desiccation resistance and its physiological basis in adult
Anopheles gambiae sensu stricto. Malaria Journal, 9, 225.
Afrane, Y.A., Githeko, A.K. & Yan, G. (2012) The ecology of Anopheles mosquitoes
under climate change: case studies from the effects of deforestation in East
African highlands. Annals of the New York Academy of Sciences, 1249, 204-210.
Afrane, Y.A., Lawson, B.W. & Githeko, A.K. (2005) Effects of microclimatic changes
caused by land use and land cover on duration of gonotrophic cycles of Anopheles
gambiae (Diptera: Culicidae) in Western Kenya highlands. Journal of Medical
Entomology, 42, 974-980.
Afrane, Y.A., Little, T.J., Lawson, B.W., Githeko, A.K. & Yan, G. (2008) Deforestation
and vectorial capacity of Anopheles gambiae Giles mosquitoes in malaria
transmission in Kenya. Emerging Infectious Diseases, 14, 1533-1538.
Afrane, Y.A., Zhou, G., Lawson, B.W., Githeko, A.K. & Yan, G. (2006) Effects of
microclimactic changes caused by deforestation on the survivorship and
reproductive fitness of Anopheles gambiae in western Kenya highlands. American
Journal of Tropical Medicine and Hygiene, 74, 772-778.
Afrane, Y.A., Zhou, G., Lawson, B.W., Githeko, A.K. & Yan, G. (2007) Life-table
analysis of Anopheles arabiensis in western Kenya highlands: effects of land
covers on larval and adult survivorship. American Journal of Tropical Medicine
and Hygiene, 77, 660-666.
Ageep, T.B., Cox, J., Hassan, M.M., Knols, B.G.J., Benedict, M.Q., Malcolm, C.A. et al.
(2009) Spatial and temporal distribution of the malaria mosquito Anopheles
arabiensis in northern Sudan: influence of environmental factors and implications
for vector control. Malaria Journal, 8, 123.
Alahiotis, S.N. & Stephanou, G. (1982) Temperature adaptation of Drosophila
populations. The heat shock proteins system. Comparative Biochemistry and
Physiology, 73, 529-533.

193

Alonso, D., Bouma, M.J. & Pascual, M. (2011) Epidemic malaria and warmer
temperatures in recent decades in an East African highland. Proceedings of the
Royal Society B, 278, 1661–1669.

Alto, B.W. & Bettinardi, D. (2013) Temperature and dengue virus infection in
mosquitoes: independent effects on the immature and adult stages. American
Journal of Tropical Medicine and Hygiene, 88, 497-505.
Alto, B.W., Lounibos, L.P., Higgs, S. & Juliano, S.A. (2005) Larval competition
differentially affects arbovirus infection in Aedes mosquitoes. Ecology, 86, 3279
3288.
Alto, B.W., Lounibos, L.P., Mores, C.N. & Reiskind, M.H. (2008) Larval competition
alters susceptibility of adult Aedes mosquitoes to dengue infection. Proceedings
of the Royal Society B, 275, 463-471.
Alto, B.W., Reiskind, M.H. & Lounibos, L.P. (2008) Size alters susceptibility of vectors
to dengue virus infection and dissemination. American Journal of Tropical
Medicine and Hygiene, 79, 688-695.
Ameneshewa, B. & Service, M. (1996) The relationship between female body size and
survival rate of the malaria vector Anopheles arabiensis in Ethiopia. Medical and
Veterinary Entomology, 10, 170-172.
Anderson, T.R., Boersma, M. & Raubenheimer, D. (2004) Stoichiometry: Linking
elements to biochemicals. Ecology, 85, 1192-1202.
Andersson, H.I. (1992) The effect of sugar meals and body size on fecundity and
longevity of female Aedes communis (Diptera: Culicidae). Physiological
Entomology, 17, 203-207.
Angilletta, M.J., Steury, T.D. & Sears, M.W. (2004) Temperature, growth rate and body
size in ectotherms: Fitting pieces of a life-history puzzle. Integrative and
Comparative Biology, 44, 498-509.
Araújo, M., Gil, L.H. & e-Silva, A. (2012) Larval food quantity affects development
time, survival and adult biological traits that influence the vectorial capacity of
Anopheles darlingi under laboratory conditions. Malaria Journal, 11, 261.

194

Armbruster, P. & Hutchinson, R.A. (2002) Pupal mass and wing length as indicators of
fecundity in Aedes albopictus and Aedes geniculatus (Diptera: Culicidae). Journal
of Medical Entomology, 39, 699-704.
Arnett, A.E. & Gotelli, N.J. (2003) Bergmann’s rule in larval antlions: testing the
starvation resistance hypothesis. Ecological Entomology, 28, 645-650.
Arthurs, S., Heinz, K.M., Thompson, S. & Krauter, P.C. (2003) Effect of temperature on
infection, development, and reproduction of the parasitic nematode Thripinema
nicklewoodi in Frankliniella occidentalis. BioControl 48, 417-429.
Atella, G.C., Bittencourt-Cunha, P.R., Nunes, R.D., Shahabuddin, M. & Silva-Neto,
M.A.C. (2009) The major insect lipoprotein lipophorin is a lipid source to
mosquito stages of malaria parasites. Acta Tropica, 109, 159-162.
Atkinson, D. (1995) Effects of temperature on the size of aquatic ectotherms – exceptions
to the general rule. Journal of Thermal Biology, 20, 61-74.
Bara, J.J., Clark, T.M. & Remold, S.K. (2014) Utilization of larval and pupal detritus by
Aedes aegypti and Aedes albopictus. Journal of Vector Ecology, 39, 44-47.
Bara, J., Rapti, Z., Cáceres, C.E. & Muturi, E.J. (2015) Effect of larval competition on
extrinsic incubation period and vectorial capacity of Aedes albopictus for dengue
virus. PLoS One, 10, 1-18.
Barreaux, A. M. G., Barreaux, P., Thievent, K. & Koella, J. C. (2016) Larval
environment influences vector competence of the malaria mosquito Anopheles
gambiae. Malaria World, 7, 8.
Basu, B.C. (1943) Laboratory studies on the infectifvity of Anopheles annularis. Journal
of the Malaria Institute of India, 5, 1-29.
Bayoh, M.N. (2001) Studies on the development and survival of Anopheles gambiae
sensu stricto at various temperatures and relative humidities (PhD thesis).
University of Durham, Durham, UK, 134 pp.
Bayoh, M.N. & Lindsay, S.W. (2003) Effect of temperature on the development of the
aquatic stages of Anopheles gambiae sensu stricto (Diptera: Culicidae). Bulletin of
Entomological Research, 93, 375-381.

195

Bayoh, M.N. & Lindsay, S.W. (2004) Temperature-related duration of aquatic stages of
the Afrotropical malaria vector mosquito Anopheles gambiae in the laboratory.
Medical and Veterinary Entomology, 18, 174-179.
Bayoh, M.N., Mathias, D.K., Odiere, M.R., Mutuku, F.M., Kamau, L., Gimnig, J.E. et al.
(2010) Anopheles gambiae: historical population decline associated with regional
distribution of insecticide-treated bed nets in western Nyanza Province, Kenya.
Malaria Journal, 9, 62.
Beaulieu, M. & Costantini, D. (2014) Biomarkers of oxidative status: missing tools in
conservation physiology. Conservation Physiology, 2, 1-16.
Becnel, J.J. & Undeen, A.H. (1992) Influence of temperature on developmental
parameters of the parasite/host system Edhazardia aedis (Microsporidia:
Amblyosporidae) and Aedes aegypti (Diptera: Culicidae). Journal of Invertebrate
Pathology, 60, 299-203.
Bell, A.S., Blanford, S., Jenkins, N., Thomas, M.B. & Read, A.F. (2009) Real-time
quantitative PCR for analysis of candidate fungal biopesticides against malaria:
technique validation and first applications. Journal of Invertebrate Pathology,
100, 160-168.
Bellan, S.E. (2010) The importance of age dependent mortality and the extrinsic
incubation period in models of mosquito-borne disease transmission and control.
PLoS ONE, 5, e10165.
Benoit, J.B., Lopez-Martinez, G., Phillips, Z.P., Patrick, K.R. & Denlinger, D.L. (2010)
Heat shock proteins contribute to mosquito dehydration tolerance. Journal of
Insect Physiology, 56, 151-156.
Billingsley, P.F., Medley, G.F., Charlwood, D. & Sinden, R.E. (1994) Relationship
between prevalence and intensity of Plasmodium falciparum infection in natural
populations of Anopheles mosquitoes. American Journal of Tropical Medicine
and Hygiene, 51, 260-270.
Blanford, J.I., Blanford, S., Crane, R.G., Mann, M.E., Paaijmans, K.P., Schreiber, K.V. &
Thomas, M.B. (2013) Implications of temperature variation for malaria parasite
development across Africa. Scientific Reports, 3, 1300.

196

Boggs, C. L. (1981) Nutritional and life-history determinants of resource allocation in
holometabolous insects. American Naturalist, 117, 692–709.
Boggs, C. L. & Freeman, K. D. (2005) Larval food limitation in butterflies: effects on
adult resource allocation and fitness. Oecologia, 144, 353–61.
Boppana, S. & Hillyer, J.F. (2014) Hemolymph circulation in insect sensory appendages:
functional mechanics of antennal accessory pulsatile organs (auxiliary hearts) in
the mosquito Anopheles gambiae. Journal of Experimental Biology, 217, 3006
3014.
Bounoua, L., DeFries, R., Collatz, G.J., Sellers, P. & Khan, H. (2002) Effects of land
cover conversion on surface climate. Climatic Change, 52, 29-64.
Boyd, M.F. (1932) Studies on Plasmodium vivax; 2. The influence of temperature on the
duration of the extrinsic incubation period. American Journal of Hygiene, 12,
851-853.
Boyd, M.F. & Stratman-Thomas, W.K. (1933) A note on the transmission of quartan
malaria by Anopheles quadrimaculatus. American Journal of Tropical Medicine
and Hygiene, 13, 265-271.
Brady, O.J., Johansson, M.A., Guerra, C.A., Bhatt, S., Golding, N., Pigott, D.M. et al.
(2013) Modelling adult Aedes aegypti and Aedes albopictus survival at different
temperatures in laboratory and field settings. Parasites and Vectors 6, 351.
Bratty, M.A., Hobani, Y., Dow, J.A.T. & Watson, D.G. (2011) Metabolomic profiling of
the effects of allopurinol on Drosophila melanogaster. Metabolomics, 7, 542-548.
Breaux, J.A., Schumacher, M.K. & Juliano, S.A. (2014) What does not kill them makes
them stronger: Larval environment and infectious dose alter mosquito potential to
transmit filarial worms. Proceedings of the Royal Society B, 281, 20140459.
Briegel, H. (1990) Metabolic relationship between female body size, reserves, and
fecundity of Aedes aegypti. Journal of Insect Physiology, 36, 165-172.
Briegel, H., Knüsel, I., Timmermann, S. (2001) Aedes aegypti: size, resurves, survival
and flight potential. Journal of Vector Ecology, 26, 21-31.

197

Brown, M.J.F. & Loosli, R. (2000) Condition-dependent expression of virulence in a
trypanosome infecting bumblebees. Oikos, 91, 421–427.
Burnett, T. (1949) The effect of temperature on an insect host-parasite population.
Ecology, 30, 113-134.
Caminade, C., Kovats, S., Rocklov, J., Tompkins, A.M., Morse, A.P., Colon-Conzalez,
F.J. et al. (2014) Impact of climate change on global malaria distribution.
Proceedings of the National Academy of Sciences U.S.A., 111, 3286-3291.
Campero, M., De Block, M., Ollevier, F. & Stoks, R. (2008) Metamorphosis offsets the
link between larval stress, adult asymmetry and individual quality. Functional
Ecology, 22, 271-277.
Caragata, E.P., Rancès, E., Hedges, L.M., Gofton, A.W., Johnson, K.N., O’Neill, S.L. &
McGraw, E.A. (2013) Dietary cholesterol modulates pathogen blocking by
Wolbachia. PLoS Pathogens, 9, e1003459.
Carey, J.R., Liedo, P., Orozco, D. & Vaupel, J.W. (1992) Slowing of mortality rates at
older ages in large medfly cohorts. Science, 258, 457–461.
Carter, V., Nacer, A.M.L., Underhill, A., Sinden, S.E. & Hurd, H. (2007) Minimum
requirements for ookinete to oocyst transformation in Plasmodium. International
Journal for Parasitology, 37, 1221-1232.
Cator, L.J., Thomas, S., Paaijmans, K.P., Ravishankaran, S., Justin, J.A., Mathai, M.T. et
al. (2013) Characterizing microclimate in urban malaria transmission settings:
a case study from Chennai, India. Malaria Journal, 12, 1-10.
Chavshin, A.R., Oshaghi, M.A., Vatandoost, H., Pourmand, M.R., Raesi, A., Enayati,
A.E. et al. (2012) Identification of bacterial microflora in the midgut of the larvae
and adult of wild caught Anopheles stephensi: a step toward finding suitable
paratransgenesis. Acta Tropica, 121, 129-134.
Cheke, R.A., Basáñez, M-G., Perry, M., White, M.T., Garms, R., Oboubi, E. et al. (2015)
Potential effects of warmer worms and vectors on onchocerciasis transmission in
West Africa. Philosophical Transactions of the Royal Society B, 370, 1-3.
Cheon, H.M, Sang, W.S., Gian, G., Park, J.H. & Raikhel, A.S. (2006) Regulation of lipid
metabolism genes, lipid carrier protein lipophorin, and its receptor during immune

198

challenge in the mosquito Aedes aegypti. Journal of Biological Chemistry, 281,
8426-8435.
Chitnis, N., Schapira, A., Smith, T. & Steketee, R. (2010) Comparing the effectiveness of
malaria vector-control interventions through a mathematical model. American
Journal of Tropical Medicine and Hygiene, 83, 230-240.
Christiansen-Jucht, C., Erguler, K., Shek, C., Basáñez, M-G. & Parham, P.E. (2015)
Modelling Anopheles gambiae s.s. population dynamics with temperature- and
age-dependent survival. International Journal of Environmental Research and
Public Health 12, 5975–6005.
Christiansen-Jucht, C., Parham, P.E., Saddler, A., Koella, J.C. & Basáñez, M-G. (2014)
Temperature during larval development and adult maintenance influences the
survival of Anopheles gambiae s.s. Parasites and Vectors 7, 489.
Christofferson, R.C. & Mores, C.N. (2011) Estimating the magnitude and direction of
altered arbovirus transmission due to viral phenotype. PLoS One 6, e16298.
Clements, A. & Paterson, G.D. (1981) The analysis of mortality and survival rates in wild
populations of mosquitoes. Journal of Applied Ecology, 18, 373-399.
Colasurdo, N., Gélinas, Y. & Despland, E. (2009) Larval nutrition affects life history
traits in a capital breeding moth. Journal of Experimental Biology, 212, 1794
800.
Colinet, H., Larvor, V., Laparie, M. & Renault, D. (2012) Exploring the plastic response
to cold acclimation through metabolomics. Functional Ecology, 26, 711-722.
Conn, J.E., Wilkerson, R.C., Segura, M.N., de Souza, R.T., Schlichting, C.D., Wirtz,
R.A. & Povoa, M.M. (2002) Emergence of a new neotropical malaria vector
facilitated by human migration and changes in land use. American Journal of
Tropical Medicine and Hygiene, 66, 18-22.
Constantini, C., Ayala, D., Guelbeogo, W.M., Pombi, M., Some, C.Y., Bassole, I.H.N. et
al. (2009) Living at the edge: biogeographic patterns of habitat segregation
conform to speciation by niche expansion in Anopheles gambiae. BMC Ecology,
9, 1-16.

199

Cook, G.C. (1992) Effect of global warming on the distribution of parasitic and other
infectious diseases: a review. Journal of the Royal Society of Medicine, 85, 688
691.
Craig, M., Le Sueur, D. & Snow, B. (1999) A climate-based distribution model of
malaria transmission in sub-Saharan Africa. Parasitology Today, 15, 105-111.
Credland, P.F., Dick, K.M. & Wright, A.W. (1986) Relationships between larval density,
adult size, and egg production in the cowpea seed beetle, Callosobruchus
maculatus. Ecological Entomology, 11, 41-50.
Dadd, R.H., Kleinjan, J.E. & Asman, M. (1988) Eicosapentaenoic acid in mosquito
tissues: differences between wild and laboratory-reared adults. Environmental
Entomology, 17, 172-180.
Dadd, R.H., Asman, M. & Kleinjan, J.E. (1989) Essential fatty acid status of laboratory
reared mosquitoes improved by supplementing crude larval foods with fish oils.
Entomologia Experimentalis et Applicata, 52, 149-158.
Dash, A.P., Valecha, N., Anvikar, A.R. & Kumar, A. (2008) Malaria in India: challenges
and opportunities. Journal of Biosciences, 33, 583.
De Block, M. & Stoks, R. (2008) Short-term larval food stress and associated
compensatory growth reduce adult immune function in a damselfly. Ecological
Entomology, 33, 796-801.
DeJong, R.J., Miller, L.M., Molina-Cruz, A., Gupta, L., Kumar, S. & Barillas-Mury, C.
(2007) Reactive oxygen species detoxification by catalase is a major determinant
of fecundity in the mosquito Anopheles gambiae. Proceedings of the National
Academy of Sciences U.S.A., 104, 2121-2126.
Delatte, H., Gimonneau, G., Triboire, A. & Fontenille, D. (2009) Influence of
temperature on immature development, survival, longevity, fecundity, and
gonotrophic cycles of Aedes albopictus, vector of chikungunya and dengue in the
Indian Ocean. Journal of Medical Entomology, 46, 33-41.
Detinova, T. (1962) Age-grouping methods in diptera of medical importance: with
special reference to some vectors of malaria. Monograph Series. World Health
Organization, 47, 13-191.

200

Detinova, T. (1966) Age structure of insect populations of medical importance. Annual
Review of Entomology, 13, 247.
Dhimal, M., Ahrens, B. & Kuch, U. (2015) Climate change and spatiotemporal
distributions of vector-borne diseases in Nepal: A systematic synthesis of
literature. PLoS ONE, 10, e0129869.
Diamond, S. & Kingsolver, J. (2010) Environmental dependence of thermal reaction
norms: host plant quality can reverse the temperature-size rule. The American
Naturalist, 175, 1-10.
Dodson, B.L., Kramer, L.D. & Rasgon, J.L. (2012) Effects of larval rearing temperature
on immature development and West Nile virus vector competence of Culex
tarsalis. Parasites and Vectors, 5, 199.
Dong, Y., Aguilar, R., Xi, Z., Warr, E., Mongin, E. & Dimopoulos, G. (2006) Anopheles
gambiae immune responses to human and rodent Plasmodium species. PLoS
Pathogens, 2, e52.
Dowling, D.K. & Simmons, L.W. (2009) Reactive oxygen species as universal
constraints in life-history evolution. Proceedings of the Royal Soceity B, 276,
1737-1745.
Dutra, H.L.C., da Silva, V.L., da Rocha Fernandes, M., Logullo, C., Maciel-de-Freitas, R.
& Moreira, L. (2016) The influence of larval competition on Brazilian
Wolbachia-infected Aedes aegypti mosquitoes. Parasites and Vectors, 9, 282.
Dye, C. (1986) Vectorial capacity: must we measure all its components? Parasitology
Today, 2, 203-209.
Dye, C. (1992) The analysis of parasite transmission by bloodsucking insects. Annual
Review of Entomology, 37, 1-19.
Dye, C. (1994) The epidemiological context of vector control. Transactions of the Royal
Society of Tropical Medicine and Hygiene, 88, 147-149.
Dye, C. & Hasibeder, G. (1986) Population dynamics of mosquito-borne disease: effects
of flies which bite some people more frequently than others. Transactions of the
Royal Society of Tropical Medicine and Hygiene, 80, 69-77.

201

Ebert, D. (1995) The ecological interactions between a microsporidian parasite and its
host Daphnia magna. Journal of Animal Ecology, 64, 361-369.
Eling, W., Hooghof, J., van de Vegte-Bolmer, M., Sauerwein, R. & van Gemert, G-J.
(2001) Tropical temperatures can inhibit development of the human malaria
parasite Plasmodium falciparum in the mosquito. Proceedings of Experimental
and Applied Entomology, 12, 151-156.
Ellers, J. & Jervis, M. (2003) Body size and the timing of egg production in parasitoid
wasps. Oikos, 102, 164-172.
Elliot, S.L., Rodrigues, J. de O., Lorenzo, M.G., Martins-Filho, O.A. & Guarneri, A.A.
(2015) Trypanosoma cruzi, etiological agent of Chagas’ disease, is virulent to its
triatomine vector Rhodinus prolixus in a temperature-dependent manner. PLoS
Neglected Tropical Diseases, 9, 1-13.
Ellison, H.E., Estévez-Lao, T.Y., Murphree, C.S. & Hillyer, J.F. (2015) Deprivaton of
both sucrose and water reduces the mosquito heart contraction rate while
increasing expression of nitric oxide synthase. Journal of Insect Physiology, 74,
1-9.
Ermert, V., Fink, A., Jones, A. & Morse, A. (2011) Development of a new version of the
Liverpool Malaria Model. I. Refining the parameter settings and mathematical
formulation of basic processes based on a literature review. Malaria Journal, 10,
35.
Everatt, M.J., Convey, P., Bale, J.S., Worland, M.R. & Hayward, S.A.L. (2014)
Responses of invertebrates to temperature and water stress: a polar perspective.
Journal of Thermal Biology, 54, 118-132.
Feder, M.E., Blair, N. & Figueras, H. (1997) Natural thermals stress and heat-shock
protein expression in Drosophila larvae and pupae. Functional Ecology, 11, 90
100.
Fellous, S. & Lazzaro, B.P. (2010) Larval food quality affects adult (but not larval)
immune gene expression independent of effects on general condition. Molecular
Ecology, 19, 1462-1468.

202

Ferguson, H.M., Dornhaus, A., Beeche, A., Borgemeister, C., Gottlieb, M., Mulla, M.S.
et al. (2010) Ecology: a prerequisite for malaria elimination and eradication.
PLoS Medicine, 7, e1000303.
Ferguson, H.M. & Read, A.F. (2002) Why is the effect of malaria parasites on mosquito
survival still unresolved? Trends in Parasitology, 18, 256-261.
Fernandes, L. & Briegel, H. (2005) Reproductive physiology of Anopheles gambiae and
Anopheles atroparvus. Journal of Vector Ecology, 30, 11-26.
Fialho, R.F. & Schall J.J. (1995) Thermal ecology of a malarial parasite and its insect
vector: consequences for the parasite’s transmission success. Journal of Animal
Ecology, 64, 553-562.
Fillinger, U. & Lindsay, S.W. (2011) Larval source management for malaria control in
Africa: myths and reality. Malaria Journal, 10, 353.
Fillinger, U., Sombroek, S., Majambere, S., van Loon, E., Takken, W. & Lindsay, S.
(2009) Identifying the most productive breeding sites for malaria mosquitoes in
The Gambia. Malaria Journal, 8, 62.
Fischer, K. & Fielder, K. (2001) Effects of larval starvation on adult life-history traits in
the butterfly species Lycaena tityrus (Lepidoptera: Lycaenidae). Entomologia
Generalis, 25, 249-254.
Fischer, K., O’Brien, D.M. & Boggs, C.L. (2004) Allocation of larval and adult resources
to reproduction in a fruit-feeding butterfly. Functional Ecology, 18, 656-663.
Fonteinille, D. & Simard, F. (2004) Unravelling complexities in human malaria
transmission dynamics in Africa through a comprehensive knowledge of vector
populations. Comparative Immunology, Microbiology and Infectious Disease, 27,
357-375.
Fournet, F., Cussac, M., Ouari, A., Meyer, P-E., Toé, H.K., Gouagna, L-C. & Dabiré,
R.K. (2010) Diversity in anopheline larval habitats and adult composition during
dry and wet seasons in Ouagadougou (Burkina Faso) Malaria Journal, 9, 78.
Garcia, E.S. & Azambuja, P. (1991) Development and interactions of Trypanosoma cruzi
within the insect vector. Parasitology Today, 7, 240–244.

203

Garcia, E.S., Ratcliffe, N.A., Whitten, M.M., Gonzalez, M.S. & Azambuja, P. (2007)
Exploring the role of insect host factors in the dynamics of Trypanosoma cruzi
Rhodinus prolixus interactions. Journal of Insect Physiology, 53, 11-21.
Garrett-Jones, C. (1964a) Prognosis for interruption of malaria transmission through
assessment of the mosquito’s vectorial capacity. Nature, 204, 1173-1175.
Garrett-Jones, C. & Grab, B. (1964b) The assessment of insecticidal impact on the
malaria mosquito’s vectorial capacity, from data on the proportion of parous
females. Bulletin of the World Health Organization, 31, 71-86.
Garrett-Jones, C. & Shidrawi, G.R. (1969) Malaria vectorial capacity of a population of
Anopheles gambiae: an exercise in epidemiological entomology. Bulletin of the
World Health Organization, 40, 531–45.
Garver, L.S., Dong, Y. & Dimopoulos, G. (2009) Caspar controls resistance to
Plasmodium falciparum in diverse anopheline species. PLoS Pathogens, 2, e52.
Genchi, C., Rinaldi, L., Mortarino, M., Genchi, M. & Cringoli, G. (2009) Climate and
Dirofilaria infection in Europe. Veterinary Parasitology, 163, 286-292.
Gething, P.W., Smith, D.L., Patil, A.P., Tatem, A.J., Snow, R.W. & Hay, S.I. (2010)
Climate change and the global malaria recession. Nature, 465, 342-345.
Gimnig, J.E., Ombok, M., Kamau, L. & Hawley, W.A. (2001) Characteristics of larval
anopheline (Diptera: Culicidae) habitats in Western Kenya. Journal of Medical
Entomology, 38, 282-288.
Gimnig, J.E., Ombok, M., Otieno, S., Kaufman, M.G., Vulule, J.M. & Walker, E.D.
(2002) Density-dependent development of Anopheles gambiae (Diptera:
Culicidae) larvae in artificial habitats. Journal of Medical Entomology, 39, 162
172.
Ginger, M.L. (2006) Niche metabolism in parasitic protozoa. Philosophical Transactions
of the Royal Society B, 361, 101–118.
Githeko, A., Lindsay, S., Confalonieri, U. & Patz, J. (2000) Climate change and vector
borne diseases: a regional analysis. Bulletin of the World Health Organization, 78,
1136-1147.

204

Grassberger, M. & Reiter, C. (2001) Effect of temperature on Lucilia sericata (Diptera:
Calliphoridae) development with special reference to the isomegalan- and
isomorphen-diagram. Forensic Science International, 120, 32-36.
Grieco, J.P., Rejmánková, E., Achee, N.L., Klein, C.N., Andre, R. & Roberts, D. (2007)
Habitat suitability for three species of Anopheles mosquitoes: Larval growth and
survival in reciprocal placement experiments. Journal of Vector Ecology, 32, 176
187.
Grimstad, P.R. & Walker, E.D. (1991) Aedes triseriatus (Diptera: Culicidae) and La
Crosse virus IV. Nutritional deprivation of larvae affects adult barriers to
infection and transmission. Journal of Medical Entomology, 28, 378-386.
Gu, W., Regens, J.L., Beier, J.C. & Novak, R. J. (2006) Source reduction of mosquito
larval habitats has unexpected consequences on malaria transmission.
Proceedings of the National Academy of Sciences USA, 103, 17560–17563.
Guerra, C.A., Gikandi, P.W., Tatem, A.J., Noor, A.M., Smith, D.L., Hay, S.I. & Snow,
R.W. (2008) The limits and intensity of Plasmodium falciparum transmission:
implications for malaria control and elimination worldwide. PLoS Medicine, 5,
e38.
Hanafi-Bojd, A.A., Yaghoobi-Ershadi, M.R., Haghdoost, A.A., Akhavan, A.A., Rassi, Y,
Karimi, A. & Charrahy, Z. (2015) Modeling the distribution of cutaneous
leishmaniasis vectors (Psychodidae: Phlebotominae) in Iran: A potential
transmission in disease prone areas. Journal of Medical Entomology, 52, 557-565.
Hancock, R.G. & Foster, W.A. (1997) Larval and adult nutrition effects blood/nectar
choice of Culex nigripalpus mosquitoes. Medical and Veterinary Entomology, 11,
112-122.
Hard, J.J., Bradshaw, W.E. & Malarkey, D.J. (1989) Resource- and density-dependent
development in tree-hole mosquitoes. Oikos, 54, 137-144.
Hawley, W. (2010) The effect of larval density on adult longevity of a mosquito, Aedes
sierrensis: epidemiological consequences. Journal of Animal Ecology 54, 955
964.

205

Hay, S.I., Snow, R.W. & Rogers, D.J. (1998) Predicting malaria seasons in Kenya using
multitemporal meteorological satellite sensor data. Transactions of the Royal
Society of Tropical Medicine and Hygiene, 92, 12-20.
Hay, S.I., Omumbo, J.A., Craig, M.H. & Snow, R.W. (2000) Earth observation,
geographic information systems and Plasmodium falciparum malaria in sub
Saharan Africa. Advances in Parasitology, 47, 173-215.
Heinig, R.L., Paaijmans, K.P., Hancock, P.A. & Thomas, M.B. (2015) The potential for
fungal biopesticides to reduce malaria transmission under diverse environmental
conditions. Journal of Applied Ecology, 52, 1558-1566.
Herrmann, C. & Gern, L. (2010) Survival of Ixodes ricinus (Acari: Ixodidae) under
challenging conditions of temperature and humidity is influenced by Borrelia
burgdorferi sensu lato infection. Journal of Medical Entomology, 47, 1196-1204.
Hidalgo, K., Dujardin, J-P., Mouline, K., Dabiré, R.K., Renault, D. & Simard, F. (2015)
Seasonal variation in wing size and shape between geographic populations of the
malaria vector, Anopheles coluzzii in Burkina Faso (West Africa). Acta Tropica,
143, 79–88.
Himeidan, Y.E., Zhou, G., Yakob, L., Afrane, Y., Munga, S., Atieli, H. et al. (2009)
Habitat stability and occurrences of malaria vector larvae in western Kenya
highlands. Malaria Journal, 8, 234.
Hogg, J.C. & Hurd, H. (1995) Malaria-induced reduction of fecundity during the first
gonotrophic cycle of Anopheles stephensi mosquitoes. Medical and Veterinary
Entomology, 9, 176-180.
Hogg, J. C., Thomson, M. C. & Hurd, H. (1996) Comparative fecundity and associated
factors for two sibling species of the Anopheles gambiae complex occurring
sympatrically in The Gambia. Medical and Veterinary Entomology, 10, 385–391.
Honek, A. (1993) Intraspecific variation in body size and fecundity in insects: a general
relationship. Oikos, 66, 483–492.
Hood-Nowotny, R., Schwarzinger, B., Schwarzinger, C., Soliban, S., Madakacherry, O.,
Aigner, M. et al. (2012) An analysis of diet quality, how it controls fatty acid
profiles, isotope signatures, and stoichiometry in the malaria mosquito Anopheles
arabiensis. PLoS One, 7, e45222.

206

Hoxmeier, J.C., Thompson, B.D., Broeckling, C.D., Small, P., Foy, B.D., Prenni, J. &
Dobos, K.M. (2015) Analysis of the metabolome of Anopheles gambiae mosquito
after exposure to Mycobacterium ulcerans. Scientific Reports, 5, 9242.
Huho, B. J., Ng’habi, K. R., Killeen, G. F., Nkwengulila, G., Knols, B. G. J. & Ferguson,
H. M. (2007) Nature beats nurture: a case study of the physiological fitness of free
living and laboratory-reared male Anopheles gambiae s.l. Journal of
Experimental Biology, 210, 2939–47.
Ijumba, J.N. & Lindsay, S.W. (2001) Impact of irrigation on malaria in Africa: paddies
paradox. Medical and Veterinary Entomology, 15, 1-11.
Ikemoto, T. (2008) Tropical malaria does not mean hot environments. Journal of Medical
Entomology, 45, 963-969.
Intergovernmental Panel on Climate Change (2007) Climate Change 2007: Synthesis
Report. Contribution of Working Groups I, II and III to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Geneva, Switzerland.
Intergovernmental Panel on Climate Change (2013) Climate Change 2013. The Physical
Science Basis. Working Group I Contribution to the Fifth Assesment Report of the
Intergovernmental Panel on Climate Change – Abstract for Decision Makers.
Cambridge, United Kingdom and New York, New York, U.S.A.
James, R.R. & Lighthart, B. (1992) The effect of temperature, diet, and larval instar on
the susceptibility of an aphid predator, Hippodamia convergens (Coleoptera:
Coccinellidae), to the weak bacterial pathogen Pseudomonas fluorescens. Journal
of Invertebrate Pathology, 60, 215-218.
Jennings, C.D. & Kay, B.H. (1999) Dissemination barriers to Ross River virus in Aedes
vigilax and the effects of larval nutrition on their expression. Medical and
Veterianary Entomology, 13, 431-438.
Joy, D.A., Gonzalez-Ceron, L., Carlton, J.M., Gueye, A., Fay, M., McCutchan, T.F. &
Su, X. (2008) Local adaptation and vector-mediated population structure in
Plasmodium vivax malaria. Molecular Biology and Evolution, 25, 1245-1252.

207

Joy, T.K., Arik, A.J., Corby-Harris, V., Johnson, A.A. & Riehle, M.A. (2010) The impact
of larval and adult dietary restriction on lifespan, reproduction and growth in the
mosquito Aedes aegypti. Experimental Gerontology, 45, 685-690.
Juliano, S.A., Ribeiro, G.S., Maciel-de-Freitas, R., Castro, M.G., Codeço, C., Lourenço
de-Oliveira, R. & Lounibos, L.P. (2014) She’s a femme fatale: low-density larval
development produces good disease vectors. Memorias do Instituto Oswaldo
Cruz, 109, 1070–1077.
Kaufman, M.G., Stanuszek, M.W., Brouhard, E.A., Knepper, R.G. & Walker, E.D.
(2012) Establishment of Aedes japonicus japonicus and its colonization of
container habitats in Michigan. Journal of Medical Entomology, 49, 1307-1317.
Kaufmann, C. & Briegel, H. (2004) Flight performance of the malaria vectors Anopheles
gambiae and Anopheles atroparvus. Journal of Vector Ecology, 29, 140-153.
Kikankie, C.K., Brooke, B.D., Knols, B.G.J., Koekemoer, L.L., Farenhorst, M., Hunt,
R.H. et al. (2010) The infectivity of the entomopathogenic fungus Beauveria
bassiana to insecticide-resistant and susceptible Anopheles arabiensis
mosqutioes at two different temperatures. Malaria Journal, 9, 71.
Killeen, G.F., McKenzie, F.E., Foy, B.D., Schieffelin, C., Billingsley, P.F. & Beier, J.C.
(2000) A simplified model for predicting malaria entomologic inoculation rates
based on entomologic and parasitologic parameters relevant to control. American
Journal of Tropical Medicine and Hygiene, 62, 535–544.
Kilpatrick, A.M. & Randolph, S.E. (2012) Drivers, dynamics, and control of emerging
vector-borne zoonotic diseases. The Lancet, 380, 1946-1955.
Kingsolver, J.G. & Huey, R.B. (2008) Size, temperature, and fitness: Three rules.
Evolutionary Ecology Research, 10, 251-268.
Kingsolver, J.G. & Pfennig, D.W. (2004) Individual-level selection as a cause of Cope’s
rule of phyletic size increase. Evolution, 58, 1608-1612.
Kingsolver, J. G. & Pfennig, D. W. (2007) Patterns and power of phenotypic selection in
nature. Bioscience 57, 561.
Kirby, M. J. & Lindsay, S. W. (2009) Effect of temperature and inter-specific
competition on the development and survival of Anopheles gambiae sensu stricto

208

and Anopheles arabiensis larvae. Acta Tropica, 109, 118–23.
Klinkenberg, E., Konradsen, F., Herrel, N., Mukhtar, M, van der Hoek, W. &
Amerasinghe, F.P. (2004) Malaria vectors in the changing environment of the
southern Punjab, Pakistan. Transactions of the Royal Society of Tropical Medicine
and Hygiene, 98, 442-449.
Klowden, M.J. (1986) Effects of sugar deprivation on the host-seeking behaviour of
gravid Aedes aegypti mosquitoes. Journal of Insect Physiology, 5, 479-483.
Knowles, R. & Basu, B.C. (1942) Laboratory studies on the infectivity of Anopheles
stephensi. Journal of the Malaria Institute of India, 5, 1-29.
Kobayashi, M., Inagaki, S. & Kawase, S. (1981) Effect of high temperature on the
development of nuclear polyhedrosis virus in the silkworm, Bombyx mori.
Journal of Invertebrate Pathology, 38, 386-394.
Koella, J. C. & Lyimo, E. O. (1996) Variability in the relationship between weight and
wing length of Anopheles gambiae (Diptera: Culicidae). Journal of Medical
Entomology, 33, 261–264.
Koenraadt, C.J.M., Githeko, A.K. & Takken, W. (2004) The effects of rainfall and
evapotranspiration on the temporal dynamics of Anopheles gambiae s.s. and
Anopheles arabiensis in a Kenyan village. Acta Tropica, 90, 141-153.
Koenraadt, C.J.M., Kormaksson, M. & Harrington, L.C. (2010) Effects of inbreeding and
genetic modificaiton on Aedes aegypti larval competition and adult energy
reserves. Parasites and Vectors, 3, 92.
Kollien, A.H. & Schaub, G.A. (2000) The development of Trypanosoma cruzi in
Triatominae. Parasitology Today, 16, 381-387.
Kominkova, D., Rejmankova, E., Grieco, J. & Achee, N. (2012) Fatty acids in anopheline
mosquito larvae and their habitats. Journal of Vector Ecology, 37, 382-395.
Krist, A.C., Jokela, J., Wiehn, J. & Lively, C.M. (2003) Effects of host condition on
susceptibility to infection, parasite developmental rate, and parasite transmission
in a snail-trematode interaction. Journal of Evolutionary Biology, 17, 33-40.

209

Kumar, A., Sharma, V.P., Sumodan, P.K., Thaveselvam, D. & Kamat, R.H. (1994)
Malaria control utilizing Bacillus sphaericus against Anopheles stephensi in
Panaji, Goa. Journal of the American Mosquito Control Association, 10, 534–539.
Kweka, E.J., Zhou, G., Beilhe, L.B., Dixit, A., Afrane, Y., Gilbreath, T.M. et al. (2012)
Effects of co-habitation between Anopheles gambiae s.s. and Culex
quinquefasciatus aquatic stages on life history traits. Parasites and Vectors, 5, 33.
Lalubin, F., Delédevant, A., Glaizot, O. & Christe, P. (2014) Natural malaria infection
reduces starvation resistance of nutritionally stressed mosquitoes. Journal of
Animal Ecology, 83, 850–857.
Lambrechts, L., Paaijmans, K.P., Fansiri, T., Carrington, L.B. & Kramer, L.D. (2011)
Impact of daily temperature fluctuations on dengue virus transmission by Aedes
aegypti. Proceedings of the National Academy of Sciences U.S.A., 108, 7460
7465.
Lange, B., Reuter, M., Ebert, D., Muylaert, K. & Decaestecker, E. (2014) Diet quality
determines interspecific parasite interactions in host populations. Ecology and
Evolution, 1, 1-10.
Lardeux, F.J., Tejerina, R.H., Quispe, V. & Chavez, T.K. (2008) A physiological time
analysis of the duration of the gonotrophic cycle of Anopheles
pseudopunctipennis and its implications for malaria transmission in Bolivia.
Malaria Journal, 7, 141.
Lehmann, T., Dalton, R., Kim, E. H., Dahl, E., Diabate, A., Dabire, R. & Dujardin, J. P.
(2006) Genetic contribution to variation in larval development time, adult size, and
longevity of starved adults of Anopheles gambiae. Infection Genetics, and
Evolution 6, 410–416.
Levi, T., Ben-Dov, E., Shahi, P., Borovsky, D. & Zaritsky, A. (2014) Growth and
development of Aedes aegypti larvae at limiting food concentrations. Acta
Tropica, 133, 42-44.
Lindblade, K.A., Walker, E.D., Onapa, A.W., Katungu, J. & Wilson, M.L. (2000) Land
use change alters malaria transmission parameters by modifying temperature in a
highland area of Uganda. Tropical Medicine and International Health, 5, 263
274.

210

Liu, N. (2015) Insecticide resistance in mosquitoes: Impact, mechanisms, and research
directions. Annual Review of Entomology, 60, 537-559.
Liu-Helmersson, J., Stenlund, H., Wilder-Smith, A. & Rocklöv, J. (2014) Vectorial
capacity of Aedes aegypti: Effects of temperature and implications for global
dengue epidemic potential. PLoS One, 9, e89783.
Logan, A., Ruiz-González, M.X. & Brown, M.J.F. (2005) The impact of host starvation
on parasite development and population dynamics in an intestinal trypanosome
parasite of bumble bees. Parasitology, 130, 637-642.
Louca, V., Lucas, M., Green, C., Majambere, S., Fillinger, U. & Lindsay, S. (2008) Role
of fish as predators of mosquito larvae on the floodplain of the Gambia River.
Journal of Medical Entomology, 15, 1203–1214.
Lunde, T.M., Bayoh, M.N. & Lindtjørn, B. (2013) How malaria models relate
temperature to malaria transmission. Parasites and Vectors, 6, 20.
Luong, L.T. & Polak, M. (2007) Environment-dependent trade-offs between ectoparasite
resistance and larval competitive ability in the Drosophila-Macrocheles system.
Heredity, 99, 632-640.
Lutambi, A.M., Penny, M.A., Smith, T. & Chitnis, N. (2013) Mathematical modelling of
mosquito dispersal in a heterogeneous environment. Mathematical Biosciences,
241, 198-216.
Lyimo, E.O. & Koella, J.C. (1992) Relationship between body size of adult Anopheles
gambiae s.l. and infection with the malaria parasite Plasmodium falciparum.
Parasitology, 104, 233-237.
Lyimo, E.O., Takken, W. & Koella, J.C. (1992) Effect of rearing temperature and larval
density on larval survival, age at pupation and adult size of Anopheles gambiae.
Entomologia Experimentalis et Applicata, 63, 265-271.
Lyimo, E.O. & Takken, W. (1993) Effects of adult body size on fecundity and the pre
gravid rate of Anopheles gambiae females in Tanzania. Medical and Veterinary
Entomology, 7, 328-332.

211

Lyons, C.L., Coetzee, M. & Chown, S.L. (2013) Stable and fluctuating temperature
effects on the development rate and survival of two malaria vectors, Anopheles
arabiensis and Anopheles funestus. Parasites and Vectors, 6, 104.
Macdonald, G. (1957) The epidemiology and control of malaria. London: Oxford
University Press.
Mack, S.R., Samuels, S. & Vanderberg, J.P. (1979) Hemolymph of Anopheles stephensi
from uninfected and Plasmodium berghei-infected mosquitoes. 2. Free amino
acids. Journal of Parasitology, 65, 130–136.
Maïga, H., Niang, A., Sawadogo, S.P., Dabiré, R.K., Lees, R.S., Gilles, J.R.L. et al.
(2014) Role of nutritional reserves and body size in Anopheles gambiae males
mating success. Acta Tropica, 132, S102–S107.
Majambere, S., Fillinger, U., Sayer, D.R., Green, C. & Lindsay, S.W. (2008) Spatial
distribution of mosquito larvae and the potential for targeted larval control in The
Gambia. American Journal of Tropical Medicine and Hygiene, 79, 19-27.
Malmendal, A., Sørensen, J.G., Overgaard, J., Holmstrup, M., Nielsen, N.C. &
Loeschcke, V. (2013) Metabolomic analysis of the selection response of
Drosophila melanogaster to environmental stress: are there links to gene
expression and phenotypic traits? Naturwissenschaften, 100, 417-427.
Marshall, L.D. (1990) Intraspecific variaton in reproductive effort by female
Parapediasia teterrella (Lepidoptera: Pyralidae) and its relation to body size.
Canadian Journal of Zoology, 68, 44-48.
Martens, P., Kovats, R. S., Nijhof, S., de Vries, P., Livermore, M. T. J., Bradley, D. J. et
al. (1999) Climate change and future populations at risk of malaria. Global
Environmental Change. 9, S89–S107.
Martens, W.J.M., Jetten, T.H. & Focks, D.A. (1997) Sensitivity of malaria,
schistosomiasis, and dengue to global warming. Climate Change, 35, 145-156.
Martens, W.J.M., Jetten, T.H., Rotmans, J. & Niessen, L.W. (1995) Climate change and
vector-borne diseases: a global modelling perspective. Global Environmental
Change, 5, 195-209.

212

Massad, E. & Coutinho, F.A.B. (2012) Vectorial capacity, basic reproduction number,
force of infection and all that: Formal notation to complete and adjust their
classical concepts and equations. Memorias do Instituto Oswaldo Cruz, 107, 564
567.
Matthys, B., N’Goran, E.K., Koné, M., Koudou, B.G., Vounatsou, P., Tschannen, A.B. et
al. (2006) Urban agricultural land use and characterization of mosquito larval
habitats in a medium-sized town of Côte d’Ivoire. Journal of Vector Ecology, 31,
319-333.
Medone, P., Ceccarelli, S., Parham, P.E., Figuera, A. & Rabinovich, J.E. (2015) The
impact of climate change on the geographical distribution of two vectors of
Chagas’ disease: implications for the force of infection. Philosophical
Transactions of the Royal Society B, 370, 20130560.
Mehravaran, A., Vatandoost, H., Oshaghi, M.A., Abai, M.R., Edalat, H., Javadian, E. et
al. (2012) Ecology of Anopheles stephensi in a malarious area, southeast of
Iran. Acta Medica Iranica, 50, 61-65.
Mendes, A.M., Schlegelmilch, T., Awono-Ambene, P., Cohuet, A., de Iorio, M.,
Fontenille, D. et al. (2008) Conserved mosquito/parasite interactions affect
development of Plasmodium falciparum in Africa. PLoS Pathogens, 4, e1000069.
Michaud, M.R., Benoit, J.B., Lopez-Martinez, G., Elnitsky, M.A., Lee, R.E. & Denlinger,
D.L. (2008) Metabolomics reveals unique and shared metabolic changes in
response to heat shock, freezing, and desiccation in the Antarctic midge, Belgica
antarctica. Journal of Insect Physiology, 54, 645-655.
Midega, J.T., Mbogo, C.M., Mwnambi, H., Wilson, M.D., Ojwang, G., Mwngangi, J.M.
et al. (2007) Estimating dispersal andsurvival of Anopheles gambiae and
Anopheles funestus along the Kenyan coast by using mark-release-recapture
methods. Journal of Medical Entomology, 44, 923-929.
Minakawa, N., Mutero, C. M., Githure, J. I., Beier, J. C. & Yan, G. (1999) Spatial
distribution and habitat characterization of anopheline mosquito larvae in western
Kenya. American Journal of Tropical Medicine and Hygiene, 61, 1010–1016.
Minard, G., Mavingui, P. & Moro, C.V. (2013) Diversity and function of bacterial
microbiota in the mosquito holobiont. Parasites and Vectors, 6, 146.

213

Mitchell-Foster, K., Ma, B.O., Warsame-Ali, S., Logan, C., Rau, M.E. & Lowenberger C.
(2012) The influence of larval density, food stress, and parasitism on the
bionomics of the dengue vector Aedes aegypti (Diptera: Culicidae): Implications
for integrated vector management. Journal of Vector Ecology, 37, 221-229.
Molineaux, L., Dietz, K. & Thomas, A. (1978) Further epidemiological evaluation of a
malaria model. Bulletin of the World Health Organization, 56, 565-571.
Molineaux, L., Shidrawi, G.R., Clarke, J. Boulzaguet, J. & Ashkar, T. (1979) Assessment
of insecticidal impact on the malaria mosquito’s vectorial capacity, from data on
the man-biting rate and age-composition. Bulletin of the World Health
Organization, 57, 265-274.
Moller-Jacobs, L.L., Murdock, C.C. & Thomas, M.B. (2014) Capacity of mosquitoes to
transmit malaria depends on larval environment. Parasites and Vectors, 7, 593.
Mordecai, E.A., Paaijmans, K.P., Johnson, L.R., Balzer, C., Ben-Horin, T., de Moor, E.
et al. (2013) Optimal temperature for malaria transmission is dramatically lower
than previously predicted. Ecology Letters, 16, 22-30.
Moret, Y. & Schmid-Hempel, P. (2000) Survival for immunity: the price of immune
system activation for bumblebee workers. Science, 290, 1166-1168.
Moret, Y. & Schmid-Hempel, P. (2001) Immune defence in bumblebee offspring.
Nature, 414, 506.
Moribayashi, A., Sugie, H., Katagiri, C., Uchida, K., Kobayashi, M. & Agui, N. (2004)
Polyunsaturated fatty acid, eicosapentaenoic acid mediates larval-pupal and
pupal-adult development in the malarial vector mosquito Anopheles stephensi.
Medical Entomology and Zoology, 55, 59-66.
Mourya, D.T., Yadav, P. & Mishra, A.C. (2004) Effect of temperature stress on immature
stages and susceptibility of Aedes aegypti mosquitoes to chikungunya virus.
American Journal of Tropical Medicine and Hygiene, 70, 346-350.
Mullens, B.A., Gerry, A.C., Lysyk, T.J. & Schmidtmann, E.T. (2004) Environmental
effects on vector competence and virogenesis of bluetongue virus in Culicoides:
interpreting laboratory data in a field context. Veterinaria Italiana, 40, 160-166.

214

Munga, S., Minakawa, N., Zhou, G., Mushinzimana, E. & Barack, O.O. (2006)
Association between land cover and habitat productivity of malaria vectors in
western Kenya highlands. American Journal of Tropical Medicine and Hygiene,
74, 69-75.
Murdock, C.C., Moller-Jacobs, L.L & Thomas, M.B. (2013) Complex environmental
drivers of immunity and resistance in malaria mosquitoes. Proceedings of the
Royal Society B, 280, 20132030.
Murdock, C.C., Paiijmans, K.P., Cox-Foster, D., Read, A.F. & Thomas, M.B. (2012)
Rethinking vector immunology: the role of environmental temperature in shaping
resistance. Nature Reviews Microbiology, 10, 869-876.
Murdock, C.C., Sternberg, E.S. & Thomas, M.B. (2016) Malaria transmission potential
could be reduced with current and future climate change. Scientific Reports, 6,
27771.
Muriu, S.M., Coulson, T., Mbogo, C.M. & Godfray, H.C.J. (2013) Larval density
dependence in Anopheles gambiae s.s., the major African vector of malaria.
Journal of Animal Ecology, 82, 166-174.
Muturi, E.J. & Alto, B.W. (2011) Larval environmental temperature and insecticide
exposure alter Aedes aegypti competence for arboviruses. Vector Borne and
Zoonotic Diseases, 11, 1157-1163.
Muturi, E.J., Blackshear, M. & Montgomery, A. (2012) Temperature and density
dependent effects of larval environment on Aedes aegypti competence for an
alphavirus. Journal of Vector Ecology, 37, 154-161.
Muturi, E.J., Costanzo, K., Kesavaraju, B. & Alto, B.W. (2011) Can pesticides and larval
competition alter susceptibility of Aedes mosqutioes (Diptera: Culicidae) to
arbovirus infection? Journal of Medical Entomology, 48, 429-236.
Muturi, E.J., Costanzo, K., Kesavaraju, B., Lampman, R. & Alto, B.W. (2010)
Interaction of a pesticide and larval competition on life history traits of Culex
pipiens. Acta tropica, 116, 141-146.
Mwangangi, J. M., Mbogo, C. M., Muturi, E. J., Nzovua, J. G., Kabiru, E. W., Githure, J.
I., Novak, R. J. & Beier, J. C. (2007) Influence of biological and physicochemical
characteristics of larval habitats on the body size of Anopheles gambiae

215

mosquitoes (Diptera: Culicidae) along the Kenyan coast. Journal of Vector Borne
Disease, 44, 122–127.
Mwangangi, J. M., Mbogo, C. M., Nzovu, J. G., Kabiru, E. W., Mwambi, H., Githure, J.
I. & Beier, J. C. (2004) Relationships between body size of Anopheles mosquitoes
and Plasmodium falciparum sporozoite rates along the Kenya coast. Journal of
the American Mosquito Control Association, 20, 390–394.
Naeem-Ullah, U., Akram, W., Suhail, A. & Rana, S.A. (2010) Grouping of different
mosquito species on the bases of larval habitats. Pakistan Journal of Agricultural
Sciences, 47, 124-131.
Nasci, R. (1986) The size of emerging and host-seeking Aedes aegypti and the relation of
size to blood-feeding success in the field. Journal of the American Mosquito
Control Association, 2, 61-62.
Nasci R. (1993) Relationship of wing length to adult dry weight in several mosquito
species (Diptera: Culicidae). Journal of Medical Entomology, 7, 328-332.
Nayar, J.K. & Van Handel, E. (1971) The fuel for sustained mosquito flight. Journal of
Insect Physiology, 17, 471-481.
Ndenga, B.A., Simbauni, J.A., Mbugi, J.P., Githeko, A.K. & Fillinger, U. (2011)
Productivity of malaria vectors from different habitat types in the Western Kenya
Highlands. PLoS One 6, e19473.
Nealis, V.G., Jones, R.E. & Wellington, W.G. (1984) Temperature and development in
host-parasite relationships. Oecologia, 61, 224-229.
Ng’habi, K.R., Huho, B.J., Knwengulila, G., Killeen, G.F., Knols, B.G.J. & Ferguson,
H.M. (2008) Sexual selection in mosquito swarms: may the best man lose?
Animal Behavior, 76, 105-112.
Ng’habi, K.R., John, B., Nkwengulila, G., Knols, B.G.J., Killeen, G.F. & Ferguson, H.M.
(2005) Effect of larval crowding on mating competitiveness of Anopheles
gambiae mosquitoes. Malaria Journal, 4, 49.
Niitepöld K. & Boggs, C.L. (2015) Effects of increased flight on the energetics and life
history of the butterfly Speyeria mormonia. PLoS ONE, 10, e0140104.

216

Nikolaev, B.P. (1935) The influence of temperature on the development of the malaria
parasite in the mosquito. Transactions of the Pasteur Institute of Leningrad, 2, 1
5.
Noden, B.H., Kent, M.D. & Beier, J.C. (1995) The impact of variations in temperature on
early Plasmodium falciparum development in Anopheles stephensi. Parasitology,
111, 539-545.
Novoseltsev, V.N., Michalski, A.I., Novoseltseva, J.A., Yashin, A.I., Carey, J.R. & Ellis,
A.M. (2012) An age-structured extension to the vectorial capacity model. PLoS
One, 7, e39479.
Nyasembe, V.O., Teal, P.E.A., Sawa, P., Tumlinson, J.H., Borgemeister, C. & Torto, B.
(2014) Plasmodium falciparum infection increases Anopheles gambiae attraction
to nectar sources and sugar uptake. Current Biology, 24, 217-221.
Okanda, F.M., Dao, A., Njiru, B.N., Arija, J., Akelo, H.A., Touré, Y. et al. (2002)
Behavioral determinants of gene flow in malaria vector populations: Anopheles
gambiae males select large females as mates. Malaria Journal, 1, 10.
Okech, B.A, Gouagna, L.C., Walczak, E., Kabiru, E.W., Beier, J.C., Yan, G. & Githure,
J.I. (2004) The development of Plasmodium falciparum in experimentally
infected Anopheles gambiae (Diptera: Culicidae) under ambient microhabitat
temperature in western Kenya. Acta Tropica, 92, 99–108.
Okech, B.A., Gouagna, L.C., Yan, G. Githure, J.I. & Beier, J.C. (2007) Larval habitats of
Anopheles gambiae s.s. (Diptera: Culicidae) influences vector competence to
Plasmodium falciparum parasites. Malaria Journal, 6, 50.
Oliver, S.V. & Brooke, B.D. (2013) The effect of larval nutritional deprivation on the life
history and DDT resistance phenotype in laboratory strains of the malaria vector
Anopheles arabiensis. Malaria Journal, 12, 44.
Olsen, A., Vantipalli, M. & Lithgow, G. (2006) Lifespan extension of Caenorhabditis
elegans following repeated mild hermetic heat treatments. Biogerontology, 7,
221:230.
Olszewski, K.L., Morrisey, J.M., Wilinki, D., Burns, J.M., Vaidya, A.B., Rabinowitz,
J.D. & Llinás, M. (2009) Host-parasite interactions revealed by Plasmodium
falciparum metabolomics. Cell Host Microbe, 5, 191-199.

217

Paaijmans, K.P., Blanford, S., Bell, A.S., Blanford, J.I., Read, A.F. & Thomas, M.B.
(2010) Influence of climate on malaria transmission depends on daily temperature
variation. Proceedings of the National Academy of Sciences USA, 107, 15135
15139.
Paaijmans, K.P., Blanford, S., Chan, B.H.K. & Thomas, M.B. (2012) Warmer
temperatures reduce the vectorial capacity of malaria mosquitoes. Biology Letters,
8, 465-468.
Paaijmans, K. P., Cator, L. J. & Thomas, M. B. (2013) Temperature-dependent pre
bloodmeal period and temperature-driven asynchrony between parasite
development and mosquito biting rate reduce malaria transmission intensity. PLoS
One 8, e55777.
Paaijmans, K.P., Huijben, S., Githeko, A.K. & Takken, W. (2009a) Competitive
interactions between larvae of the malaria mosquitoes Anopheles arabiensis and
Anopheles gambiae under semi-field conditions in western Kenya. Acta Tropica,
109, 124-130.
Paaijmans, K.P., Read, A.F. & Thomas, M.B. (2009b) Understanding the link between
malaria risk and climate. Proceedings of the National Academy of Sciences USA,
106, 13844-13899.
Paital, B., Panda, S.K., Hati, A.K., Mohanty, B., Mohapatra, M.K., Kanungo, S. &
Chainy, G.B.N. (2016) Longevity of animals under reactive oxygen species stress
and disease susceptibility due to global warming. World Journal of Biological
Chemistry, 7, 110-127.
Parham, P.E. & Michael, E. (2010) Modeling the effects of weather and climate change
on malaria transmission. Environmental Health Perspectives, 118, 620-626.
Parham, P.E., Pople, D., Christiansen-Jucht, C., Lindsay, S., Hinsley, W. & Michael, E.
(2012) Modeling the role of environmental variables on the population dynamics
of the malaria vector Anopheles gambiae sensu stricto. Malaria Journal, 11, 271.
Patrican, L.A. & DeFoliart, G.R. (1985) Lack of adverse effect of transovarially acquired
LaCrosse virus infection on the reproductive capacity of Aedes triseriatus
(Diptera: Culicidae). Journal of Medical Entomology, 22, 604-611.

218

Patz, J.A. & Olson, S.H. (2006) Malaria risk and temperature: influences from global
climate change and local land use practices. Proceedings of the National Academy
of Sciences USA, 103, 5635–5636.
Patz, J. A., Daszak, P., Tabor, G.M., Alonso Aguirre, A., Pearl, M., Epstein, J. et al.
(2004) Unhealthy landscapes: Policy recommendations on land use change and
infectious disease emergence. Environmental Health Perspectives, 112, 1092
1098.
Pechenik, J.A., Wendt, D.E. & Jarrett, J.N. (2011) Metamorphosis is not a new
beginning: larval experience influences juvenile performance. Bioscience, 48,
901-910.
Peck, G.W. & Walton, W.E. (2006) Effect of bacterial quality and density on growth and
whole body stoichiometry of Culex quinquefasciatus and Culex tarsalis (Diptera:
Culicidae). Journal of Medical Entomology, 43, 25-33.
Pedersen, K.S., Kristensen, T.N., Loeschcke, V., Petersen, B.O., Duus, J.O., Nielsen,
N.C. & Malmendal, A. (2008) Metabolomic signatures of inbreeding at benign
and stressful temperatures in Drosophila melanogaster. Genetics, 180, 1233
1243.
Pemola Devi, N. & Jauhari, R.K. (2007) Mosquito species associated within some
Western Himalayas phytogeographic zones in the Garhwal region of India.
Journal of Insect Science, 7, 1–10.
Perdikis, C. (2008) Effect of larval crowding on the life history traits of Sesamia
nonagrioides (Lepidoptera : Noctuidae). European Journal of Entomology, 57,
625-630.
Peters, R. H. (1983) The Ecological Implications of Body Size. Cambridge: Cambridge
University Press.
Pfaehler, O., Oulo, D.O., Gouangna, L.C., Githure, J. & Guerin, P.M. (2006) Influence of
soil quality in the larval habitat on development of Anopheles gambiae Giles.
Journal of Vector Ecology, 31, 400-405.
Phoofolo, M.W., Giles, K.L. & Elliott, M.C. (2008) Larval life history responses to food
deprivation in three species of predatory lady beetles (Coleoptera: Coccinellidae).
Environmental Entomology, 37, 315-322.

219

Plaistow, S.J., Troussard, J.P. & Cézilly, F. (2001) The effect of the acanthocephalan
parasite Pomphorynchus laevis on the lipid and glycogen content of its
intermediate host Gammarus pulex. International Journal of Parasitology, 31,
346-351.
Ponlawat, A. & Harrington, L.C. (2007) Age and body size influence male sperm
capacity of the dengue vector Aedes aegypti (Diptera: Culicidae). Journal of
Medical Entomology, 44, 422-426.
Preuss, J., Jortzik, E. & Becker, K. (2012) Glucose-6-phosphate metabolism in
Plasmodium falciparum. IUBMB Life, 64, 603-611.
Pulkkinen, K. & Ebert, D. (2004) Host starvation decreases parasite load and mean host
size in experimental populations. Ecology, 85, 823-833.
Quiñones, M.L. et al. (2015) Insecticide resistance in areas under investigation by the
International Centers of Excellence for Malaria Research: A challenge for malaria
control and elimination. American Journal of Tropical Medicine and Hygiene, 93,
69-78.
Rani, A., Sharma, A., Rajagopal, R., Adak, T. & Bhatnagar, R.K. (2009) Bacterial
diversity analysis of larvae and adult midgut microflora using culture-dependent
and culture-independent methods in lab-reared and field-collected Anopheles
stephensi – an Asian malarial vector. BMC Microbiology, 9, 96.
Ranson, H. & Lissenden, N. (2016) Insecticide resistance in African Anopheles
mosquitoes: A worsening situation that needs urgent action to maintain malaria
control. Trends in Parasitology, 32, 187-196.
Reinbold-Wasson, D.D., Sardelis, M.R., Jones, J.W., Watts, D.M., Fernandez, R.,
Carbajal, F. et al. (2012) Determinants of Anopheles seasonal distribution patterns
across a forest to periurban gradient near Iquitos, Peru. American Journal of
Tropical Medicine and Hygiene, 86, 459-463.
Reisen, W.K. & Aslamkhan, M. (1979) A release-recapture experiment with the malaria
vector Anopheles stephensi Liston, with observations on dispersal, survivorship,
population size, gonotrophic rhythm and mating behavior. Annals of Tropical
Medicine and Parasitology, 73, 251-269.

220

Reiskind, M.H. & Zarrabi, A.A. (2012) Is bigger really bigger? Differential responses to
temperature in measures of body size of the mosquito Aedes albopictus. Journal
of Insect Physiology, 58, 911-917.
Rivero, A. & Ferguson, H.M. (2003) The energetic budget of Anopheles stephensi
infected with Plasmodium chabaudi: is energy depletion a mechanism for
virulence? Proceedings of the Royal Society B, 270, 1365-1371.
Rono, M.K., Whitten, M.M.A., Oulad-Abdelghani, M., Levashina, E.A. & Marois, E.
(2010) The major yolk protein vitellogenin interferes with the anti-Plasmodium
response in the malaria mosquito Anopheles gambiae. PLoS Biology, 8,
e1000434.
Ross, R. (1911) Some quantitative studies in epidemiology. Nature, 87, 466-467.
Roux, O., Vantaux, A., Roche, B., Koudraogo, B.Y., Dabire, K.R., Diabate, A., Simard,
F. & Lefèvre, T. (2015) Evidence for carry-over effects of predator exposure on
pathogen transmission potential. Proceedings of the Royal Society B, 282.
Roy, D.N. (1931) Natural breeding habits of Anopheles stephensi as observed in Calcutta.
Indian Journal of Medical Research, 19, 617–628.
Rúa, G.L., Quiñones, M.L., Vélez, I.D., Zuluaga, J.S., Rojas, W., Poveda, G. et al. (2005)
Laboratory estimation of the effects of increasing temperatures on the duration of
the gonotrophic cycle of Anopheles albimanus (Diptera: Culicidae). Memorias do
Instituto Oswaldo Cruz, 100, 515-520.
Russell, T.L., Lwetoijera, D.W., Knols, B.G.J., Takken, W., Killeen, G.F. & Ferguson,
H.M. (2011) Linking individual phenotype to density-dependent population
growth: the influence of body size on the population dynamics of malaria vectors.
Proceedings of the Royal Society B, 278, 3142-3151.
Schiefer, B.A., Ward, R.A. & Eldridge, B.F. (1977) Plasmodium cynomolgi: Effects of
malaria infection on laboratory flight performance of Anopheles stephensi
mosquitoes. Experimental Parasitology, 41, 397-404.
Schulte-Hostedde, A.I., Zinner, B., Millar, J.S. & Graham, J. (2013) Restitution of mass
size residuals: validating body condition indicies. Ecology, 86, 155-163.

221

Service, M.W. (1978) A short history of early medical entomology. Journal of Medical
Entomology, 14, 603-626.
Service, M.W. (1997) Mosquito dispersal – the long and short of it. Journal of Medical
Entomology, 34, 6.
Shapiro, L.L.M., Murdock, C.C., Jacobs, G.R., Thomas, R.J. & Thomas, M.B. (2016)
Larval food quantity affects the capacity of adult mosquitoes to transmit human
malaria. Proceedings of the Royal Society B, 283, 20160298.
Sharma, R. S. (1995) Urban malaria and its vectors: Anopheles stephensi and Anopheles
culicifacies (Diptera: Culicidae) in Gurgaon, India. Southeast Asian Journal of
Tropical Medicine and Public Health, 26.
Shope, R. (1991) Global climate change and infectious diseases. Environmental Health
Perspectives, 96, 171–174.
Shute, P.G. & Maryon, M. (1952) A study of human malaria oocysts as an aid to species
diagnosis. Transactions of the Royal Society of Tropical Medicine and Hygiene,
46, 275-292.
Siddons, L.B. (1944) Observations on the influence of atmospheric temperature and
humidity on the infectivity of Anopheles culicifacies Giles. Journal of the Malaria
Institute of India, 5, 375-388.
Simpson, M.G. & Laurence, B.R. (1979) Incorporation of radioactive precursors into
filarial larvae of Brugia developing in susceptible and refractory mosquitoes.
Journal of Parasitology, 65, 732-736.
Sinka, M.E., Bangs, M.J., Manguin, S., Chareonviriyaphap, T., Patil, A.P., Temperley,
W.H. et al. (2011) The dominant Anopheles vectors of human malaria in the Asia
Pacific region: occurrence data, distribution maps, and bionomic précis. Parasites
and Vectors, 4, 89.
Sinka, M.E., Bangs, M.J., Manguin, S., Rubio-Palis, Y., Chareoviriyaphap, T., Coetzee,
M. et al. (2012) A global map of dominant malaria vectors. Parasites and
Vectors, 5, 69.

222

Smith, D.L., Battle, K.E., Hay, S.I., Barker, C.M., Scott, T.W. & McKenzie, F.E. (2012)
Ross, Macdonald, and a theory for the dynamics and control of mosquito
transmitted pathogens. PLoS Pathogens, 8: e1002588.
Smith, D.L., McKenzie, F.E. (2004) Statics and dynamics of malaria infection in
Anopheles mosquitoes. Malaria Journal, 3, 13.
Smith, D. L., McKenzie, F. E., Snow, R. W. & Hay, S. I. (2007) Revisiting the basic
reproductive number for malaria and its implications for malaria control. PLoS
Biology, 5, e42.
Stearns, S. C. & Koella, J. C. (1986) The evolution of phenotypic plasticity in life-history
traits: predictions of reaction norms for age and size at maturity. Evolutionary
Ecology Research 40, 893–913.
Stoffolano, J.G., Gonzalez, E.Y., Sanchez, M., Kane, J., Oquendo, A.L., Sakolsky, G. et
al. (2000) Relationship between size and mating success in the blow fly Phormia
regina (Diptera: Calliphoridae). Annals of the Entomological Society of America,
93, 673-677.
Stratman-Thomas, W.K. (1940) The influence of temperature on Plasmodium vivax.
American Journal of Tropical Medicine and Hygiene, 20, 703-715.
Stresman, G. (2012) Beyond temperature and precipitation: Ecological risk factors that
modify malaria transmission. Acta Tropica, 116, 167-172.
Styer, L.M., Carey, J.R., Wang, J.L. & Scott, T.W. (2007) Mosquitoes do senesce:
Departure from the paradigm of constant mortality. American Journal of Tropical
Medicine and Hygiene, 76, 111–117.
Sulmon, C., Van Baaren, J., Cabello-Hurtado, F., Gouesbet, G., Hennion, F., Mony, C.,
et al. (2015) Abiotic stressors and stress responses: What commonalities appear
between species across biological organization levels? Environmental Pollution,
202, 66-77.
Suwanchaichinda, C. & Paskewitz, S.M. (1998) Effects of larval nutrition, adult body
size and adult temperature on the ability of Anopheles gambiae (Diptera:
Culicidae) to melanize Sephadex beads. Journal of Medical Entomology, 35, 157
161.

223

Takahashi, M. (1976) The effects of environmental and physiological conditions on the
pattern of transmission of Japanese encephalitis virus. Journal of Medical
Entomology, 13, 275-284.
Takken, W., Klowden, M.J. & Chambers, G.M. (1998) Effect of body size on host
seeking and blood meal utilization in Anopheles gambiae sensu stricto (Diptera:
Culicidae): the disadvantage of being small. Journal of Medical Entomology, 35,
639-645.
Takken, W., Smallengange, R.C., Vigneau, A.J., Johnston, V., Brown, M., Mordue
Luntz, A. & Billingsley, P.F. (2013) Larval nutrition differentially affects adult
fitness and Plasmodium development in the malaria vectors Anopheles gambiae
and Anopheles stephensi. Parasites and Vectors, 6, 345.
Teder, T., Esperk, T., Remmel, T., Sang, A. & Tammaru, T. (2010) Counterintuitive size
patterns in bivoltine moths: late-season larvae grow larger despite lower food
quality. Oecologia, 162, 117-125.
Teets, N.M., Peyton, J.T., Ragland, G.J., Colinet, H., Renault, D., Hahn, D.A. &
Denlinger, D.L. (2012) Combined transcriptomic and metabolomics approach
uncovers molecular mechanisms of cold tolerance in temperate flesh fly.
Physiological Genomics, 44, 764-777.
Telang, A., Frame, L. & Brown, M.R. (2007) Larval feeding duration affects ecdysteroid
levels and nutritional reserves regulating pupal commitment in the yellow fever
mosquito Aedes aegypti (Diptera: Culicidae). The Journal of Experimental
Biology, 210, 854-864.
Telang, A., Li, Y., Noriega, F.G. & Brown, M.R. (2006) Effects of larval nutrition on the
endocrinology of mosquito egg development. Journal of Experimental Biology,
209, 645–655.
Telang, A., Qayum, A.A., Parker, A., Sacchetta, B.R. & Byrnes, G.R. (2012) Larval
nutritional stress affects vector immune traits in adult yellow fever mosquito
Aedes aegypti (Stegomyia aegypti). Medical and Veterinary Entomology, 26, 271
281.
Telang, A. & Wells, M.A. (2004) The effect of larval and adult nutrition on successful
autogenous egg production by a mosquito. Journal of Insect Physiology, 50, 677
685.

224

Thomas, M.B. & Blanford, S. (2003) Thermal biology in insect-parasite interactions.
Trends in Ecology and Evolution, 18, 344-350.
Timmermann, S.E. & Briegel, H. (1999) Larval growth and biosynthesis of reserves in
mosquitoes. Journal of Insect Physiology, 45, 461–470.
Tubiello, F.N. & Fischer, G. (2007) Reducing climate change impacts on agriculture:
Global and regional effects of mitigation, 2000-2080. Technological Forecasting
and Social Change, 74, 1030-1056.
Tun-Lin, W., Burkot, T.R., & Kay, B.H. (2000) Effects of temperature and larval diet on
development rates and survival of the dengue vector Aedes aegypti in north
Queensland, Australia. Medical and Veterinary Entomology, 14, 31-37.
Valtonen, T.M., Kangassalo, K., Pölkki, M. & Rantala, M.J. (2012) Transgenerational
effects of parental larval diet on offspring development time, adult body size and
pathogen resistance in Drosophila melanogaster. PLoS One, 7, e31611.
van Schaijk, B.C.L. et al. (2014) Type II fatty acid biosynthesis is essential for
Plasmodium falciparum sporozoite development in the midgut of Anopheles
mosquitoes. Eukaryotic. Cell, 13, 550–9.
Vantaux, A., Ouattarra, I., Lefèvre, T. & Dabirè, K.R. (2016) Effects of larvicidal and
larval nutritional stresses on Anopheles gambiae development, survival and
competence for Plasmodium falciparum. Parasites and Vectors, 9, 226.
Vaughan, J.A. (2007) Population dynamics of Plasmodium sporogony. Trends in
Parasitology, 23, 63-70.
Vaughan, J.A., Hensley, L. & Beier, J. C. (1994) Sporogonic development of
Plasmodium yoelii in five anopheline species. Journal of Parasitology, 80, 674
681.
Vaughan, J.A., Noden, B.H. & Beier, J.C. (1992) Population dynamics of Plasmodium
falciparum sporogony in laboratory-infected Anopheles gambiae. Journal of
Parasitology, 78, 716-724.
Vittor, A.Y., Gilman, R.H., Tielsch, J., Glass, G., Shields, T. et al. (2006) The effect of
deforestation on the human-biting rate of Anopheles darlingi, the primary vector

225

of falciparum malaria in the Peruvian Amazon. American Journal of Tropical
Medicine and Hygiene, 74, 3-11.
Vlachou, D. & Kafatos, F.C. (2005) The complex interplay between mosquito positive
and negative regulators of Plasmodium development. Current Opinion in
Microbiology, 8, 415-421.
Walker, K. & Lynch, M. (2007) Contributions of Anopheles larval control to malaria
suppression in tropical Africa: review of achievements and potential. Medical and
Veterinary Entomology, 21, 2-21.
Wamae, P.M., Githeko, A.K., Menya, D.M. & Takken, W. (2010) Shading by napier
grass reduces malaria vector larvae in natural habitats in western Kenya
highlands. EcoHealth, 7, 485-497.
Westbrook, C.J., Reiskind, M.H., Pesko, K.N., Greene, K.E. & Lounibos, L.P. (2010)
Larval environmental temperature and susceptibility of Aedes albopictus Skuse
(Diptera: Culicidae) to chikungunya virus. Vector-Borne and Zoonotic Diseases,
10, 241-247.
Westby, K.M. & Juliano, S.A. (2015) Simulated seasonal photoperiods and fluctuating
temperatures have limited effects on blood feeding and life history in Aedes
triseriatus (Diptera: Culicidae). Journal of Medical Entomology, 52, 896-906.
World Health Organization. (2014) A Global Brief on Vector-Borne Diseases 2014.
Geneva, Switzerland.
World Health Organization. (2012) World Malaria Report 2012. Geneva, Switzerland.
World Health Organization. (2015) World Malaria Report 2015. Geneva, Switzerland.
Yadav, P., Barde, P.V., Gokhale, M.D., Vipat, V., Mishra, A.C., Pal, J.K. & Mourya,
D.T. (2005) Effect of temperature and insecticide stresses on Aedes aegypti larvae
and their influence on the susceptibility of mosquitoes to dengue-2 virus.
Southeast Asian Journal of Tropical Medicine and Public Health, 36, 1139-1144.
Yamana, T.K., Bomblies, A. & Eltahir, E.A.B. (2016) Climate change unlikely to
increase malaria burden in West Africa. Nature Climate Change, 6, 3085.

226

Yang, A.G., Brook, B.W., Whelan, P.I., Cleland, S. & Bradshaw, C.J.A. (2008)
Endogenous and exogenous factors controlling temporal abundance patterns of
tropical mosquitoes. Ecological Applications, 18, 2028–2040.
Yaro, A.S., Touré, A.M., Guindo, A., Coulibaly, M.B., Dao, A., Diallo, M. & Traoré,
S.F. (2012) Reproductive success in Anopheles arabiensis and the M and S
molecular forms of Anopheles gambiae: do natural sporozoite infection and body
size matter? Acta Tropica, 122, 87-93.
Yuval, B. (1993) Effect of body size on swarming behavior and mating success of male
Anopheles freeborni. Journal of Insect Behavior, 6, 333-342.
Yuval, B. (2006) Mating systems of blood-feeding flies. Annual Review of Entomology,
51, 413-440.
Yuval, B. & Bouskila, A. (1993) Temporal dynamics of mating and predation in
mosquito swarms. Oecologia, 95, 65–69.
Zakharova, N.F., Losev, G.I. & Iakubovich, V.I. (1990) The effect of density and
temperature on the larval populations of the malaria vector Anopheles sacharovi.
Meditsinskaia Parazitologiia i Parazitarnye Bolenzi, 1, 3-7.
Zhao, L., Pridgeon, J.W., Becnel, J.J., Clark, G.G. & Linthicum, K.J. (2009)
Identification of genes differentially expressed during heat shock treatment in
Aedes aegypti. Journal of Medical Entomology, 46, 490-495.
Zhao, Y.O., Kurscheid, S., Zhang, Y., Liu, L., Zhang, L., Loeliger, K. & Fikrig, E. (2012)
Enhanced survival of Plasmodium-infected mosquitoes during starvation. PLoS
One, 7, e40556.
Zhou, G., Pennington, J.E. & Wells, M.A. (2004) Utilization of pre-existing energy stores
of female Aedes aegypti mosquitoes during the first gonotrophic cycle. Insect
Biochemistry and Molecular Biology, 34, 919-925.

VITA
Lillian Shapiro
(neé Moller-Jacobs)

Education
The Pennsylvania State University, University Park, PA
Ph.D., Entomology
Illinois College, Jacksonville, IL
B.S., Biology

2011-2016
2007-2011

Select Publications
Shapiro, L.L.M., Murdock, C.C., Jacobs, G.R., Thomas, R.J., Thomas, M.B. (2016)
Larval food quantity affects the capacity of adult mosquitoes to transmit human
malaria. Proc. R. Soc. B., 283, 20160298.
Moller-Jacobs, L.L., Murdock, C.C., Thomas, M.B. (2014) Capacity of mosquitoes to
transmit malaria depends on larval environment. Parasites & Vectors, 7, 593.
Murdock, C.C., Moller-Jacobs, L.L., Thomas, M.B. (2013) Complex environmental
drivers of immunity and resistance in malaria mosquitoes. Proc. R. Soc. B., 280,
20132030.
Select Honors & Awards
Michael E. Duke Memorial Award, PSU Department of Entomology
Entomological Society of America: Medical, Urban, and Veterinary
Entomology Section Oral Presentation, First Place
Gamma Sigma Delta Agricultural Honors Society
Penn State Graduate Biology Division, First Place
National Science Foundation Graduate Research Fellowship
Penn State Alex and Jesse Black Graduate Fellowship
Research Experience
Graduate Research Fellow
Thomas Lab, Penn State, Department of Entomology
Assistant to the Curator
Departments Zoology, Illinois State Museum
Laboratory Research Student/Technician
Zettler & Corey Labs, Illinois College
Teaching & Service
Undergraduate Honors Thesis Supervisor for Rachel Thomas
PSU Department of Biochemistry & Molecular Biology
Grading Assistant, Science in our World 202
Professor: Dr. Andrew Read, Biology Department
Great Insect Fair, Penn State University
Agricultural Progress Days, Penn State University
PSU Entomology Department Recruitment Committee
Reviewer
Parasites & Vectors, J. Medical Entomology, Infection & Immunity,
Biocontrol Science & Technology

2015
2014, 2015
2014, 2015
2013-2016
2011-2012
2011-2016
Summer 2010
2008-2011

2013-2016
2011-2015
2011-2014
2015
2012-2014
2013-Present

