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ABSTRACT

The importance of biodiversity to ecosystem health and functioning at global, regional, and
local scales is becoming increasingly evident in the ecological and biological sciences.
Biodiversity provides key ecosystem services, promotes ecosystem, human, and wildlife health,
and can provide a buffer to the introduction and spread of infectious diseases. Specifically, high
host diversity is known to decrease pathogen transmission of vector-borne pathogens, a
phenomenon known as the dilution effect. In recent studies, the effects of biodiversity on disease
systems have been explored primarily with respect to the host community. However, many multi-
host vector-borne pathogens, like West Nile virus (WNV), St. Louis encephalitis virus (SLEV),
and Chikungunya virus, are also transmitted by diverse vector communities. The effects of vector
community biodiversity on pathogen transmission have been much neglected compared with

effects of host community diversity. As mosquitoes are the most abundant vector of arboviruses



in the world, a deeper understanding of the ecology and transmission dynamics of vector
communities will serve as a model for understanding the ecology of multi-host pathogens in
general, as well as important zoonoses like Dengue virus and Zika virus. With this in mind, my
dissertation research aimed to answer the following questions: (1) How do interspecific
interactions during the larval life stage affect population growth and coexistence?; (2) Are the
effects of interspecific larval competition temperature-dependent?; and (3) How does competition

between vector species affect pathogen transmission?
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CHAPTER 1
ECOLOGY OF MULTI-HOST PATHOGENS OF ANIMALS

Introduction

Pathogens are often characterized as specialists or generalists based on the number of
different host species they infect, as well as the phylogenetic relatedness among hosts. Host range
is can be associated with several factors, including the geographic ranges of pathogens and hosts,
host and pathogen phylogeny, and life history traits (Cleaveland et al. 2001, Malpica et al. 2006).
Some studies also point to the influence of mode of transmission in determining host specificity
of different types of pathogens (Pedersen et al. 2005). Additionally, a pathogen’s host range can
be specific to a certain strain or subtype of the pathogen, which is the case for various subtypes of
influenza A. It is worth noting that the designation of a narrow or wide host range is relative. For
example, White Nose syndrome (WNS), a disease caused by a pathogenic fungus infecting several
bat species, could be said to have a narrow host range because it only infects one class of animals.
One the other hand, it could be considered to have a wide host range compared to a pathogen like

Plasmodium falciparum, the protozoan that causes malarial illness and only infects humans.

The majority of pathogens of animals are generalists that infect multiple host species,
referred to as multi-host pathogens or multi-host parasites. Some multi-host pathogens are
maintained in a sylvatic transmission cycle where the pathogen is maintained completely in
multiple wildlife species. Among domesticated animal species, roughly 77% of pathogens of
livestock and 90% of pathogens of domestic carnivores are known to be multi-host pathogens

(Cleaveland et al. 2001). Over 60% of all known human pathogens are zoonotic (Taylor et al.



2001), meaning they originate in animals but can cross-infect humans. In some cases, humans can
go on to infect humans or other animals (e.g., plague), while in others (e.g. West Nile virus)
humans are dead-end hosts. In the latter case, the pathogen causes disease in an individual human

but further transmission to other hosts or vectors does not occur.

Why and how do pathogens infect multiple host species?

The ability to infect multiple host species is not limited to pathogens of a specific type (virus,
bacteria, helminth, etc.) or pathogens employing a particular mode of transmission (Figure 1). The
following are only a small subset of multi-host pathogens (or diseases caused by multi-host
pathogens) listed by their mode of transmission:

e Close contact/direct transmission (including direct contact, airborne, aerosol, bite, or
sexual transmission): SARS, rabies, monkeypox, influenza, hantavirus, herpes, SIV
(simian immunodeficiency virus)

e Non-close/indirect transmission (including fomites, environmental transmission): cholera,
avian influenza, anthrax, brucellosis

e Intermediate host: Schistosomiasis, Dicrocoelium dendriticum

e Vector-borne transmission: West Nile virus, Lyme disease, Chikungunya
Depending on the mode of transmission, some pathogens are considered to be obligate multi-host
pathogens or parasites; these include parasites with complex life cycles and vector-borne
pathogens. Parasites that exhibit a complex life cycle require a definitive host for reproduction and
one or more intermediate host species for growth and development. VVector-borne pathogens are
transmitted between hosts by an intermediate organism, often an arthropod like mosquitoes or

ticks, referred to as a vector.



Several factors can enable a pathogen to infect multiple host species (e.g., Pulliam and
Dushoff 2009). For example, genetic change in the pathogen can occur through selection or
through random mutations, allowing the pathogen to become better adapted to infect a new host
species (Pepin et al. 2010). It is generally believed that the higher a pathogen's mutation rate, the
more genetically diverse it will be and therefore the more likely it is that the pathogen is a
generalist. For example, RNA viruses mutate ~300 times faster than DNA viruses, and directly
transmitted RNA viruses of humans are more likely to be zoonotic than directly transmitted DNA
viruses of humans (Drake 1993, Woolhouse et al. 2001). Host speciation is another mechanism
by which a pathogen that originally infects an ancestral host comes to infect multiple new host
species (e.g., Garamszegi 2009). Generally, pathogens tend to infect host species that are
phylogenetically similar to each other because these host species share traits that make them
susceptible to the same pathogens (e.g., immunologic, antigenic, or ecological similarities).
Conversely, more distantly related host species do not share as many traits, decreasing the chances
that they will share pathogen species (Freeland 1983, Davies and Pedersen 2008). Recently
speciated hosts share genetic similarities, potentially allowing a pathogen to infect both species.
Introductions of non-native hosts and pathogens can also result in the infection of a new host
species by providing new opportunities for infectious contact between pathogens and naive hosts

(e.g., Peeler et al. 2011).

Infecting a wide range of host species is one way in which a pathogen’s chance of
persistence is increased. The ability to infect multiple host species is not always adaptive, however,
and several ecological trade-offs are associated with the benefit of a broad host range. For example,
while single-host pathogens tend to evolve an intermediate level of virulence in their host,

virulence evolution in multi-host pathogens is more complex. A multi-host pathogen could be



highly virulent in one host while exhibiting low virulence in another. The optimal virulence in
each host will depend on how each host contributes to pathogen fitness (Regoes et al. 2000, Gandon
2004, Rigaud et al. 2010). Another cost of infecting multiple host species is the degree to which a
pathogen can adapt to a host’s immune system. If a pathogen only infects one host species, the
pathogen can evolve to become highly proficient at evading the immune system of that host. In
multi-host pathogens, however, an adaptation in one host species may be maladaptive in another
host species (Elena et al. 2009). For example, many vector-borne pathogens are viruses, and thus
are expected to have a great deal of genetic diversity due to high mutation rates (Cooper and Scott
2001, Ciota et al. 2007). However, experimental research has shown that viral genetic sequences
are largely unchanged after multiple transmissions between very different species (i.e., a serial
passage experiment between an invertebrate vector and a vertebrate host). Moreover, viruses that
were experimentally allowed to transmit between only one species rapidly adapted to that species,
with coinciding loss of fitness often observed in the bypassed species (Romanova et al. 2007,
Coffey et al. 2008, Vasilakis et al. 2009). This host alternation is, therefore, a potential constraint

on the genetic diversity of multi-host pathogens.

Invasion and population dynamics of multi-host pathogens

The invasion of a naive population of hosts and subsequent epidemiological dynamics of
multi-host pathogens are inherently different from single host systems because multiple host
species provide multiple invasion pathways, as well as multiple transmission routes. That is, if
infection is unsuccessful in one host species, the presence of another host species provides an
alternative route for the pathogen to invade a community. Both invasion and persistence are related

to a theoretical quantity, Ro, referred to as the basic reproductive number and defined as the number



of secondary infections resulting from a single primary infection in a completely susceptible
population. If Ro>1, then an introduced pathogen is likely to persist and may go on to cause an
epidemic in the host population (Anderson and May 1991). In a community comprised of multiple
host species, Ro may be greater than one for one species, but less than one for another species. In
this case, the community composition would determine whether or not the pathogen will persist at
the community level (discussed further below). The form of transmission (i.e., density-dependent
versus frequency-dependent) also has implications for population dynamics of multi-host
pathogens (Dobson 2004). Single-host pathogens that rely on density-dependent transmission
rarely drive their host to extinction because the host population will drop below a threshold size
such that pathogen transmission can no longer be maintained (Grenfell and Dobson 1995, Hudson
et al. 2002). Utilizing mechanisms that give rise to frequency dependent transmission (e.g.,
sexually transmitted or vector-borne pathogens), as well as infecting multiple host species that
may act as reservoirs, increases the chance of pathogen-induced host extinction because the

threshold density for pathogen persistence is eliminated (de Castro and Bolker 2005).

In host-pathogen systems with multiple hosts, disease dynamics can also be dependent on
the competence of each host species for harboring and transmitting the pathogen, as well as the
relative frequency of transmission between host and vector species (LoGuidice et al. 2003). Thus,
the community composition of potential hosts can have a large effect on pathogen dynamics,
especially when there is substantial variation in competence within the host community (Holt et
al. 2003, LoGuidice et al. 2008). Specifically, theory suggests that, in multi-host vector-borne
pathogen systems, more diverse host communities may reduce pathogen transmission by
decreasing contacts between infected vectors and highly competent hosts compared with single-

species host systems (Schmidt and Ostfeld 2001, Keesing et al. 2006). This phenomenon, referred



to as the dilution effect, has been studied primarily in the Lyme disease system of the Northeast
U.S., but has also been demonstrated in other multi-host pathogen systems (Figure 2; Swaddle and
Calos 2008, Dizney and Ruedas 2009, Hall et al. 2009). Some scientists have argued that while
empirical evidence exists for the dilution effect in several multi-host pathogen systems, we often
do not know the mechanism by which disease dilution is occurring (e.g., dilution versus density

effects; Begon 2008).

Multi-host pathogens in a changing climate

As many pathogens are associated with tropical or equatorial areas of the world, it has been
suggested that increased temperatures accompanying climate change will lead to the emergence,
re-emergence, or persistence of many more pathogens (Harvell et al. 2002). Changes in climate
are predicted to lead to range expansion and range shifts of pathogens, their hosts, and their vectors,
making precise climate-associated changes in disease dynamics difficult to predict (Lafferty et al.
2009, Harvell et al. 2009). Adverse effects of climate warming have already been discovered in
some multi-host pathogen systems, like chytridiomycosis outbreaks (a fungal infection caused by
Batrachochytrium dendrobatidis) in amphibian communities. Severe declines in amphibian
diversity have been linked to warmer temperatures, which are thought to increase the growth of
the fungus (e.g., Bosch et al. 2007). Changes in climate are also known to alter certain animal
behaviors, like the timing or spatial course of migration, which has the potential to alter multi-host
pathogen transmission by changing when and where pathogens and parasites encounter their hosts,

affecting both the time and size of disease outbreaks (Altizer et al. 2011).



Why should we study multi-host pathogens?

Multi-host pathogen systems are intrinsically complex, shaped by pathogen and host
dynamics as well as evolutionary, environmental, and climatic interactions. Understanding multi-
host pathogens from an ecological perspective provides a variety of potential applications. Multi-
host pathogens can, for instance, affect organisms and ecological dynamics far outside their host
range. Depending on their effect on a host species (high virulence/mortality, behavioral
modification, reduced fitness/reproduction, etc.), multi-host pathogens may regulate not only
populations and communities of host species, but also predator, prey, or competitor populations
(Hatcher et al. 2006 and references therein). Understanding the ecology and evolution of multi-
host pathogens may also be important for species conservation and biodiversity preservation
(McCallum and Dobson 1995, Smith et al. 2006). Some species that are now declining due at least
in part to multi-host pathogens include bird species infected by avian malaria in Hawaii (Van Riper
etal. 1986) and WNV in the continental U.S. (LaDeau et al. 2007), bat species in the U.S. infected
with the pathogenic fungus (Geomyces destructans) that causes White-nose Syndrome (Frick et
al. 2010), and seals infected with phocine distemper virus in Europe (Swinton et al. 1998, Jensen
et al. 2002). Lastly, understanding the ecology of multi-host pathogens, particularly those that are
zoonotic, can provide important information needed for shaping human health policy, and may
contribute to outbreak detection and other warning systems, or be central to programs aimed at

preventing or reducing transmission and human infections by multi-host pathogens.
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Figure 1.1: Proportion of pathogens known to be zoonotic, stratified by pathogen class and mode
of transmission (adapted from Woolhouse et al. 2001). As demonstrated by this figure, multi-host
pathogens (in this case, pathogens that infect at least one non-human animal species in addition to

humans) are abundant regardless of the type of pathogen or mode of transmission.
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Figure 1.2: Evidence of the dilution effect, shown here as a decline in prevalence of Sin Nombre
virus in deer mice with increasing biodiversity of the surrounding community (adapted from
Dizney and Reudas 2009). Biodiversity was measured using Simpson’s diversity index, which
accounts for both species richness (number of species in a community) and species evenness

(relative abundance of each species in a community).
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Glossary

Multi-host pathogen: A pathogen that infects multiple host species

Sylvatic transmission: Transmission cycle of a pathogen maintained completely in non-human
animals

Zoonotic: Referring to a pathogen that infects humans, but originates from a non-human animal
species

Dead-end host: A host in which a pathogen can cause disease, but not maintain transmission
Phylogenetic relatedness: Evolutionary distance among species; organisms that share a recent
common ancestor and typically have genetic similarities

Host range: The set of host species that a pathogen or parasite can infect, described by both the
number of host species and the phylogenetic relatedness between host species.

Direct transmission: Occurring from direct or close contact with infectious individuals, including
aerosol/airborne transmission, sexual transmission, and transmission via a bite

Indirect transmission: Occurring from non-close contact with infectious individuals, including
fomites and environmental transmission

Complex life cycle: A parasite life cycle that requires a definitive host for reproduction and one or
more intermediate hosts for growth and development

Vector: Organisms (primarily arthropods like mosquitoes, ticks, and fleas) that transmit a pathogen
between host species

Virulence: Pathogen-induced mortality or other decline in the fitness of a host caused by infection
Fitness: The potential for an organism to survive and reproduce

Host alternation: Pathogen transmission between two or more (often disparate) host species, which

constrains pathogen adaptation to one host species over another
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Ro: The basic reproductive number; the number of secondary infections arising from an initial
infection in a completely susceptible population

Community composition: The number and relative abundance of host species in a community
Density-dependent transmission: Transmission rate that increases with host density
Density-independent transmission: Transmission rate that functions independent of host density
Competence: The differential ability of an organism to harbor and transmit a pathogen

Dilution effect: A net reduction in pathogen transmission from increasing host species diversity
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CHAPTER 2
TRANS-BOUNDARY ECOSYSTEM EFFECTS OF LARVAL MOSQUITO COMPETITION
ON ADULT VITAL RATES, INTRINSIC GROWTH RATE, AND SPECIES COEXISTENCE

OF DISEASE VECTORS!

'Bowden, Sarah E. and Drake, John M. To be submitted to Ecology and Evolution.
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Abstract

Mosquitoes undergo an ontogenetic niche shift from the aquatic to terrestrial ecosystem
during their life cycle. This niche shift makes it possible for interactions during the aquatic life
stages (e.g., larval competition) to impact population dynamics of terrestrial life stages through
changes in vital rates, a phenomenon termed trans-boundary ecosystem effects. The potential for
mosquitoes to produce such effects is of interest to both ecologists and epidemiologists because
many mosquito species serve as disease vectors during the adult life stage. We performed
laboratory microcosm experiments to quantify the effects of larval competition on adult population
growth and species coexistence of three mosquito vectors (Culex quinquefasciatus, Aedes
albopictus, and Ae. aegypti). Our results suggest a competitive heirarchy among the three species
under the specific physical conditions of this experiment (e.g., 27°C, animal-based food source),
with Ae. aegypti expected to competitively exclude both Cx. quinquefasciatus and Ae. albopictus.
Our research highlights the potential for coupled dynamics between ecosystems due to species
with complex life cycles.

Introduction

Species which undergo ontogenetic niche shifts may couple the dynamics of two
ecosystems, whereby ecological processes such as nutrient acquisition or interaction with another
species occurring during one life stage in one ecosystem may carry over to affect processes or
interactions in another ecosystem during another stage of development (Werner and Gilliam 1984).
Such "trans-boundary" ecosystem effects, coupling the dynamics of two or more ecosystems, is
often brought about by species with complex life cycles (Schreiber and Rudolf 2008, McCoy et al.
2009). For example, a study by (Knight et al. 2005) found evidence of a trans-boundary tropic

cascade between freshwater aquatic ecosystems and the adjacent terrestrial environment. A survey
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of permanent ponds, some of which contained fish and some of which did not, showed that there
were fewer adult dragonflies in the terrestrial environment surrounding ponds containing fish due
to predation by fish on larval dragonflies. Important pollinators, such as bees, serve as prey for
adult dragonflies; thus, this reduction in adult dragonfly abundance resulted in an increase in
pollinator abundance and increased terrestrial plant reproduction (Knight et al. 2005). Mosquitoes
are a paradigmatic example of such a species, shifting from the aquatic larval habitat to the
terrestrial adult habitat during their life cycle, suggesting that they are capable of producing these
trans-boundary effects. The potential for mosquitoes to produce such effects is of interest to both
ecologists and epidemiologists because many mosquito species serve as disease vectors during the
adult life stage. Understanding the processes by which mosquitoes produce trans-boundary
ecosystem effects could lead to better models of mosquito population dynamics and vector-borne

disease risk.

For mosquitoes, interactions which occur during the larval stage, such as intraspecific and
interspecific competition, are known to alter larval survival (Schneider et al. 2000), development
time (Agnew et al. 2000), adult size (Gimnig et al. 2002), and adult longevity (Reiskind and
Lounibos 2009, Alto 2011). Changes in these vital rates translate to changes in population
dynamics (Juliano 2007) that affect the relative abundance of a species and the overall adult
(vector) community composition. As vectors vary in their ability to harbor and transmit a pathogen
(competence) (Turell et al. 2001), changes in vector community composition may also alter the
transmission risk to the host community through disease dilution or amplification (Keesing et al.
2006). In addition to its effect on vital rates and population dynamics, interspecific competition
has also been shown to alter the vector competence of some species, usually through reductions in

body size (Alto et al. 2005, 2008, Bevins 2008). While many studies of interspecific competition
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in larval mosquitoes exist, most focus exclusively on a small subset of vector species, such as the
invasive Asian tiger mosquito (Aedes albopictus) and anopheline vectors of malaria (Juliano
2009). However, vector species breed in a variety of habitat types and may interact with several
other species during the larval stage. Thus, it is important to study larval competition in the context

of the larger ecological community, and not just with respect to pairwise interactions.

We propose that trans-boundary coupling occurs in mosquito communities through the
effects of interspecific larval competition on adult community composition. To test this hypothesis,
we performed laboratory microcosm experiments to measure the effects of interspecific
competition on larval survival, development time, and body size (which relates linearly to
fecundity (Armbruster and Hutchinson 2002)) of three ecologically and medically important
mosquito species — Culex quinquefasciatus, Aedes albopictus, and Aedes aegypti. We then
estimated population growth rates for each species under different competitive scenarios across a
density gradient. While previous research has shown that Aedes albopictus is a superior competitor
to Aedes aegypti (Juliano 1998, Juliano et al. 2004, Juliano and Philip Lounibos 2005), the
competitive interaction of either Aedes species with Culex quinquefasciatus and with all three
species together is unknown. Our results indicate a competitive hierarchy among these three
species, with Aedes aegypti as the superior competitor and Culex quinquefasciatus as the inferior
competitor.

Methods

Experimental design. The three mosquito species used in this experiment were selected
because they overlap in geographic range in the southeast U.S. (Darsie and Ward 2005); share
similar oviposition and larval habitat preferences, making it possible encounter one another during

the larval stage; and are all known vectors of zoonotic diseases. Culex quinquefasciatus is a
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competent West Nile virus (WNV) vector and is highly abundant in urban areas. Aedes albopictus
and Aedes aegypti are both vectors of Dengue virus (DENV), Chikungunya virus (CHIKV), and

Zika virus (ZIKV).

We used a full factorial design to explore the additive effects of increasing density (30, 60,
or 90 individuals) simultaneously with the substitutive effects of increasing species richness (1, 2,
or 3 species) for all combinations of the three mosquito species described above. An experimental
design that is both additive and substitutive allowed us to parse apart density-dependence of vital
rates from the effects of interspecific competitors, as well as to determine if the effects of
interspecific competition were density dependent (Scheiner and Gurevitch 2001). This resulted in
a total of 21 treatments: nine single-species treatments (3 species x 3 densities), nine two-species
treatments (3 combinations x 3 densities), and three three-species treatments (1 combination x 3

densities). This design was replicated five times.

First instar larvae of each species were synchronously hatched within 24 hours of the start
of each experiment using eggs from laboratory-maintained colonies at the University of Georgia.
Culex quinquefasciatus larvae were hatched live from egg rafts, while Aedes albopictus and Aedes
aegypti larvae were hatched from dried eggs. Larvae were placed in BioQuip Mosquito Breeder
microcosms with 200 mL of de-ionized (DI) water. Each treatment received 0.1 g of ground fish
flake food suspended in 10 mL of DI water, after which microcosms were incubated at 27 °C with
a16:8 hour L:D cycle. Microcosms were monitored daily for 15 days; eclosed adults were removed

every 24 hours and frozen for further data collection.

Data collection. We used a dissecting microscope with an integrated camera to determine
the species and sex of all eclosed adults (n=3,453), as well as measured abdominal length (from

the metapostnotum to the end of the cerci). Development time was calculated as the number of
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days from the start of the experiment to emergence. Egg-to-adult survival was calculated under the
assumption that each treatment initially contained an equal number of individual of each sex. Mean
vital rates (development time, body size, egg-to-adult survival) for each treatment within a

replicate were used for statistical analyses.

Estimating population growth rate. Using experimental data on development time,
survival, and body size of females, we estimated population growth rates using the estimator of

Livdahl and Sugihara (1984):

, lnNio Xx Axf(VT’x)
r= YxXAxf(Wy) (Eq. 1),

D+ —
XxAxf(Wx)
where No is the initial number of females (assumed to be half of the total initial population size),

Ax is the number of females eclosing on day x, and D is the time (in days) to reproduction after
emergence. The function f(wy) relates the average body size of females emerging on day x to
fecundity (egg production). We used abdominal length as a proxy for wing length due to feasibility
of measurement. Species-specific allometric functions were taken from the primary literature: for
Culex quinguefasciatus (McCann et al. 2009),
f(w,) = 90.31w, — 123.88 (Eq. 2);
for Aedes albopictus (Farjana and Tuno 2012),
f(w,) = 104.8w, — 201.37 (Eq. 3);
and for Aedes aegpyti (Farjana and Tuno 2012),
f(wy) = 79.30w, — 144.08 (Eq. 4).
Analysis of vital rates and »’. To determine if competitors have different effects on the
same target species, we performed analysis of variance (ANOVA, type Il) using the vital rates

(development time, body size, and egg-to-adult survival) for each species as dependent variables.



24

To account for variation due to replication, we used linear mixed-effects models with competitor
species identity, density, and their interaction as fixed effects and replicate as the random effect.
To evaluate model fit, we calculated both the marginal and conditional R? values for each model.
The marginal R? describes the amount of variation in the data that is accounted for by the fixed
effects, while the conditional R? describes the amount of variation accounted for by the whole
model (fixed and random effects). Analysis of estimated intrinsic rates of increase followed the
same method as the vital rates analysis, using a linear mixed-effects model with competitor identity
and density as fixed effects and replicate as the random effect. To compare the relative effect size
of a competitor on different vital rates and estimated intrinsic rate of increase, we calculated the

standardized mean difference (hedges’ g) of each treatment relative to intraspecific competition.

Estimating carrying capacity and competition coefficients. To determine if and when a
species is competitively excluded, we plotted zero net growth isoclines (ZNGI) using the Lotka-
Volterra competition model (Volterra 1926, Lotka 1932). This model, when generalized to two or
more species, takes the form:

dN;
dt

Ni+2aiij)
K

= T'l'Ni(l — (Eq. ),

where rj is the population growth rate for species i; N; is the population size of species i; Ki is the
carrying capacity for species i in the absence of interspecific competition; and aj is the competition
coefficient describing the effect of species j on species i. The ZNGI for a species is the line:

Ni = Ki — aijN- (Eq 6)

ZNGls that do not overlap indicate competitive exclusion of one species. Overlapping ZNGls
where Ki > Kj/oji and Kj > Ki/aij indicate an unstable equilibrium where the two ZNGIs cross. In

this case, the result of competition is dependent on each species’ initial population size.
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Overlapping ZNGlIs where Ki < Kj/aji and Kj < Ki/ajj indicate a stable equilibrium (coexistence)

where the two ZNGIs cross.

To parameterize the model described above for each species pair, we fit linear models to
population growth rate estimates for each species-competitor combination. The response variable
for these models was mean estimated intrinsic rate of increase and the predictors were density,
competitor species, and their interaction. Carrying capacity (K;) for each species in the absence of
interspecific competition was obtained from the estimated x-intercept of the linear model under
intraspecific competition. Competition coefficients («ij) were estimated by relating the slope of the
intraspecific linear model to that of each interspecific linear model (i.e., aij = mi/mii, where m is
the slope of the linear regression). When «j; > 1, the strength of intraspecific competition is less
than interspecific competition; for ajj < 1, the strength of intraspecific competition is greater than

interspecific competition.

To visualize the coexistence-exclusion parameter space for each species pair, we evaluated
the Lotka-Volterra competition model over all combinations of «jj and «j between 0-3 in
increments of 0.01. We also plotted the competition coefficients (with 95% confidence intervals)

estimated from our experimental data.

Results

Out of 6,300 first-instar larvae, 3,560 adults eclosed; of those, 41 were damaged during
storage or processing (unable to identify species, sex, or body size) and were excluded from
analyses. An additional 66 individuals were excluded due to an error during treatment setup. Of

the remaining 3,453 individuals, 1,484 were female (Table 1). We omitted males from this analysis
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since their vital rates do not contribute to the growth rate of the population. Additionally, males

are not of public health importance as they do not blood-feed.

Table 2.1: Total eclosed adults from experiments, stratified by species and sex. Only data on
female vital rates were used for these analyses.

Culex quinquefasciatus Aedes albopictus Aedes aegypti Total

Females 693 567 224 1484
Males 746 868 355 1969
Total 1439 1435 579 3453

Culex quinquefasciatus vital rates. There were significant differences between
competitors’ effects on Culex quinquefasciatus development time, but these differences depended
on treatment density (x> = 21.719, p-value = 0.001). Development time under interspecific
competition was not significantly different from intraspecific development time at a low density.
Multi-species competition significantly increased development time at a medium density, while
competition with Aedes aegypti significantly increased development time at a high density (Figure
1A). Fixed effects accounted for 37.4% of the variation in development time; the full model (fixed

+ random effects) accounted for 64.4% of the variation in development time (Table 3).

Culex quinquefasciatus body size decreased significantly with increasing density (y~ =
85.925, p-value < 0.0001). Competition with Aedes aegypti significantly decreased body size
(compared to intraspecific body size) at a low density, while competition with Aedes albopictus
significantly decreased body size at a medium density (Figure 1B). Fixed effects accounted for
69.9% of the variation in body size; the full model accounted for 72.1% of the variation in body

size (Table 3).
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Egg-to-adult survival of Culex quinquefasciatus decreased significantly with increasing
density (y° = 69.594, p-value < 0.0001). All interspecific competition treatments significantly
reduced egg-to-adult survival at medium and high densities compared to intraspecific survival
(Figure 1C). Fixed effects accounted for 64.1% of the variation in egg-to-adult survival, with no

variation due to random effects (Table 3).
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Figure 2.1: Vital rates (mean and standard error; left) and effect sizes (with 95% confidence
intervals; right) by treatment for Culex quinquefasciatus females.
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Table 2.2: Mean and standard error for development time (days), body size (mm), and egg-to-adult
survival for Culex quinquefasciatus females, stratified by treatment.

Competitor  Density n Development time Body size Survival
Low 55 8.509 (0.149) 3.016 (0.035) 0.733 (0.060)
Intraspecific Med 52 8.308 (0.075) 2.674 (0.027) 0.347 (0.066)
High 28 8.571 (0.120) 2.570 (0.018) 0.124 (0.062)
Acdes Low 27 8.481 (0.145) 3.131 (0.056) 0.720 (0.086)
alboDiCtUs Med 16 8.125 (0.125) 2.538 (0.042) 0.213 (0.102)
P High 3 8.000 (0.000) 2.454 (0.096) 0.027 (0.093)
Low 21 8.667 (0.159) 2.765 (0.056) 0.560 (0.108)
Aedes aegypti Med 3 8.333 (0.333) 2.534 (0.084) 0.040 (0.113)
High 2 11.000 (2.000) 2.547 (0.003) 0.018 (0.093)
Low 14 9.143 (0.455) 2.983 (0.055) 0.560 (0.133)
Both spp. Med 2 9.500 (0.500) 2.553 (0.036) 0.040 (0.139)
High 1 9.000 (NA) 2.502 (NA) 0.013 (0.115)

Table 2.3: Results from type 11 ANOVA for LMM of each Culex quinquefasciatus female vital
rate. Bolded terms indicate statistical significance (Rm? = marginal; R¢? = conditional).

Cx. quinquefasciatus

females Development time Body size Survival
Model term  df X? p-value X? p-value X? p-value
dens 2 2.075 0.354 85.925 <0.0001 69.594 <0.0001
comp 3 11.601 0.009 6.643 0.084 6.270  0.099
dens*comp 6 21719 0.001 8.855 0.182 1.319 0971
Rm?/ Rc? 0.374/0.644 0.699/0.721 0.641/0.641
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Table 2.4: Effect size (standardized mean difference; hedges’ g) with 95% confidence intervals of
different competitors on Culex quinquefasciatus female development time, body size, and egg-to-
adult survival. Bolded numbers indicate effects that are statistically different from zero.

Density ~ Competitor Development time  Body size Survival
Ae. albopictus  -0.03 (-0.49, 0.44)  0.43 (-0.04, 0.89) -0.04 (-0.52, 0.45)
Low Ae. aegypti 0.15 (-0.35, 0.66) -0.97 (-1.50, -0.44)  -0.42 (-0.88, 0.03)

Both Aedes spp.  0.50 (-0.09, 1.10) -0.13 (-0.72,0.46)  -0.42 (-0.94,0.10)

Ae. albopictus  -0.34(-0.91,0.23)  -0.72(-1.30, -0.15)  -0.37 (-0.73, -0.01)

Medium  Ae. aegypti 0.05(-1.31,1.22)  -0.73(-1.91,0.46)  -1.40 (-2.06, -0.73)

Both Aedes spp. 2.15 (0.66, 3.63) -0.63 (-2.06,0.80)  -1.40 (-2.20, - 0.59)

Ae. albopictus ~ -0.91 (-2.14,0.32)  -1.13(-2.37,0.12)  -0.91 (-1.58, -0.24)

High Ae. aegypti 2.88(1.23,452)  -0.24(-1.70,1.22)  -1.13 (-1.94, -0.33)

Both Aedes spp. NA NA -1.29 (-2.41, -0.18)
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Aedes albopictus vital rates. Development time did not differ significantly across density
for Aedes albopictus (x> = 3.484, p-value = 0.175). Multi-species competition significantly
increased development time at a high density compared to intraspecific development time (Figure
2A). Fixed effects accounted for 12.4% of the variation in development time, while the full model

(fixed + random effects) accounted for 50.2% (Table 6).

Aedes albopictus body size decreased with increasing density (x> = 327.605, p-value <
0.0001) and differed significantly between competitors (x> = 12.941, p-value = 0.005).
Competition with Aedes aegypti decreased Aedes albopictus body size at a high density compared
to intraspecific body size (Figure 2B). The full model accounted for 86.9% of the variation in body

size, with fixed effects alone accounting for 77.6% (Table 6).

The effect of different competitors on egg-to-adult survival of Aedes albopictus differed
significantly, but differences were dependent on treatment density (x° = 15.303, p-value = 0.018).
Competition with Aedes aegypti significantly increased survival at a low density compared to
intraspecific survival, but decreased survival at medium and high densities. Competition with
Culex quinquefasciatus significantly increased Aedes albopictus survival at medium and high
densities (Figure 2C). Fixed effects account for 55.4% of the variation in egg-to-adult survival,

with no variation due to random effects (Table 6).
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Figure 2.2: Vital rates (mean and standard error; left) and effect sizes (with 95% confidence
intervals; right) by treatment for Aedes albopictus females.
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Table 2.5: Mean and standard error for development time (days), body size (mm), and egg-to-
adult survival for Aedes albopictus females, stratified by treatment.

Competitor Density n  Development time  Body size Survival
Low 59 9.407 (0.169) 2.869 (0.029) 0.787 (0.053)
Intraspecific Med 97 9.299 (0.144) 2.409 (0.030) 0.647 (0.049)
High 87 9.069 (0.161) 2.277 (0.030) 0.387 (0.052)
Culex Low 32 8.906 (0.122) 2.903 (0.032) 0.853 (0.063)
uinauefasciatus Med 65 9.462 (0.228) 2.436 (0.031) 0.867 (0.042)
quing High 57 9.544 (0.255) 2.263 (0.041) 0.507 (0.066)
Low 37 9.216 (0.252) 2.790 (0.046) 0.987 (0.019)
Aedes aegypti Med 28 9.857 (0.387) 2.338 (0.052) 0.373 (0.091)
High 26 9.077 (0.254) 2.117 (0.044) 0.231 (0.083)
Low 20 9.350 (0.196) 2.821 (0.071) 0.800 (0.089)
Both spp. Med 29 9.828 (0.318) 2.286 (0.057) 0.580 (0.092)
High 30 9.967 (0.394) 2.156 (0.059) 0.400 (0.089)

Table 2.6: Results from type Il ANOVA for LMM of each Aedes albopictus female vital rate.
Bolded terms indicate statistical significance (Rm? = marginal; R¢? = conditional).

Ae. albopictus

females Development time Body size Survival
Model term  df p-value X2 p-value X2 p-value
dens 2 3.484 0.175 327.605 <0.0001 48.478 <0.0001
comp 3 2.801 0.423 12.941 0.005 8.278 0.041
dens*comp 6 8.075 0.233 3.517 0.742 15.303 0.018
Rm?/ Rc? 0.124/0.502 0.776/0.869 0.554/0.554
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Table 2.7: Effect size (standardized mean difference; hedges’ g) with 95% confidence intervals of
different competitors on Aedes albopictus female development time, body size, and egg-to-adult
survival. Bolded numbers indicate effects that are statistically different from zero.

Density  Competitor

Development time

Body size

Survival

Cqg. quing.

-0.44 (-0.88, 0.00)

0.16 (-0.27, 0.59)

0.25 (-0.34, 0.84)

Low Ae. aegypti

-0.14 (-0.55, 0.28)

-0.32 (-0.74, 0.10)

1.64 (0.07, 3.22)

Both spp.

-0.05 (-0.56, 0.46)

-0.19 (-0.71, 0.32)

0.04 (-0.58, 0.67)

Cg. quing.

0.10 (-0.21, 0.42)

0.10 (-0.22, 0.41)

0.70 (0.28, 1.11)

Medium  Ae. aegypti

0.35 (-0.07, 0.78)

-0.24 (-0.66, 0.18)

-0.62 (-0.93, -0.30)

Both spp.

0.35 (-0.07, 0.77)

-0.41 (-0.83, 0.01)

-0.15 (-0.52, 0.21)

Cq. quing.

0.28 (-0.06, 0.62)

-0.05 (-0.38, 0.29)

0.27 (0.02, 0.52)

High Ae. aegypti

0.01 (-0.43, 0.45)

-0.60 (-1.04, -0.15)

-0.41 (-0.69, -0.12)

Both spp.

0.53 (0.11, 0.95)

-0.41 (-0.83, 0.01)

0.03 (-0.26, 0.33)
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Aedes aegypti vital rates. Aedes aegypti development time increased significantly with
density (y~ = 12.380, p-value = 0.002). Competition with Aedes albopictus, as well as multi-species
competition, significantly decreased development time at a medium density compared to
intraspecific development time. Fixed effects explained only 8.6% of the variation in development

time, while the full model (fixed + random effects) accounted for 82.8% (Table 9).

Body size decreased significantly with increasing density (x° = 271.940, p-value < 0.0001).
All interspecific treatments significantly increased body size at a medium density compared to
intraspecific body size. Multi-species competition also increased body size at a high density
(Figure 3B). Fixed effects accounted for 83.9% of the variation in body size, with no variation

explained by random effects (Table 9).

Aedes aegypti egg-to-adult survival decreased significantly with increasing density (y~ =
19.653, p-value < 0.0001). All interspecific treatments significantly increased survival at medium
and high densities compared to intraspecific survival (Figure 3C). Fixed effects accounted for
45.3% of the variation in egg-to-adult survival, while the full model (fixed + random effects)

accounted for 58.1% (Table 9).
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Table 2.8: Mean and standard error for development time (days), body size (mm), and egg-to-

adult survival for Aedes aegypti females, stratified by treatment.

Competitor Density n Development time Body size Survival
Low 58 7.966 (0.135) 3.225(0.027)  0.773 (0.055)
Intraspecific Med 100 8.480 (0.161) 2.685 (0.029) 0.667 (0.047)
High 55 8.073 (0.107) 2.567 (0.034)  0.244 (0.058)
Culex Low 35 7.686 (0.128) 3.216 (0.033)  0.933(0.042)
Uinauefasciatus Med 60 8.200 (0.171) 2.943 (0.029)  0.800 (0.052)
quing High 85 8.329 (0.141) 2.654 (0.030) 0.756 (0.047)
Low 34 7.647 (0.119) 3.248 (0.032)  0.907 (0.050)
Aedes albopictus Med 65 7.908 (0.118) 2.899 (0.032) 0.867 (0.042)
High 81 8.086 (0.156) 2.606 (0.024)  0.720 (0.050)
Low 23 7.826 (0.136) 3.332(0.051)  0.920 (0.057)
Both spp. Med 47 7.872 (0.116) 2.942 (0.038)  0.940 (0.035)
High 50 7.900 (0.149) 2.761 (0.028) 0.667 (0.067)

Table 2.9: Results from type 11 ANOVA for LMM of each Aedes aegypti female vital rate. Bolded
terms indicate statistical significance (Rm? = marginal; R¢? = conditional).

Ae. aegypti Development time Body size Survival
females
Model term  df X2 p-value X2 p-value X2 p-value
dens 2 12.380 0.002 271.940  <0.0001 19.653 <0.0001
comp 3 6.272 0.099 19.786 0.0002 30.679 <0.0001
dens*comp 6 10.056 0.122 7.601 0.269 11.156 0.084
Rm?/ Rc? 0.086/0.828 0.839/0.839 0.453/0.581
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Table 2.10: Effect size (standardized mean difference; hedges’ g) with 95% confidence intervals
of different competitors on Aedes aegypti female development time, body size, and egg-to-adult

survival. Bolded numbers indicate effects that are statistically different from zero.

Density ~ Competitor

Development time

Body size

Survival

Cg. quing.

-0.30 (-0.72, 0.13)

-0.05 (-0.47, 0.38)

0.77 (0.00, 1.54)

Low Ae. albopictus

-0.34 (-0.77, 0.08)

0.11 (-0.31, 0.54)

0.57 (-0.11, 1.25)

Both spp.

-0.15 (-0.63, 0.34)

0.49 (0.00, 0.98)

0.66 (-0.19, 1.52)

Cg. quing.

-0.18 (-0.51, 0.14)

0.96 (0.62, 1.30)

0.38 (0.02, 0.75)

Medium Ae. albopictus

-0.41 (-0.73, -0.09)

0.77 (0.44, 1.09)

0.65 (0.23, 1.06)

Both spp.

-0.43 (-0.78, -0.08)

0.91 (0.55, 1.28)

1.13 (0.46, 1.80)

Cq. quing.

0.23 (-0.12, 0.57)

0.33 (-0.02, 0.67)

1.24 (0.95, 1.53)

High Ae. albopictus

0.01 (-0.33, 0.36)

0.17 (-0.17, 0.51)

1.14 (0.86, 1.42)

Both spp.

-0.19 (-0.57, 0.20)

0.85 (0.45, 1.25)

1.00 (0.69, 1.32)
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Estimated intrinsic growth rates. Estimated intrinsic growth rates for Culex
quinquefasciatus decreased with increasing density (x°~ = 104.805, p < 0.0001), and there was a
significant difference in growth rate between competitors (x*> = 11.696, p = 0.008). Competition
with Aedes aegypti significantly decreased growth rate relative to intraspecific competition at
medium densities (Figure 4A). Effect sizes for multi-species competition at medium and high
densities, as well effect sizes for competition with Aedes aegypti at high densities, were unable to
be calculated due to low survival in those treatments. The model explained 73.9% of the variation

in intrinsic growth rate, all of which was due to fixed effects (Table 11).

The effect on estimated Aedes albopictus growth rate was significantly different between
competitors, and the effect of competitor identity was density-dependent (x* = 25.687, p = 0.0003).
Competition with Aedes aegypti significantly decreased growth rate compared to intraspecific
competition at medium densities (Figure 4B). The model explained 84.2% of the variation in
intrinsic growth rate, most of which was accounted for by fixed effects (marginal R? = 0.782, Table

11).

Estimated Aedes aegypti growth rate was also significantly different between competitors,
and the effect of competitor identity was density-dependent (x* = 32.008, p < 0.0001). Competition
with Aedes albopictus, as well as multi-species competition, significantly increased growth rate at
medium densities. All interspecific treatments significantly increased growth rate at high densities
(Figure 4C). The model explained 76.2% of the variation in intrinsic growth rate, most of which

was attributable to fixed effects (marginal R?> = 0.712, Table 11).

Zero net growth isoclines for each species pair indicate that Aedes albopictus excludes
Culex quinquefasciatus (Figure 5A), while Aedes aegypti excludes both other species (Figure

5B/C).
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Figure 2.4: Estimated intrinsic growth rate (mean and standard error; left) and effect sizes (with
95% confidence intervals; right) for each species.
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Table 2.11: Results from type 11 ANOVA for LMM of estimated intrinsic growth rate for each
species. Bolded terms indicate statistical significance (Rm? = marginal; R¢2 = conditional).

Cq. quinquefasciatus Ae. albopictus

Ae. aegypti

Model term

p-value

dens

<0.0001

comp

<0.0001

dens*comp

<0.0001

Rm? Rc?

0.739/0.739 0.782/0.842

0.712/0.762
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Table 2.12: Mean and standard error of estimated intrinsic growth rate for each species, stratified
by treatment.

Target species Competitor Density n r

Culex quinquefasciatus Intraspecific Low 5 0.111 (0.006)
Med 5 0.065 (0.005)

High 4  0.010 (0.021)

Aedes albopictus Low 5 0.111 (0.007)

Med 5 0.027 (0.018)
High 2 -0.023(0.017)

Aedes aegypti Low 5 0.081(0.016)

Med 2 0.001(0.012)

High 1 -0.002 (NA)

Both spp. Low 5 0.094 (0.004)

Med 1 0.034 (NA)

High 1  -0.007 (NA)

Aedes albopictus Intraspecific Low 5 0.088 (0.004)
Med 5 0.052 (0.002)

High 5 0.012 (0.009)

Culex quinquefasciatus Low 5 0.094 (0.005)

Med 5 0.065 (0.007)

High 5 0.019 (0.013)

Aedes aegypti Low 5 0.094 (0.006)

Med 5 0.008 (0.016)
High 4 -0.028 (0.013)

Both spp. Low 5 0.085 (0.007)

Med 5 0.029 (0.011)

High 3 0.029 (0.013)

Aedes aegypti Intraspecific Low 5 0.088 (0.004)
Med 5 0.052 (0.002)

High 5 0.012 (0.009)

Culex quinquefasciatus Low 5 0.094 (0.005)

Med 5 0.065 (0.007)

High 5 0.019(0.013)

Aedes albopictus Low 5 0.094 (0.006)

Med 5 0.008 (0.016)
High 5 -0.028 (0.013)

Both spp. Low 5 0.085 (0.007)

Med 5 0.029 (0.011)

High 4  0.029 (0.013)




Table 2.13: Effect size (standardized mean difference; hedges’ g) with 95% confidence intervals

of different competitors on estimated intrinsic growth rate of each species, stratified by
treatment. Bolded numbers indicate effects that are statistically different from zero.

Species Density Competitor Effect size (95% CI)
Culex quinquefasciatus Low Ae. albopictus 0.06 (-1.26, 1.38)
Ae. aegypti -1.01 (-2.42, 0.41)
Both spp. -1.31 (-2.79, 0.17)
Medium Ae. albopictus -1.16 (-2.60, 0.29)
Ae. aegypti -4.12 (-7.47, -0.76)
Both spp. NA
High Ae. albopictus -0.68 (-2.68, 1.32)
Ae. aegypti NA
Both spp. NA
Aedes albopcitus Low Cx. quinquefasciatus 0.53 (-0.82, 1.87)
Ae. aegypti 0.48 (-10.86, 1.82)
Both spp. -0.19 (-1.52, 1.13)
Medium Cx. quinquefasciatus 1.01 (-0.40, 2.43)
Ae. aegypti -1.60 (-3.16, -0.05)
Both spp. -1.16 (-2.60, 0.29)
High Cx. quinquefasciatus 0.23 (-1.10, 1.55)
Ae. aegypti -1.59 (-3.26, 0.07)
Both spp. 0.69 (-0.92, 2.30)
Aedes aegpyti Low Cx. quinquefasciatus 0.79 (-0.59, 2.17)
Ae. albopictus 0.29 (-1.03, 1.62)
Both spp. 0.74 (-0.63, 2.11)
Medium Cx. quinquefasciatus 1.46 (-0.06, 2.98)
Ae. albopictus 1.67 (0.10, 3.25)
Both spp. 2.81 (0.85, 4.77)
High Cx. quinquefasciatus 2.35 (0.56, 4.14)

Ae. albopictus

2.04 (0.36, 3.73)

Both spp.

3.02 (0.82, 5.21)
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Figure 2.5 (A-C): Zero net growth isoclines (ZNGlIs) for each species pair. The ZNGI for the
species on the x-axis is plotted in blue; the ZNGI for the species on the y-axis is plotted in red.
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Discussion

Our results provide evidence of trans-boundary ecosystem effects in mosquito
communities. Interspecific larval competition altered development time, body size (fecundity), and
egg-to-adult survival, which translated to significant changes in the intrinsic growth rate of each
species. Interspecific competition with one or both Aedes species resulted in lower estimated
intrinsic growth rates for Culex quinquefasciatus. While competition with Aedes aegypti reduced
the estimated population growth rate of Aedes albopictus, competition with Culex
quinquefasciatus, as well as competition with both interspecific competitors simultaneously,
increased estimated population growth rates. Compared to intraspecific competition, Aedes aegypti
estimated growth rates were increased by competition with either or both interspecific competitors.
These results suggest a competitive hierarchy in which Culex quinquefasciatus is the inferior
competitor and Aedes aegypti is the superior competitor.

Additionally, our results show that the effects of multiple competitors on vital rates and
estimated population growth rate are often non-additive, can be antagonistic or synergistic, and
can be density-dependent. For example, the effect of interspecific competition with either Aedes
aegypti or Culex quinquefasciatus on Aedes albopictus growth rate was positive, but competition
with both interspecific competitors simultaneously resulted in a small negative effect on Aedes
albopictus population growth rate. However, we only saw this antagonistic effect of multiple
competitors on Aedes albopictus population growth rate in low density treatments. In high density
treatments, interspecific competition with Culex quinquefasciatus had a small positive effect on
Aedes albopictus population growth rate, while interspecific competition with Aedes aegypti had
a large negative effect on population growth rate. The effect of interspecific competition with both

species simultaneously, however, resulted in a large positive (and thus synergistic) effect on
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population growth rate. These results emphasize the need to study the dynamics of multi-species
communities in addition to paired species experiments, which allows for the quantification of both
direct and indirect effects.

Although our results suggest a competitive hierarchy among these three species with Aedes
aegypti being the superior competitor, there is a wealth of evidence from field observations and
experiments indicating that Aedes albopictus outcompetes Aedes aegypti. However, it appears that
the resource type (i.e., plant or animal) available during the larval stage can influence which
species is competitively superior. For example, Aedes albopictus tends to be the dominant
competitor when the available resource is plant-based, while Aedes aegypti is the superior
competitor when fed animal-based nutrients (Barrera 1996, Juliano 1998, Murrell and Juliano
2008). The food resource used in this experiment was animal-based, providing a possible
explanation for the competitive dominance of Aedes aegypti. These species are also known to
differ in their foraging behavior, with Aedes albopictus primarily browsing on leaf litter and
detritus and Aedes aegypti primarily filtering (Yee et al. 2004). The resource used for this
experiment consisted of a finely-ground powder suspended in water which may have given Aedes
aegypti an advantage. Additionally, most studies of competition between these two Aedes species
are conducted with field populations of mosquitoes, while our experiments used species from
laboratory colonies (Juliano 2009). Specifically, our Aedes aegypti population had been reared in
a laboratory colony for several years which may have allowed for the optimization of vital rates
(development time, egg-to-adult survival, fecundity) that determine population growth rates,
providing a possible explanation for why our results differed from previous research.

While our results indicate the competitive exclusion of one species in each pair of

competitors, co-occurrence of these species in the field has been documented (Juliano et al. 2004,
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Costanzo et al. 2005b, Rey et al. 2006). What might alter these competitive relationships to allow
for coexistence in natural habitats? (Juliano et al. 2004) suggest that a higher tolerance for extreme
conditions in competitively inferior species may allow for coexistence in some environments.
There is some evidence that other life stages, like eggs (Costanzo et al. 2005a) and adults (Alto
2011), may also contribute to coexistence. Photoperiod has been known to alter vital rates, like
adult size and longevity, that contribute to population dynamics (Costanzo et al. 2015), indicating
that the ability for species to coexist may depend on day length and, thus, could vary by season or
latitude. Interpopulation variability could explain why we see co-occurrence in some areas and not
others (Leisnham et al. 2009, Leisnham and Juliano 2010). Differences in phenology between
species could lead to priority effects that allow for coexistence if the inferior competitor establishes
first. For example, larval growth rate and survival in Aedes albopictus was shown to decrease in
the presence of fourth instar Wyeomyia spp., but not in the presence of first instars (Lounibos et
al. 2003). Finally, temperature has been shown to be the most important determinant of larval
development time (Couret and Benedict 2014), so one species could be competitively dominant at
lower temperatures while the other may be the superior competitor at higher temperatures (Carrieri
et al. 2003).

Our research highlights the potential for coupled dynamics between ecosystems due to
species with complex life cycles, like mosquitoes. We demonstrate that interspecific larval
competition alters the vital rates that determine population growth rate and species coexistence in
mosquito communities. The inconsistency in competitive outcomes among our study and several
others underscores the need for broad field sampling of larval habitats to determine where and
under what biotic and abiotic conditions coexistence can occur between two or more mosquito

species. While we have a solid understanding of how larval interactions alter population dynamics,
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future research should focus on how larval interactions might affect vectorial capacity.
Experimental studies of the effects of larval competition on host feeding preferences, biting rate,
adult survival, and vector competence will help us model potential changes in the Ro of vector-

borne diseases in different vector communities.
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CHAPTER 3
TEMPERATURE-DEPENDENT EFFECTS OF INTERSPECIFIC LARVAL COMPETITION
ON VITAL RATES AND POPULATION GROWTH RATES OF THREE MOSQUITO

VECTORS!

'Bowden, Sarah E. and Drake, John M. To be submitted to Ecology Letters.



55

Abstract

The growth, development, and survival of mosquitoes, the most abundant vectors of
disease worldwide, are highly dependent on temperature. These temperature-dependent vital rates
are also sensitive to species interactions, like interspecific larval competition. In order to better
predict how vectors and the diseases they transmit will respond to a changing climate, there is a
need to study not only the thermal response of individuals and populations of mosquitoes, but also
how communities of interacting mosquito species respond to different temperatures as well. We
conducted laboratory microcosm experiments to determine the effects of interspecific larval
competition on vital rates of three vector mosquito species across a range of temperatures (21-
33°C), then fit curves to quantify the temperature range in which each species could maintain non-
negative population growth (“thermal niche”) under different competitive scenarios. Our results
showed that temperature-dependent effects of interspecific larval competition on mosquito vital
rates varied by target species and species identity of the competitor(s). Interspecific competition
with Ae. aegypti significantly narrowed the thermal niche for population growth in both Ae.
albopictus and Cx. quinquefasciatus. These findings provide evidence for temperature-dependent
species interactions in larval mosquitoes, which may have important implications for predicting
how vector communities and vector-borne disease transmission will respond to a changing climate.
Introduction

The response of infectious disease systems to climate change has important implications
for both human and wildlife health, especially in vector-borne disease systems where mosquito
vectors can respond quickly to environmental changes. Mosquitoes are the most abundant vectors
of disease worldwide, and over 500,000 people die each year from Malaria alone. Despite the large

public health burden mosquitoes pose, knowledge of mosquito ecology is often limited to a small
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subset of species and is in constant need of expansion. Over the past decade, a great deal of research
has explored how climate change may affect infectious diseases dynamics worldwide. There is
considerable debate as to whether increasing temperatures will lead to range expansions (Harvell
et al. 2009) or range shifts (Lafferty 2009) in disease systems, and the answer is likely to depend
on the organism (host or vector) or pathogen in question. As ectotherms, the survival and
reproduction of mosquitoes is highly dependent on temperature. Components of vector-borne
disease transmission, such as vector competence (ability to harbor and transmit a pathogen) and
pathogen incubation period, are known to have strong relationships with temperature as well
(Richards et al. 2007, Muturi and Alto 2011, Muturi et al. 2012, Carrington et al. 2013, Bara et al.
2015). Thus, it is important to the forecasting of vector-borne disease dynamics that we further

explore the ecology of vector mosquitoes in the context of climate change.

The majority of what is known about vector mosquitoes comes from studying individuals
or populations. However, aquatic larval habitats can be highly diverse and larval mosquitoes have
the potential to interact with several other species during larval development, including both
intraspecific and interspecific competition with other mosquito larvae. Therefore, there is a need
to study not only how individuals and populations of mosquitoes will respond to climate change,
but how communities of interacting mosquito species will respond as well. Mosquitoes have
temperature-dependent vital rates, such as larval development time, egg-to-adult survival, and
adult longevity (Rueda et al. 1990, Delatte et al. 2009, Couret et al. 2014). The same vital rates are
also sensitive to species interactions (e.g., interspecific competition (Kirby and Lindsay 20009,
Farjana et al. 2012)), and they combine to determine population growth rates and population and
community dynamics. Understanding how temperature alters species interactions between disease

vectors will help us to better predict how vector abundance, distribution, and community
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composition will change with temperature. Additionally, changes in vector abundance could
amplify the burden of vector-borne diseases in tropical areas. Recent research by Mordecai et al.
(2013) showed that life history traits of Anopheles mosquitoes (survival, development time,
fecundity), as well as vector competence (ability to harbor and transmit a pathogen) and pathogen
replication rate, all exhibit nonlinear thermal responses. However, few studies have looked at the
thermal responses of larval mosquito interactions, such as interspecific competition (Lounibos et

al. 2002, Farjana et al. 2012).

We conducted a study to determine if temperature modulates competitive interactions
among three vector mosquito species — Culex quinquefasciatus, Aedes albopictus, and Ae. aegypti.
To answer this question, we first performed laboratory microcosm experiments to determine the
effects of interspecific competition on vital rates across a range of temperatures (21-33°C). From
these measured vital rates, we constructed estimates of intrinsic growth rate, to which we then fit
curves to quantify the temperature range in which each species could maintain non-negative
population growth (“thermal niche”) under different competitive scenarios. We hypothesized that
the effects of interspecific competition on vital rates and intrinsic growth rate would be stronger
at either end of the temperature gradient (i.e., 21°C and 33°C) because vital rates would be more
vulnerable to the effects of competition at extreme temperatures (Figure 1). Our results showed
that temperature-dependent effects of interspecific larval competition on mosquito vital rates
varied by target species and species identity of the competitor(s). Overall, interspecific competition
with Ae. aegypti significantly narrow the thermal niche for population growth in both Ae.
albopictus and Cx. quinquefasciatus. These findings provide evidence for temperature-dependent
species interactions in larval mosquitoes, which may have important implications for predicting

how vector communities and vector-borne disease transmission will respond to a changing climate.
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Figure 3.1: Diagram of potential effects of interspecific competition on mosquito population
growth rate across a temperature gradient. In the top-left box, interspecific competition has no
effect on neither the thermal extremes (minima or maxima) nor the thermal optimum of population
growth. In the top-right box, interspecific competition alters population growth at the minimum
and maximum, but has no effect on the thermal optimum. In the bottom-left box, interspecific
competition alters the thermal optimum, but has no effect on the thermal minimum or maximum.
Finally, the bottom-right box shows an effect of interspecific competition on both the thermal
extremes and thermal optimum for population growth. We hypothesized that interspecific
competition would alter growth rates at the thermal minimum and/or maximum (top-right,
highlighted in red) because vital rates, like larval development and survival would, would be more

vulnerable to the effects of competition at extreme temperatures.
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Methods

To assess the effects of larval competition on the thermal niche of vector mosquitoes, we
selected three species of ecological and medical importance. Culex quinquefasciatus is an
abundant urban mosquito species known to be a highly competent vector of West Nile virus. The
Asian tiger mosquito Aedes albopictus is an invasive species, introduced into the southern United
States in the 1980s, and vector of Chikungunya, Dengue, and Zika viruses. Widely geographically
distributed in the tropics and sub-tropics, Aedes aegypti is the primary vector of Yellow fever and
Dengue viruses, as well as a competent vector of Chikungunya and Zika viruses. All three species
prefer similar larval habitats — stagnant water in artificial containers, usually with high organic
matter content — providing the potential to interact in the larval stage.

To quantify the temperature-dependent effects of interspecific competition on the vital rates,
intrinsic growth rate, and thermal niche of these three species, we performed substitutive
laboratory microcosm experiments across a wide, yet realistic, temperature gradient (21-33°C with
3° increments). Our experimental design consisted of all combinations of the three species (e.g.,
one (30 individuals), two (15 individuals each), and three (10 individuals each) species), with
additional species added to maintain a total density of 30 individuals, for a total of seven treatments

(Figure 2). This design was replicated five times at each temperature.
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Figure 3.2: Conceptual diagram of
factorial ~experimental design. All
combinations of one, two, and three
species were used for a total of seven
treatments (corresponding to numbers in
diagram). Each treatment included 30
individuals total, and species were added
to the design in a substitutive manor (e.g.,
30 individuals of species 1, 15
individuals each of species 1 and 2, or 10
individuals each of species 1, 2, and 3).
Each treatment was replicated five times
at each temperature (gradient from 21-
33°C with treatments every 3°C).

Larvae were synchronously hatched approximately 24 hours prior to the start of the experiment
from live (Cx. quinquefasciatus) or dried (Aedes spp.) egg rafts obtained from laboratory-
maintained colonies at the University of Georgia. Larvae were placed in BioQuip Mosquito
Breeders with 200 mL of de-ionized water and 0.1g ground fish flake food suspended in 10 mL of
de-ionized water. Microcosms were placed in randomized locations within programmable Percival
incubators set to a static temperature with a 16L:8D cycle. Experiments were monitored for 21
days. Emerged adults were removed every 24 hours and frozen for further data collection.

To estimate the intrinsic growth rate for each treatment, we measured individual and
population-level vital rates: larval development time (days from experimental setup to emergence),
adult body size (abdominal length from the metapostnotum to the end of the cerci), and egg-to-
adult survival. We individually photographed each emerged adult using a dissecting microscope
with an integrated camera to confirm the species and sex of each individual, as well as to measure

body size. We used these vital rates to estimate the intrinsic growth rate for each treatment, using

the Livdahl-Sugihara model (Livdahl and Sugihara 1984):
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lnNio YxAxf (Wy)

= (Eq.1)
Yx XAx f(Wx)
YxAxf(Wy)

where No is the initial number of female larvae (assumed to be half of total); Ax is the number of

D+

females emerging on day x; D is the time from emergence to first reproduction; and f(wx) is an
empirically estimated allometric function relating the average body size of females emerging on
day x to fecundity (number of eggs). Species-specific allometric fecundity functions were taken

from the primary literature:

for Cx. quinquefasciatus (McCann et al. 2009),

f(wy) =90.31w, — 123.88 (Eq. 2);
for Ae. albopictus (Farjana and Tuno 2012),

f(wy) = 104.8w, — 201.37 (Eq. 3);
and for Ae. aegypti (Farjana and Tuno 2012),

f(wy) = 79.30w, — 144.08 (Eq. 4).
To determine if the effects of interspecific competition on vital rates and intrinsic growth rate
varied with temperature, we calculated the effect size (standardized mean difference with pooled
standard deviation, Hedges’ g) of each treatment relative to intraspecific competition.

To estimate the thermal niche of each species under intraspecific and interspecific
competition, we fit a Briére curve to intrinsic growth rate estimates for each treatment across a
temperature gradient. For this study, we defined a species’ thermal niche as the range of
temperatures over which a species exhibits non-negative intrinsic growth. The Briére (Briere et al.
1999) function,

y = cT(T — To) (T, — T)Y/? (Eq. 5),
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where To is the thermal minimum, Tn is the thermal maximum, and c is a scaling parameter, is
similar to a quadratic function, but with a long left tail that provides a better fit to temperature-
dependent response variables. To quantify uncertainty around each thermal niche, we also fit

Briére curves to 10,000 bootstraps of intrinsic growth rate estimates for each treatment.

Results

Out of 5,250 first-instar larvae, 3,717 adults eclosed; of those, nine were damaged during
storage or processing (unable to identify species, sex, or body size) and were excluded from
analyses. Of the remaining 3,708 individuals, 1,786 were female (Table 1). We omitted males from
this analysis since their vital rates do not contribute the growth rate of the population, nor are they
of public health importance as they do not blood-feed.
Table 3.1: Total eclosed adults, stratified by species and sex. Only data on female vital rates were

used for analysis.
Species S

X 21°C  24°C 27°C 30°C 33°C  Total

D

Ae. aegypti F 151 170 157 157 129 764

M 152 153 157 159 149 770

Ae. albopictus F 86 128 133 125 93 565

M 122 139 129 146 111 647

Cx. quinquefasciatus 5 et o 20 L0 L =
M 117 138 143 124 1 523

Total 711 847 846 821 483 3708

Mean Cx. quinquefasciatus development time ranged from 7.89 (+ 0.14) days at 30°C to
16.40 (x 0.51) days at 21°C (Figure 3, top-left; Table 2). Competition with Ae. aegypti alone
significantly increased Cx. quinquefasciatus development time at 21°C (Hedges’ g = 0.68, p =
0.04), as did multi-species competition at the same temperature (Hedges’ g = 0.63, p = 0.05).
Competition with Ae. albopictus had no significant effect on Cx. quinquefasciatus development

time (Table 3).
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Mean Cx. quinquefasciatus body size ranged from 2.293 (+ 0.047) mm at 21°C to 3.042 (=
0.037) mm at 27°C (Figure 3, middle-left; Table 2). Competition with Ae. albopictus significantly
increased Cx. quinquefasciatus body size at 24°C (Hedges’ g = 0.56, p = 0.04) and 27°C (Hedges’
g = 0.47, p = 0.04). Competition with Ae. aegypti significantly decreased Cx. quinquefasciatus
body size at 21°C (Hedges’ g = -0.76, p = 0.02), 27°C (Hedges’ g = -0.87, p < 0.01), and 30°C
(Hedges” g = -0.89, p < 0.01). Multi-species competition significantly decreased Cx.
quinquefasciatus body size at 21°C (Hedges’ g =-0.78, p = 0.02) and 30°C (Hedges’ g=-0.78, p

=0.01).

Mean Cx. quinquefasciatus egg-to-adult survival ranged from 0.347 (x 0.078) at 21°C to
0.827 (x 0.062) at 24°C (Figure 3, bottom-left; Table 2). Competition with Ae. aegypti significantly
decreased Cx. quinquefasciatus egg-to-adult survival at 30°C (Hedges’ g = -0.57, p = 0.01).
Neither multi-species competition nor competition with only Ae. albopictus had a significant effect

on Cx. quinquefasciatus egg-to-adult survival (Table 3).

Mean Cx. quinquefasciatus intrinsic growth rate ranged from 0.125 (+ 0.008) at 21°C to
0.218 (x 0.005) at 30°C (Figure 6, top-left; Table 2). There were no significant effects of
interspecific competition on Cx. quinquefasciatus intrinsic growth rate at any temperature (Figure

6, top-right; Table 3).
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Figure 3.3: Mean and standard error (left) and effect size and standard error (right) of Culex
quinquefasciatus development time, body size, and egg-to-adult survival.
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Table 3.2: Mean and standard error of Cx. quinquefasciatus vital rates (*days; **millimeters).

Mean Mean egg-to- . Mgan_
. Temp. Mean body . intrinsic
Competitor (°C) N dgveLopment size™ (+ SE) adult survival growth rate
time” (x SE) - (x SE) (+ SE)

21 35 15.31(0.26) 2.293(0.047) 0.467 (0.058) 0.147 (0.005)
24 50 11.04(0.21) 2.886(0.037) 0.667 (0.054) 0.187 (0.004)
Intraspecific 27 58 9.33(0.14) 2.948(0.026) 0.773(0.048)  0.210 (0.006)
30 51 8.06(0.09) 2.990(0.026) 0.680 (0.054)  0.218 (0.005)

33 0 n/a n/a n/a n/a
21 20 15.15(0.27) 2.918(0.062) 0.533(0.081)  0.151 (0.006)
24 21 10.67 (0.17) 3.031(0.053) 0.560 (0.081) 0.182(0.012)
Ae. albopictus 27 29 9.03(0.14) 3.042(0.037) 0.773(0.068) 0.214 (0.008)
30 25 8.28(0.16) 2.905(0.045) 0.667 (0.077) 0.211 (0.007)

33 0 n/a n/a n/a n/a
21 13 16.31(0.31) 2.726(0.044) 0.347 (0.078)  0.125 (0.008)
24 31 11.42(0.29) 2.947 (0.049) 0.827 (0.062)  0.193 (0.009)
Ae. aegypti 27 24 954 (0.32) 2.782(0.035) 0.640(0.078)  0.188 (0.015)
30 16  8.13(0.26) 2.820(0.051) 0.427 (0.081)  0.185(0.013)

33 0 n/a n/a n/a n/a
21 15 16.40(0.51) 2.694 (0.080) 0.600 (0.098)  0.146 (0.002)
24 17 11.00(0.31) 2.992(0.080) 0.680 (0.093)  0.190 (0.006)
Both spp. 27 16 9.06(0.17) 2.914(0.051) 0.640 (0.096)  0.202 (0.006)
30 18 7.89(0.14) 2.843(0.046) 0.720(0.090) 0.215 (0.010)

33 0 n/a n/a n/a n/a
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Table 3.3: Effect sizes with 95% Cls and p-values for Cq. quinquefasciatus vital rates at each
temperature treatment. Effect sizes were calculated as the standardized mean difference with
pooled standard deviation (Hedges’ g) between vital rates under intraspecific vs. interspecific
competition.

Competitor Temperature Devel_opment Body size Egg-tojadult Intrinsic
time survival growth rate
-0.11 -0.02 0.15 0.33
21 (-0.67,0.44) (-0.57,0.53) (-0.29,0.58)  (-1.00, 1.66)
p=0.69 p=0.94 p=0.51 p=0.58
-0.27 0.56 -0.25 -0.26
24 (-0.79,0.24)  (0.04,1.08) (-0.69,0.20)  (-1.58,1.07)
Ae. p=0.29 p =0.04 p=0.27 p =0.67
albopictus -0.30 0.47 0.00 0.25
27 (-0.75,0.15)  (0.02,0.93) (-0.52,0.52) (-1.07,1.57)
p=0.18 p=0.04 p=1.00 p=0.67
0.31 -0.43 -0.03 -0.40
30 (-0.18,0.79)  (-0.91,0.06) (-0.50,0.43) (-1.73,0.93)
p=0.21 p=0.08 p=10.89 p=0.51
0.68 -0.76 -0.27 -1.33
21 (0.02,1.33) (-1.43,-0.10) (-0.72,0.18) (-2.81,0.16)
p=0.04 p =0.02 p=0.23 p =0.07
0.24 0.23 0.48 0.32
24 (-0.21,0.70)  (-0.23,0.68) (-0.06,1.01)  (-1.01, 1.64)
. p=0.29 p=0.32 p=0.08 p =0.60
Ae. aegypti 0.18 0.87 0.36 0.77
27 (-0.30,0.65) (-1.37,-0.37) (-0.83,0.12) (-2.15, 0.60)
p=0.47 p <0.01 p=0.14 p=0.23
0.08 -0.89 -0.57 -1.35
30 (-0.48,0.65) (-1.47,-0.30) (-1.02,-0.13) (-2.83,0.14)
p=0.77 p<0.01 p=0.01 p=0.07
0.63 -0.78 0.29 -0.05
21 (0.01,1.26) (-1.41,-0.15) (-0.21,0.80) (-1.37,1.27)
p=0.05 p=0.02 p=0.25 p=0.93
-0.03 0.37 0.03 0.21
24 (-0.58,0.53) (-0.19,0.93) (-0.50,0.57) (-1.11, 1.54)
p=0.92 p=0.19 p=0.90 p=0.72
Both spp. 0.27 017 0.36 0.55
27 (-0.83,0.29) (-0.73,0.39) (-0.90,0.19)  (-1.89, 0.80)
p=0.34 p =0.54 p=0.20 p=0.38
-0.26 -0.78 0.10 -0.15
30 (-0.80,0.29) (-1.33,-0.22) (-0.45,0.66)  (-1.47,1.17)
p=0.35 p=0.01 p=0.71 p=0.80




67

Mean Ae. albopictus development time ranged from 7.67 (+ 0.24) days at 33°C to 19.04 (=
0.14) days at 21°C (Figure 4, top-left; Table 4). Competition with Cx. quinquefasciatus
significantly increased Ae. albopictus development time at 24°C (Hedges’ g = 0.56, p = 0.03).
Competition with Ae. aegypti significantly decreased Ae. albopictus development time at 21°C
(Hedges’ g =-0.94, p = 0.01) and significantly increased development time at 24°C (Hedges’ g =
0.48, p = 0.03). Multi-species competition did not have a significant effect on Ae. albopictus

development time at any temperature (Figure 4, top-right; Table 5).

Mean Ae. albopictus body size ranged from 2.415 (£ 0.043) mm at 21°C to 2.994 (£ 0.032)
mm at 27°C (Figure 4, middle-left; Table 4). Competition with Cx. quinquefasciatus significantly
decreased Ae. albopictus body size 24°C (Hedges’ g =-0.91, p <0.01) and 27°C (Hedges’ g = -
0.55, p = 0.02), but significantly increased body size at 33°C (Hedges’ g = 0.81, p = 0.01).
Competition with Ae. aegypti significantly decreased Ae. albopictus body size at 24°C (Hedges’ g
=-0.58,p=0.01) and 27°C (Hedges’ g =-0.52, p = 0.03). Multi-species competition significantly
decreased Ae. albopictus body size at 27°C (Hedges’ g =-1.15, p < 0.01) only (Figure 4, middle-

right; Table 5).

Mean Ae. albopictus egg-to-adult survival ranged from 0.240 (£ 0.070) at 21°C to 0.920
(= 0.054) at 30°C (Figure 4, bottom-left; Table 4). Competition with Cx. quinquefasciatus
significantly decreased Ae. albopictus egg-to-adult survival at 24°C (Hedges’ g =-0.52, p = 0.03).
Competition with Ae. aegypti significantly decreased Ae. albopictus egg-to-adult survival at 21°C
(Hedges g =-0.98, p <0.01), but had no significant effect at higher temperatures (Figure 4, bottom-
right; Table 5). Multi-species competition significantly decreased Ae. albopictus egg-to-adult
survival at 21°C (Hedges’ g =-0.66, p = 0.01) and significantly increased egg-to-adult survival at

30°C (Hedges’ g=1.02, p =0.02).
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Mean Ae. albopictus intrinsic growth rate ranged from 0.070 (x 0.013) at 21°C to 0.186 (=
0.006) at 27°C (Figure 6, middle-left; Table 4). Competition with Cx. quinquefasciatus had no
significant effect on Ae. albopictus intrinsic growth rate at any temperature (Figure 6, middle-
right; Table 5). Competition with Ae. aegypti significantly decreased Ae. albopictus intrinsic
growth rate at 21°C (Hedges’ g = -1.85, p = 0.03). Multi-species competition also significantly

decreased Ae. albopictus intrinsic growth rate at 21°C (Hedges’ g =-1.74, p = 0.05).
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Figure 3.4: Mean and standard error (left) and effect size and standard error (right) of Aedes
albopictus development time, body size, and egg-to-adult survival.
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Table 3.4: Mean and standard error of Ae. albopictus vital rates (*days; **millimeters).

Mean Mean egg-to- _ Mgan_
Competit Temp. N devel t Mean body adglt intrinsic
petitor . evelopmen .
(°C) time” (+ SE) size™ (x SE) survival growth rate
B (£ SE) (= SE)

21 49 19.04 (0.14) 2.586 (0.047) 0.653 (0.055) 0.115 (0.004)
24 59 12.42(0.15) 2.914(0.039) 0.787 (0.047) 0.167 (0.004)
Intraspecific 27 55 9.49(0.09) 2.994(0.032) 0.733(0.051) 0.186 (0.006)
30 48  8.60(0.16) 2.786 (0.042) 0.640 (0.055) 0.179 (0.005)
33 43  7.95(0.09) 2.732(0.040) 0.573(0.057) 0.176 (0.005)
21 19 18.53(0.29) 2.689 (0.055) 0.507 (0.082) 0.113 (0.006)
Cx 24 22 13.36(0.55) 2.629 (0.076) 0.587 (0.080) 0.135 (0.012)
quinquefaisciatus 27 30 9.33(0.10) 2.856 (0.049) 0.800 (0.065) 0.185 (0.007)
30 27 837(0.13) 2.765(0.058) 0.720(0.073) 0.184 (0.009)
33 18  7.67(0.24) 2.929(0.039) 0.480(0.082) 0.180 (0.007)
21 9 18.11(0.35) 2.422(0.106) 0.240(0.070) 0.070 (0.013)
24 31 13.10(0.31) 2.741(0.052) 0.827 (0.062) 0.155 (0.009)
Ae. aegypti 27 29 9.52(0.17) 2.855(0.056) 0.773(0.068) 0.183 (0.006)
30 27 8.78(0.29) 2.662(0.043) 0.720(0.073) 0.175 (0.006)
33 21 7.95(0.80) 2.723(0.069) 0.560 (0.081) 0.171(0.011)
21 9 18.89(0.39) 2.415(0.043) 0.360 (0.096) 0.093 (0.007)
24 16 12.63(0.30) 2.888 (0.070) 0.640 (0.096) 0.154 (0.008)
Both spp. 27 19 9.63(0.23) 2.687(0.076) 0.760 (0.085) 0.167 (0.012)
30 23 9.17(0.56) 2.661 (0.050) 0.920 (0.054) 0.185 (0.008)
33 11  8.09(0.28) 2.834(0.067) 0.440(0.099) 0.164 (0.012)
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Table 3.5: Effect sizes with 95% Cls and p-values for Ae. albopictus vital rates at each temperature
treatment. Effect sizes were calculated as the standardized mean difference with pooled standard
deviation (Hedges’ g) between vital rates under intraspecific vs. interspecific competition.

Competitor Temperature Development Body size Egg-to-adult Intrinsic
time survival growth rate
-0.48 0.33 -0.33 -0.20
21 (-1.02, 0.06) (-0.20, 0.87) (-0.77,0.11) (-1.52, 1.13)
p =0.08 p=0.22 p=0.14 p=0.74
0.56 -0.90 -0.52 -1.43
24 (0.06, 1.06) (-1.41, -0.38) (-1.00, -0.05) (-2.93.0.08)
p =0.03 p <0.01 p =0.03 p = 0.06
-0.25 -0.55 0.21 -0.11
Cx. quings. 27 (-0.70, 0.20) (-1.01, -0.10) (-0.32,0.73) (-1.43,1.21)
p=0.27 p =0.02 p =0.44 p=0.85
-0.24 -0.07 0.20 0.27
30 (-0.72, 0.24) (-0.55, 0.40) (-0.27, 0.68) (-1.05, 1.59)
p=0.32 p=0.77 p =0.40 p = 0.65
-0.37 0.81 -0.21 0.30
33 (-0.93,0.19) (0.24, 1.39) (-0.64, 0.23) (-1.03, 1.62)
p=0.19 p=0.01 p=0.35 p =0.62
-0.94 -0.50 -0.98 -1.85
21 (-1.68, -0.21) (-1.22,0.23) (-1.47,-0.49) (-3.48, -0.23)
p=0.01 p=0.17 p<0.01 p=0.03
0.48 -0.58 0.14 -0.72
24 (0.04, 0.92) (-1.03, -0.13) (-0.42, 0.70) (-2.09, 0.65)
p =0.03 p=0.01 p=0.62 p=0.26
0.03 -0.52 0.12 -0.26
Ae. aegypti 27 (-0.42, 0.49) (-0.98, -0.06) (-0.39, 0.63) (-1.59, 1.06)
p=0.88 p =0.03 p =0.65 p = 0.66
0.14 -0.46 0.20 -0.27
30 (-0.34,0.61) (-0.94, 0.02) (-0.27, 0.68) (-1.59, 1.06)
p=0.57 p = 0.06 p =0.40 p =0.65
0.00 -0.03 -0.03 -0.24
33 (-0.53, 0.53) (-0.56, 0.49) (-0.47,0.41) (-1.56, 1.08)
p =1.00 p=0.90 p=0.89 p=0.69
-0.15 -0.55 -0.66 -1.74
21 (-0.87,0.57) (-1.28,0.17) (-1.18, -0.14) (-3.46, -0.03)
p =0.67 p=0.13 p=0.01 p=0.05
0.17 -0.09 -0.40 -0.88
24 (-0.39, 0.73) (-0.64, 0.47) (-0.95, 0.15) (-2.28.0.51)
p = 0.55 p=0.75 p=0.15 p=0.18
0.18 -1.15 0.08 -0.82
Both spp. 27 (-0.34,0.71) (-1.71, -0.59) (-0.50, 0.66) (-2.21, 0.56)
p=0.49 p<0.01 p=0.79 p=0.21
0.32 -0.45 1.02 0.39
30 (-0.19, 0.82) (-0.96, 0.05) (0.18, 1.86) (-0.95, 1.72)
p=0.21 p =0.08 p =0.02 p=0.52
0.20 0.39 -0.29 -0.52
33 (-0.47,0.87) (-0.28, 1.07) (-0.80, 0.21) (-1.86, 0.83)
p = 0.56 p=0.24 p=0.25 p=0.40
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Mean Ae. aegypti development time ranged from 6.06 (x 0.06) days at 33°C to 16.75 (
0.16) days at 21°C (Figure 5, top-left; Table 6). Competition with Cx. quinquefasciatus
significantly decreased Ae. aegypti development time at 21°C (Hedges’ g = -0.61, p = 0.01), but
had no significant effect at higher temperatures (Figure 5, top-right; Table 7). Competition with
Ae. albopictus significantly decreased Ae. aegypti development time at 21°C (Hedges’ g =-1.11,
p<0.01) and 24°C (Hedges’ g =-0.55, p = 0.01). Multi-species competition decreased Ae. aegypti
development time at 21°C (Hedges’ g = -0.93, p < 0.01), but had no significant effect at higher

temperatures.

Mean Ae. aegypti body size ranged from 2.923 (+ 0.044) mm at 21°C to 3.397 (£ 0.028)
mm at 27°C (Figure 5, middle-left; Table 6). Competition with Cx. quinquefasciatus significantly
increased Ae. aegypti body size at 27°C (Hedges’ g=0.83, p <0.01) and 30°C (Hedges’ g = 0.83,
p < 0.01). Competition with Ae. albopictus significantly increased Ae. aegypti body size at 24°C
(Hedges’ g=0.91, p<0.01), 27°C (Hedges’ g=0.51, p=0.02), and 33°C (Hedges’ g=0.66, p =
0.01). Multi-species competition significantly increased Ae. aegypti body size at 27°C (Hedges’ g
=0.88, p < 0.01), 30°C (Hedges’ g = 0.87, p < 0.01), and 33°C (Hedges’ g = 0.64, p = 0.02).
Interspecific competition has no effect on Ae. aegypti body size at 21°C (Figure 5, middle-right;

Table 7).

Mean Ae. aegypti egg-to-adult survival ranged from 0.613 (+ 0.080) at 27°C to 100%
survival in multiple treatments at both 24°C and 27°C (Figure 5, bottom-left; Table 6). Due to the
lack of variation in survival at these temperatures, we were unable to calculate effect sizes for all
treatments. Of the effect sizes we were able to calculate (21°C, 30°C, and 33°C), none were

statistically significant (Figure 5, bottom-right; Table 7).
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Mean Ae. aegypti intrinsic growth rate ranged from 0.152 (+ 0.003) at 21°C to 0.246 (=
0.005) at 30°C (Figure 6, bottom-left; Table 6). Interspecific competition had no significant effect

on Ae. aegypti intrinsic growth rate at any temperature (Figure 6, bottom-right; Table 7).
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Figure 3.5: Mean and standard error (left) and effect size and standard error (right) of Aedes
aegypti development time, body size, and egg-to-adult survival.



Table 3.6: Mean and standard error of Ae. aegypti vital rates (*days; **millimeters).
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Mean Mean egg-to- _ Mgan_
Competitor Temp. N  development Mein body adglt Intrinsic
Y 0 p
(°C) time” (+ SE) size™ (x SE) survival growth rate
(£ SE) (= SE)
21 67 16.75(0.16) 2.923(0.044) 0.893(0.036) 0.152 (0.003)
24 60 11.32(0.10) 3.147 (0.033) 0.800 (0.046) 0.189 (0.005)
Intraspecific 27 75 8.16 (0.04) 3.140 (0.024)  1.00 (0.000) 0.230 (0.004)
30 70 7.26(0.10) 3.132(0.027) 0.933(0.029) 0.237 (0.005)
33 61 6.30(0.06) 3.070(0.025) 0.813(0.045) 0.239 (0.005)
21 33 15.97(0.20) 3.076 (0.060) 0.880 (0.053) 0.159 (0.006)
24 44  11.27(0.10) 3.237(0.039) 1.00 (0.000) 0.188 (0.029)
. Cx. . 27 23 8.13(0.07)  3.397(0.028) 0.613(0.080) 0.214 (0.006)
quinquefasciatus
30 35 7.11(0.08)  3.317 (0.036) 0.933(0.041) 0.246 (0.005)
33 27 6.30(0.12) 3.144(0.039) 0.720(0.073) 0.231(0.013)
21 32 15.41(0.16) 3.018 (0.067) 0.853(0.058) 0.159 (0.005)
24 39 10.90(0.11) 3.374(0.038) 1.00(0.000) 0.209 (0.009)
Ae. albopictus 27 32 850(0.35) 3.266 (0.054) 0.853(0.058) 0.216 (0.020)
30 31 7.45(0.30) 3.210(0.057) 0.827 (0.062) 0.233(0.005)
33 24 6.46(0.10)  3.193(0.033) 0.640 (0.078) 0.228 (0.007)
21 19 1558(0.22) 3.114(0.086) 0.760 (0.085) 0.156 (0.007)
24 27 1152 (0.15) 3.190(0.067) 1.00 (0.000) 0.202 (0.007)
Both spp. 27 27 8.37(0.34) 3.328(0.041) 1.00(0.000) 0.235(0.013)
30 21  7.00(0.07)  3.331(0.049) 0.840(0.073) 0.236(0.013)
33 17  6.06 (0.06) 3.191(0.039) 0.680 (0.093) 0.236 (0.008)
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Table 3.7: Effect sizes with 95% Cls and p-values for Ae. aegypti vital rates at each temperature
treatment. Effect sizes were calculated as the standardized mean difference with pooled standard
deviation (Hedges’ g) between vital rates under intraspecific vs. interspecific competition.

Competitor Temperature Development Body size Egg-to-adult Intrinsic
time survival growth rate
-0.61 0.43 -0.07 0.54
21 (-1.04, -0.18) (0.00, 0.85) (-0.75, 0.61) (-0.81, 1.88)
p=0.01 p =0.05 p=0.83 p=0.39
-0.06 0.35 -0.03
24 (-0.45, 0.33) (-0.04, 0.74) n/a (-1.35, 1.28)
p=0.76 p=0.08 p=0.96
-0.08 1.29 -1.27
Cx. quings. 27 (-0.55, 0.39) (0.79, 1.79) n/a (-1.74, 0.20)
p=0.73 p<0.01 p =0.08
-0.19 0.83 0.00 0.72
30 (-0.60, 0.22) (0.40, 1.25) (-0.87,0.87) (-0.65, 2.09)
p=0.36 p<0.01 p=1.00 p=0.26
0.00 0.37 -0.29 -0.31
33 (-0.45, 0.46) (-0.09, 0.83) (-0.80, 0.22) (-1.64, 1.01)
p=0.99 p=0.11 p=0.26 p =0.60
-1.11 0.26 -0.20 0.74
21 (-1.56, -0.65) (-0.17, 0.68) (-0.84, 0.45) (-0.63, 2.11)
p<0.01 p=0.24 p =0.54 p=0.25
-0.55 0.91 1.16
24 (-0.97, -0.14) (0.49, 1.34) n/a (-0.29, 2.61)
p=0.01 p<0.01 p=0.10
Ae 0.30 0.51 -0.40
albopi;:tus 27 (-0.11, 0.72) (0.09, 0.93) n/a (-1.73, 0.93)
p=0.15 p =0.02 p=0.51
0.17 0.30 -0.59 -0.32
30 (-0.26, 0.59) (-0.13,0.73) (-1.28, 0.10) (-1.64, 1.01)
p=0.44 p=0.17 p =0.09 p =0.60
0.34 0.66 -0.49 -0.67
33 (-0.14,0.82) (0.17,1.14) (-0.98, 0.00) (-2.04, 0.69)
p=0.16 p=0.01 p =0.05 p=0.29
-0.93 0.52 -0.53 0.26
21 (-1.46, -0.39) (0.00, 1.04) (-1.18,0.12) (-1.06, 1.59)
p<0.01 p =0.05 p=0.11 p =0.66
0.26 0.15 0.85
24 (-0.20, 0.71) (-0.31, 0.61) n/a (-0.54, 2.24)
p=0.27 p=0.52 p=0.20
0.22 0.88 0.21
Both spp. 27 (-0.22, 0.66) (0.42,1.33) n/a (-1.12, 1.53)
p=0.33 p<0.01 p=0.73
-0.34 0.87 -0.54 -0.03
30 (-0.83, 0.16) (0.37,1.38) (-1.31,0.24) (-1.35, 1.29)
p=0.18 p<0.01 p=0.17 p =0.96
-0.55 0.64 -0.39 -0.17
33 (-1.10, 0.00) (0.09, 1.19) (-0.96, 0.17) (-1.49, 1.15)
p =0.05 p =0.02 p=0.17 p=0.77
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The estimated intraspecific thermal niche of Cx. quinquefasciatus ranged from 11.26 (+
2.08) °Ct040.46 (= 2.11) °C, with a thermal optimum at 29.27 (£ 0.007) °C (Table 8). Competition
with Ae. aegypti significantly decreased the thermal maximum and thermal optimum, as well as
increased the thermal minimum, of Cx. quinguefasciatus’ thermal niche relative to intraspecific
competition (Figure 7, Figure 8). The estimated intraspecific thermal niche of Ae. albopictus
ranged from 12.75 (£ 1.298) °C to 40.00 (£ 0.913) °C, with a thermal optimum at 29.41 (x 0.003)
°C (Table 9). Competition with Cx. quinquefasciatus significantly increased the thermal optimum
of Ae. albopictus’ thermal niche. Competition with Ae. aegypti significantly increase the thermal
minimum and decreased the thermal maximum of Ade. albopictus’ thermal niche relative to
intraspecific competition (Figure 7, Figure 9). The estimated intraspecific thermal niche of Ae.
aegypti ranged from 10.53 (+ 1.440) °C to 43.47 (= 1.270) °C, with a thermal optimum of 31.12
(= 0.005) °C (Table 10). Competition with Ae. albopictus, as well as multi-species competition,

significantly lowered the thermal optimum of Ae. aegypti’s thermal niche (Figure 7, Figure 10).
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Figure 3.7: Estimated minimum (Tmin, blue), optimum (Topt, green), and maximum (Tmax, red)
temperature of each thermal niche with standard error bars.
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Figure 3.8: Estimated thermal niche of Culex quinquefasciatus under intraspecific and interspecific
competition. Solid lines are Briére curves fitted to intrinsic growth rate estimates. Dashed lines are
the minimum and maximum of curves fitted to 10,000 bootstrap samples of intrinsic growth rate

estimates.

Table 3.8: Nonlinear least-squares parameter value estimates for each Cx. quinquefasciatus
thermal niche, with standard errors for the scaling parameter (c), thermal minimum (Tmin), and
thermal maximum (Tmax) in parentheses. The thermal optimum (Topt) is the temperature at which
estimated intrinsic growth rate is maximized. Mean Topt and standard error were calculated from
curves fit to 10,000 bootstrap samples of estimated intrinsic growth rates.

Competitor c Tmin Trmax Topt

T 7.395x 10° 11.26 40.46 29.27
(£ 2.195 x 10°) (x2.08) (x2.11) (= 0.007)

Ae. albopictus 7.503 x 10° 10.98 39.94 29.13
(+3.726 x 10) ( 3.65) (x3.31) (£ 0.012)

Fe et 1.464 x 10* 15.16 35.56 27.39
(£ 5.416 x 10°) (x1.94) (x1.61) (£ 0.008)

Both spp. 6.556 x 10° 10.18 40.93 29.54
(+ 3.004 x 10°) (£ 3.53) (£3.31) (£0.013)
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Figure 3.9: Estimated thermal niche of Aedes albopictus under intraspecific and interspecific
competition. Solid lines are Briére curves fitted to intrinsic growth rate estimates. Dashed lines are
the minimum and maximum of curves fitted to 10,000 bootstrap samples of intrinsic growth rate

estimates.

Table 3.9: Nonlinear least-squares parameter value estimates for each Ae. albopictus thermal
niche, with standard errors for the scaling parameter (c), thermal minimum (Tmin), and thermal
maximum (Tmax) in parentheses. The thermal optimum (Topt) is the temperature at which estimated
intrinsic growth rate is maximized. Mean Topt and standard error were calculated from curves fit

to 10,000 bootstrap samples of estimated intrinsic growth rates.

Competitor C Tmin T max Topt
Intraspecific 7.327 x 10° 12.75 40.00 29.41
(+1.246x10%)  (£1.298)  (£0.913) (+ 0.003)
Cx. quinguefasciatus 6.360 x 10° 13.14 41.64 30.67
' (£1.996x 10%)  (£2.164) (% 2.092) (+0.007)
i EEEET 1.268 x 10 17.48 38.04 29.54
' (£2.380x 10%)  (£0.844)  (+0.926) (+ 0.004)
Both spp 9.204 x 10° 15.40 39.12 29.66
' (£2279x10%)  (£1.480)  (+ 1.280) (+ 0.006)
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Figure 3.10: Estimated thermal niche of Aedes aegypti under intraspecific and interspecific
competition. Solid lines are Briére curves fitted to intrinsic growth rate estimates. Dashed lines are
the minimum and maximum of curves fitted to 10,000 bootstrap samples of intrinsic growth rate

estimates.

Table 3.10: Nonlinear least-squares parameter value estimates for each Ae. aegypti thermal niche,
with standard errors for the scaling parameter (c), thermal minimum (Tmin), and thermal maximum
(Tmax) in parentheses. The thermal optimum (Topt) is the temperature at which estimated intrinsic
growth rate is maximized. Mean Toptand standard error were calculated from curves fit to 10,000
bootstrap samples of estimated intrinsic growth rates.

Competitor C Tmin T max Topt
Intraspecific 6.130 x 10° 10.53 43.47 31.12
(+ 1.047 x 10) (£1.440)  (x1.270) (+ 0.005)
Cx. quinquefasciatus 4.949 x 10° 8.43 44.73 31.09
' (+3260x 10%)  (£6.409)  (+5.200) (+ 0.009)
i i e 5.002 x 10 7.19 43.66 30.34
(£2.395x 10%)  (£5.277)  (+ 3.296) (+0.007)
Both spp 6.875 x 10° 10.70 42.23 30.39
' (£2.201x 105)  (£2763)  (+2.101) (+ 0.006)
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Discussion

Our results illustrate how interspecific competition can alter the thermal niche for
population growth in mosquito vectors. Competition with Ae. aegypti significantly narrowed the
thermal niche of Cx. quinquefasciatus and lowered the thermal optimum. Similarly, competition
with Ae. aegypti significantly narrowed the thermal niche of Ae. albopictus, but did not alter the
thermal optimum. Competition with Cx. quinquefasciatus significantly increased the thermal
optimum of Ae. albopictus, but did not alter the thermal minimum or maximum. The thermal niche
of Ae. aegypti, which was previously identified as the superior competitor in this group of species,
was not significantly altered by interspecific competition. Interestingly, competition with Ae.
aegypti altered the thermal niche of both Ae. albopictus and Cx. quinquefasciatus individually, but
the thermal niche of both inferior competitors was not significantly affected by multi-species
competition. This positive, indirect effect suggests that the addition of a third species can ease the

burden of interspecific competition on the inferior competitor.

Additionally, our results show that effects of interspecific competition vary by temperature,
focal/competitor species, and vital rate. For example, interspecific competition with Ae. aegypti
significantly increased Cx. quinquefasciatus development time at low temperatures (21°C), while
significantly decreasing survival at high temperatures (30°C). Interspecific competition with Ae.
aegypti significantly decreased Ae. albopictus development time at 21°C, but significantly
increased development time at 24°C. All cases of interspecific competition significantly decreased
Ae. aegypti development time at low temperatures (21°C) and significantly increased Ae. aegypti
body size at higher temperatures (27-33°C). Despite significant effects of interspecific competition
on different vital rates, interspecific competition had no significant effect on the estimated intrinsic

growth rate of Ae. aegypti or Cx. quinquefasciatus. Competition with Ae. aegpyti, as well as multi-



84

species competition, significantly decreased Ae. albopictus growth rate at low temperatures (21°C)
only. However, the lack of detection of statistical differences in intrinsic growth rates between
competition treatments may be due to the low sample size (n=5) for population-level metrics (e.g.,
growth rate) compared to individual-level metrics (e.g., development time, body size, egg-to-adult

survival).

No Cx. quinguefasciatus females survived to emergence in our 33°C treatments. This could
be due to (1) physiological thermal limits, (2) poor egg quality, or (3) strong competition at high
temperatures. It is unlikely that this extremely high mortality rate was caused by competition
because mortality was uniform across all treatments. As we obtained eggs for these experiments
from another laboratory, it is possible that the source of blood meals was suboptimal for this
species, which can influence fecundity (Olayemi et al. 2011, Farjana and Tuno 2012, 2013).
Fecundity is also known to decrease with senescence in adult mosquitoes, so the eggs could have
been produced by older females (Styer et al. 2007, McCann et al. 2009). Previous studies report
egg-to-adult survival of Cx. quinquefasciatus at temperatures greater than 33°C (e.g., Rueda et al.
1990), but genetic variations between populations may contribute to the exact physiological
thermal threshold for this species. If the high mortality observed in our experiments was due to
poor egg quality and not a thermal threshold, the thermal maxima for Ae. aegpyti and Ae.
albopictus may be overestimated due to lack of interspecific interactions with Cx. quinquefasciatus
at 33°C. If interspecific competition with Cx. quinquefasciatus was strong at 33°C, then the
absence of this species could result in an artificially high intrinsic growth rate estimate and over-
estimated of the thermal maximum. Additionally, if Cx. quinquefasciatus larvae died early in the
experiment (i.e., before consuming significant resources), this could have inflated intrinsic growth

rate estimates and resulted in overestimation of the thermal maximum of Ae. aegpyti and/or Ae.



85

albopictus as well. We fitted thermal niche curves for Cx. quinquefasciatus data under the
assumption of (2) above, so the thermal optimum of this species may also be overestimated if 33°C

is the true physiological thermal threshold.

Given the results of this experiment, future empirical work on thermal responses of
mosquito vectors should incorporate the outcome of species interactions, in addition to common
vital rate measurements, across a wide temperature gradient. There is also a lack of empirical data
on mosquito vital rates at thermal extremes (e.g., < 20°C and > 30°C); increased data on vital rates
at these temperatures will allow for more accurate estimates of thermal niches for both mosquito
population growth and vector-borne disease transmission. Given the dependence of important
vector-borne disease transmission parameters (like vector competence) on temperature, a vital next
step will be to determine if there are interacting effects of temperature and interspecific
competition on those traits and what consequences those interactions may have for disease

transmission.
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LARVAL COEXISTENCE OF MOSQUITO VECTORS!
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Abstract

Understanding the population dynamics of mosquito vectors is critical to effective control
of arboviral disease. While many studies infer species coexistence and competitive exclusion from
a small subset of mosquito traits (e.g., larval development time, egg-to-adult survival, fecundity,
adult longevity), the contribution of traits at all developmental stages to coexistence and exclusion
in mosquito communities have not been well-investigated. We created a stage-structured model —
parameterized by a combination of empirical data, allometric functions, and literature-derived
values — to explore the effects of differences in life history traits during the egg, pupal, and adult
stages on population dynamics and resulting coexistence or exclusion of two competing mosquito
species, Culex quinquefasciatus and Aedes albopictus. While results from laboratory experiments
indicated that Ae. albopictus should competitively exclude Cx. quinquefasciatus, our results
showed that coexistence between these species was possible when Ae. albopictus egg stage
duration was 12 or more days and that of Cx. quinquefasciatus was 4-10 days shorter, or when Ae.
albopictus adult mortality was higher than that of Cx. quinquefasciatus. These results underscore
the need to consider the influence of all life stages on population and community dynamics of

species with complex life cycles

Introduction

Understanding the population dynamics of mosquito vectors is critical to effective control
of arboviral disease. Tracking these dynamics in natural populations is made difficult by the
complex life cycle of mosquitoes and their ontogenetic niche shift from the aquatic to terrestrial
ecosystem. Population growth rates of mosquitoes may be empirically estimated from field data

using the intrinsic growth rate model developed by (Livdahl and Sugihara 1984):
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This model allows for the estimation of per capita growth rates without the need to track daily

r’ =

(Egn. 1),
D+

larval or adult survival by substituting experimentally-determined functions in place of empirical
measurements, and is used ubiquitously in mosquito and vector ecology research. Additionally,
this model requires relatively few parameters for growth rate estimation: N, is the initial number
of females in the population (assumed to be half of the total population size), A, is the number of
females eclosing on day x, and f (w,) is an allometric scaling function that relates mean body size
of females eclosing on day x to fecundity (Livdahl and Sugihara 1984). These growth rate
estimates can be used to infer conditions for species coexistence or competitive exclusion (Murrell
and Juliano 2008, Armistead et al. 2008) in the context of Lotka-Volterra species competition
(Volterra 1926, Lotka 1932). However, non-competing life stages (e.g., egg, pupae, adults) of
mosquitoes, which are not explicitly included in the Livdahl and Sugihara (1984) model, have
been shown to be important in determining population dynamics of competing species (Costanzo
et al. 2005a). Therefore, the contribution of vital rates and life-history traits at non-larval life stages
to species coexistence and competitive exclusion warrants additional attention.

Previous laboratory microcosm experiments (detailed in Chapter 1) looking at density-
dependent larval competition between two vector mosquito species (Culex quinquefasciatus and
Aedes albopictus) showed that Ae. albopictus would competitively exclude Cx. quinquefasciatus
under laboratory conditions (e.g., 27°C, animal-based food source). However, coexistence
between these two species, or species in the same complex (e.g., Cx. pipiens), has been reported
in some locations (Carrieri et al. 2003, Juliano and Philip Lounibos 2005, Costanzo et al. 2005b,

LaDeau et al. 2013). We sought to explain this discrepancy between field and laboratory studies
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by considering a more complex model of mosquito population dynamics that incorporates traits
from all life history stages to account for differences between laboratory experiments and field
observations. Specifically, we investigated whether differences in traits at non-larval life stages
between these two species allow for coexistence in the larval environment. For example, we
hypothesized that higher adult mortality of the superior competitor (e.g., Ae. albopictus) might
mitigate the effect of larval competition on population dynamics by reducing the number of new
individuals (eggs) that are produced from the adult population.

To test these hypotheses, we created a stage-structured population model parameterized
from empirical data to explore the effects of trait differences between species at non-larval life
stages on their ability to coexist; specifically (1) duration of egg stage, (2) duration of pupal stage,
(3) daily adult mortality, and (4) length of gonotrophic cycle. Our results predict that Cx.
quinquefasciatus is able to coexist with, and sometimes exclude, Ae. albopictus when daily adult
mortality is higher in the latter species. Additionally, this analysis predicts coexistence to be
possible when the egg stage duration is short (< 6 days) in Cx. quinquefasciatus and much longer
(12-14 days) in Ae. albopictus than in Cx. quinquefasciatus . These results underscore the need to
consider the influence of all life stages on population and community dynamics of species with
complex life cycles, even if competitors do not necessarily interact during all stages.

Methods

To represent the contribution of all life stages to dynamics of mosquito populations, we
created a stage-structured population model with five distinct life history stages (Figure 1),
represented by a system of delay differential equations. To obtain density-dependent functions for
empirically-derived parameters, we fit linear (development time) and exponential decay (body

size, egg-to-adult survival) models to data from previous laboratory experiments (detailed in
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Chapter 1). Larval density measurements from laboratory experiments were recorded as number
of individuals per 200 mL DI water. Estimates for all other parameter values were obtained from

the primary literature (Table 1).

f(p,o,u) ST ——— Adult f(6,u,)

\
f,p i) f(ho=fWw)ap.)
N

a,y, Density-dependent; directly
f( v ‘ul) . measured

Figure 4.1: Conceptual diagram of the stage-structured population model with five developmental

. Obtained from literature

. Allometric scaling function

stages: egg, larval, pupal, sub-adult, and adult. Stages in blue take place in the aquatic environment,
and those in green take place in the terrestrial environment. Parameters in the model (Table 1) are
a combination of literature-derived (purple), allometric scaling functions (orange), or density-
dependent functions from directly measured data (red).
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Table 4.1: Parameters and selected values for stage-structured population model simulations.

Val :
Parameter Symbol alue Units References
(Range)
. (Elizondo-Quiroga et al. 2006,
Gonotlgzpf;;]c B A 7 (1-30) Days Ulloa et al. 2006, Garcia-Rejon
g et al. 2008, Wong et al. 2011)
Density- Eggs : .
Fecundity © dependent oer Derived from empirical data
. (chapter 1)
function female
(Vitek and Livdahl 2006,
1 Olayemi et al. 2011, Aida et al.
Sy Gleriin He U Day 2011, Phasomkusolsil et al.
2013)
Density- : .
Larval death " dependent Day't Derived from empirical data
functi (chapter 1)
unction
1 (Monteiro et al. 2007, Aida et
PILEEL Hp 0.01 Day al. 2011, Li et al. 2014)
(Elizondo-Quiroga et al. 2006,
Sub-adult/adult _ i 4 Ulloa et al. 2006, Garcia-Rejon
death Ms=pa 0.05(0-05)  Day et al. 2008, Moller-Jacobs et al.
2014)
Egg development
time/ o} 1.5 (1-14) Days (Olayemi et al. 2011)
stage duration
Larval development dDensgy— D Derived from empirical data
time/ stage duration ¥ ependent ays (chapter 1)
function
Pupal development i (Monteiro et al. 2007, Li et al.
time/ stage duration P 2 LAV 2014)
Time to first (Elizondo-Quiroga et al. 2006,
reproduction/ sub- ) 7 Days Ulloa et al. 2006, Garcia-Rejon

adult stage duration

et al. 2008, Wong et al. 2011)
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Egg stage dynamics are represented by

O = 200 A®) — Ei(t — a) — pE() (Eqn. 2),

where A is the length of the adult reproductive (gonotrophic) cycle in days; w(t) is the average adult
fecundity in number of eggs per individual at time t; a is the duration of the egg stage in days; and
e is the daily egg stage mortality rate. Fecundity (w) was represented by a species-specific
allometric function that relates adult body size (w) to number of eggs produced for Cx.
quinquefasciatus (McCann et al. 2009)

w(t) = f(w(t)) =90.31w(t) — 123.88 (Eqgn. 3)

and Ae. albopictus (Farjana and Tuno 2012)

w(®) = f(w(t)) = 104.8w(t) — 201.37 (Eqn. 4).

Size (w) at time t is a density-dependent function

w(t) = f(Ly(t = D), Lyt = 2)) (Eqn. 5),
where L (i = {1,2}) is the number of larvae of species i at time t — A, and A is the length of the

adult gonotrophic cycle. Larval stage dynamics are represented by

O = Byt - @) — g OLi®) — Li(t — y(©) (Eqn. 6),

where w(t) is the daily larval mortality rate, represented by the density-dependent function
u() = f(L1(8), Lo (D)) (Ean. 7),

and v is the larval development period in days, represented by the density-dependent function

1
f L1 (E=y(0)).L2(E-y (1))

y(@) = (Egn. 8).

Pupal stage dynamics are represented by

PO = Li(t - y(®) = p,Pi(t) = Pi(t = p) (Eqn. 9),



96

where p is the duration of the pupal stage in days and y, is the daily pupal mortality rate. Sub-adult

stage (i.e., pre-reproductive adult) dynamics are represented by

T2 = Pyt = p) — 1 Si(®) = Si(t = 6) (Eqn. 10),

where ps is the daily sub-adult mortality rate and 6 is the time to first reproduction in days. Finally,

reproducing adult dynamics are represented by

dAi(t) _
dc

Si(t—8) —uAi(®) (Eqgn. 11),

where a is the daily adult mortality rate.

We solved this model numerically in the R computing environment (R Core Team
2016)using delay differential equations (‘stagePop’ package (Kettle 2015)) which allowed us to
mimic the average time an individual would spend in each life stage. Time delays for the first four
stages were represented as the development time or stage duration (e.g., parameters a, v, p, and ).
After obtaining numerical solutions for each species in both the single-species and two-species
models at estimated parameter values, we explored a large parameter space for egg stage duration,
pupal stage duration, daily adult mortality, and gonotrophic cycle length to determine if differences
in these parameters between the two species resulted in coexistence or exclusion. We elected to
focus on these parameters because they are known to differ intrinsically among different species
and genera, and can be sensitive to environmental factors and therefore potentially variable in
nature. Pairs of parameter values for each simulation were selected via a grid search on each
parameter: egg stage duration from 1-14 days in increments of 0.5 days (729 unique pairs of
parameter values), pupal stage duration from 1-10 days in increments of 0.5 days (361 parameter
value pairs), daily adult mortality from 0-0.5 in increments of 0.01 (2,601 parameter pairs), and

gonotrophic cycle length from 1-30 days in increments of 1 day (900 parameter pairs). Model
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simulations began with 10 individuals of each species in the egg stage, with initial population sizes
of all other stages set to zero. Each parameter set was solved for 200 days, and larval population
sizes at the final time step were used to determine coexistence or exclusion of each species. If the
final larval population size of both species was > 1 individual, the species were presumed to coexist
under that set of parameter values.

Results

Body size and egg-to-adult survival consistently decreased with increasing density for each
species under both intraspecific and interspecific competition (Figures 2 & 3). Fitted parameters
with standard error for each vital rate model — body size (exponential decay; y = a(1 — b)*),
development time (linear; y = mx + b), and egg-to-adult survival (exponential decay; y =
a(1 — b)*) —are reported in Table 2.

In the single-species population model for Cx. quinquefasciatus, all life-history stages
reached equilibrium within 200 time steps. Equilibrium population sizes are reported per unit area
(e.g., per 200 mL DI water based on empirical data from which density-dependent functions were
derived). The equilibrium population sizes for each stage were approximately 60 eggs, 56.5 larvae,
<1 pupa (0.35), 1.05 sub-adults, and 2.5 adults. All stages in the single-species Ae. albopictus
model also reached equilibrium within 200 time steps. The equilibrium population sizes for each
stage were approximately 49.6 eggs, 65.5 larvae, <1 pupa (0.67), 2 sub-adults, and 4.7 adults. Cx.
quinquefasciatus population dynamics fluctuated at a higher magnitude than Ae. albopictus prior
to reaching equilibrium (Figure 4). While the equilibrium population sizes for Cx.
quinquefasciatus eggs was slightly higher (~3.5 individuals) than that of the larval stage class, the
larval equilibrium for Ae. albopictus was ~16 individuals higher than the egg stage class. In the

two-species model, competition with Ae. albopictus at the larval stage drives Cx. quinquefasciatus
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to extinction by 150 time steps. After the eradication of Cx. quinquefasciatus, all stages of Ae.
albopictus enter limit cycles (Figure 5).

A portion of the parameter space in which the Ae. albopictus egg stage duration is >11.5
days allowed for coexistence between Ae. albopictus and Cx. quinquefasciatus, but only when the
egg stage duration of the latter species was several days shorter than the former (Figure 6, top-
left); otherwise, Ae. albopictus excluded Cx. quinquefasciatus. No subset of the parameter space
for pupal stage duration allowed for coexistence between these two species; Ae. albopictus always
excluded Cx. quinquefasciatus (Figure 6, top-right). Cx. quinquefasciatus was able to coexist with
or exclude Ae. albopictus when daily adult mortality was higher in the latter species (Figure 6,
bottom-left). A very small portion of the parameter space where Ae. albopictus gonotrophic cycle
length was drastically higher than that Cx. quinquefasciatus allowed for coexistence between these

species; otherwise, Ae. albopictus excluded Cx. quinquefasciatus (Figure 6, bottom-right).
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Figure 4.2: Plots of empirical data and fitted linear (development time) and non-linear (body

size, egg-to-adult survival) density-dependent functions for Cx. quinquefasciatus.
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Figure 4.3: Plots of empirical data and fitted linear (development time) and non-linear (body

size, egg-to-adult survival) density-dependent functions for Ae. albopictus.
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Table 4.2: Regression coefficients for linear and non-linear models fit to empirical data on body

size, development time, and egg-to-adult survival of each species.

Body size Development time Egg-to-adult
. .. survival
Species Competition b o
a b (intercept) | (slope) 2 b
Intraspecific 3.2635 | 0.0029 8.444 3.53e-17 1.5710 0.0250
Cx. P (0.0537) | (0.0003) | (0.186) (3.17e-03) | (0.2356) | (0.0037)
quinquefasciatus Interspecific 3.6986 | 0.0057 8.764 -0.010 2.0707 0.0346
P (0.1302) | (0.0008) | (0.249) (0.005) (0.7849) | (0.0107)
Intraspecific 3.1519 | 0.0039 9.610 -0.006 1.1114 | 0.0106
Ae. albopictus P (0.0630) | (0.0003) | (0.267) (0.004) (0.1320) | (0.0022)
' P Interspecific 3.2116 | 0.0041 8.751 0.010 1.1256 0.0071
P (0.0812) | (0.0004) | (0.423) (0.006) (0.2011) | (0.0031)
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Figure 4.4: Numerical solutions for single-species stage-structured population dynamics model.

Stage-specific density is reported as the number of individuals per 200 mL DI water.
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Figure 4.5: Numerical solutions for two-species stage-structured population dynamics model.
Moving from the one-species to the two-species form of the model, species interact through
density-dependent functions for larval development time, larval survival, and adult body size,
which are dependent on the total larval density of both species. Stage-specific density is reported

as the number of individuals per 200 mL DI water.
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Figure 4.6: Coexistence-exclusion plots for simulations with varying egg stage duration (top-left),
pupal stage duration (top-right), daily adult mortality (bottom-left), and gonotrophic cycle length
(bottom-right) based on simulations of the two-species model form. All other non-density-
dependent parameters besides those listed in each plot’s axis labels (egg stage duration, top-left;
pupal stage duration, top-right; daily adult mortality, bottom-left; and gonotrophic cycle length,

bottom-right) were held constant during simulations.
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Discussion

These results show how larval coexistence between Cx. quinquefasciatus and Ae.
albopictus is possible when the notionally superior competitor (Ae. albopictus) has a higher daily
adult mortality rate than Cx. quinquefasciatus, or has a much longer egg stage duration than Cx.
quinquefasciatus, despite strong asymmetric competition (e.g., competitive dominance by Ae.
albopictus) in the larval stage. As hypothesized, we found that higher adult mortality in the
dominant larval competitor may promote coexistence either by reducing the total abundance of
reproducing adults or by reducing average adult longevity, which would result in fewer
reproductive events over an individual’s lifespan. Interestingly, the influence of egg stage duration
on coexistence corresponds to innate differences in the eggs of these genera. Aedes spp. eggs are
generally desiccation-resistant (Juliano and Lounibos 2005); they can withstand drying of their
larval habitat and begin to hatch upon rehydration. Conversely, Culex spp. eggs are not desiccation
resistant and usually hatch within a few days of being laid. These intrinsic differences in the egg
stage of each species provides an additional mechanism for coexistence despite asymmetrical
larval competition.

An additional mechanism which was not explored in this model that could promote
coexistence is difference in demographic frailty, which is essentially non-static death rates as
adults senesce. Adult mortality tends be hump-shaped, with lower mortality in young and old
individuals and higher mortality in middle-aged individuals (Styer et al. 2007, Harrington et al.
2008). However, the effects of adult senescence can be much more nuanced than just changes in
mortality rates, potentially including changes in host-seeking behavior, host-feeding preference,
frequency of blood meals, length of gonotrophic cycles, and fecundity, among other factors. As

these traits are all important components of population dynamics and/or vector-borne disease
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transmission, this area warrants further empirical research into the effects of senescence on adult
traits and behavior.

While we only measured and included density-dependence in three rates (larval
development time, egg-to-adult survival, and adult body size), interspecific competition might
plausibly affect other parameters included in this model. For example, egg stage duration could be
affected by chemical cues that signal high larval densities (Livdahl and Edgerly 1987); pupal stage
duration could be prolonged due to undernourishment during larval stage; adult mortality could be
increased and longevity could be reduced due to nutritional stress during the larval stage; and
length of the gonotrophic cycle could be decreased if more frequent blood meals are required due
to nutrient deficiencies resulted in smaller adult body size (Briegel 1990). A study by Edgerly and
Livdahl (1992) determined that Ae. albopictus egg hatch rate was not dependent on larval density,
suggesting static parameters for egg stage duration and mortality are adequate. Beyond pupal
weight (which is correlated with adult body mass/size), few studies have investigated density-
dependent effects in the pupal stage. Lack of research in this area is likely due to both the short
duration of the stage and the fact that is it a non-feeding life stage. Evidence for the effect of larval
density on adult longevity is mixed, with some studies reporting negative effects of high larval
density on adult longevity in some species due to reduced nutrient reserves (Agnew et al. 2000),
while others report that dietary restriction during the larval stage can significantly increase adult
longevity (Joy et al. 2010). The lack of data or consensus in this area highlights the need for
empirical measurements of traits at all life history stages across a gradient of larval densities.

One limitation of the model developed in this paper is the exclusion of external, abiotic
factors and their effects on parameters from different life stages. For example, microclimate (e.qg.,

temperature, precipitation, humidity) and larval nutrient quality are well-studied and known to
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have a variety of effects on different vital rates and life-history traits. The empirically-derived,
density-dependent parameters in our model represent the outcome of larval competition at a single
static temperature (27°C). However, previous laboratory experiments (Chapter 2) show that the
effects of larval competition on some vital rates (e.g., larval development time, egg-to-adult
survival, adult body size) depend significantly on both temperature and the species identity of
competitors. A problem for future study is the development of temperature- and density-dependent
empirical estimates of these vital rates and extension of the model to assess the conditions for
species coexistence and competitive exclusion across a temperature gradient. Such an
understanding of how mosquito population dynamics are dependent upon both biotic (e.g., density,
competition) and abiotic (e.g., microclimate) factors could significantly improve our ability to

manage mosquito populations as both pests and vectors of disease.
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CHAPTER 5
CAN INTERSPECIFIC COMPETITION BETWEEN MOSQUITOES ALTER VECTOR-

BORNE DISEASE TRANSMISSION??

'Bowden, Sarah E. and Drake, John M. To be submitted to Journal of Vector Ecology.
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Abstract

Most studies on the effects of biodiversity on disease systems have been explored primarily
with respect to the host community. However, many multi-host vector-borne pathogens, like West
Nile virus (WNV), St. Louis encephalitis virus (SLEV), and Chikungunya virus (CHIKV), are also
transmitted by diverse vector communities. These vector species may also interact via competition
for space and resources, potentially resulting in changes to the richness and evenness of the vector
community. To identify the conditions under which competition between vector species may
influence vector-borne disease transmission, we studied a deterministic SEIR (host) — SEI (vector)
model of disease transmission that can be generalized to include more than one vector species,
then solved this model across a gradient of vector competence under multiple interspecific
competition scenarios (e.g., intraspecific competition > interspecific competition, intraspecific
competition = interspecific competition, intraspecific competition < interspecific competition).
These results suggest that disease transmission may be diluted in vector-borne disease systems
when vectors compete more strongly with individuals of a different species. Potential extensions
of this model that include additional elements of host and vector biology, as well as host and
pathogen epidemiology, are discussed. Our results emphasize the importance of incorporating
vector community interactions into models of vector-borne disease transmission to obtain a more

complete picture of vector-borne disease dynamics in multi-species systems.
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Introduction

Understanding how infectious disease systems respond to changes in biodiversity can be
important in managing disease transmission in both wildlife and human populations. Biodiversity
provides key ecosystem services; promotes ecosystem, human, and wildlife health; and can
provide a buffer to the introduction and spread of infectious diseases (Hooper et al. 2005).
Specifically, high host diversity has been shown to decrease pathogen transmission of vector-borne
pathogens in some systems — through a variety of mechanisms (Keesing et al. 2006), including
differences in host competence (ability to harbor and transmit a pathogen) and abundance among
different species, as well as competition between host species — a phenomenon known as the
dilution effect (Ostfeld and Keesing 2000a, 2000b, Schmidt and Ostfeld 2001). While the extent
of this phenomenon is debated (Randolph and Dobson 2012, Salkeld et al. 2013), the dilution effect
has been empirically observed in a broad range of natural systems (Civitello et al. 2015), including
Lyme disease (Ostfeld and Keesing 2000a), West Nile virus (Swaddle and Calos 2008), Sin
Nombre virus (Dizney et al. 2009), and the amphibian fungal pathogen Batrachochytrium
dendrobatitis (Searle et al. 2011). In recent studies, the effects of biodiversity on disease systems
have been explored primarily with respect to the host community (LoGiudice et al. 2003, Swaddle
and Calos 2008, Dizney et al. 2009). However, many multi-host vector-borne pathogens, like West
Nile virus (WNV), St. Louis encephalitis virus (SLEV), and Chikungunya virus (CHIKV), are also
transmitted by diverse vector communities (Monath and Tsai 1987, Turell et al. 2001, 2005,
Sardelis et al. 2002, Pialoux et al. 2007). The effects of vector community composition and
interactions between vector species on pathogen transmission have yet to be explored. As
mosquitoes are the most abundant vector of arboviruses in the world, a deeper understanding of

the ecology and transmission dynamics of vector communities will serve as a model for
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understanding the ecology of multi-host pathogens in general, as well as important zoonoses like
Dengue virus and Zika virus.

Research focusing on the effects of biodiversity and the dilution effect is primarily
concentrated on Lyme disease, with a small number of studies on West Nile virus. Most
mathematical models of vector-borne disease transmission (for mosquitoes) are of the Ross-
Macdonald style and pertain specifically to malaria (Aron and May 1982, Koella 1991, Smith and
Ellis McKenzie 2004, Ruan et al. 2008, Smith et al. 2012) which has a large impact on the human
population, but rarely affects wildlife populations (exceptions being avian malaria and primate
malaria, which are caused by different Plasmodium species (LaPointe et al. 2005, Zsolt
Garamszegi 2009, Ewen et al. 2012)). Similar to host communities, vector species vary in their
relative abundance and competence for different pathogens. Additionally, vectors also differ in
their host preferences (Takken and Verhulst 2013) and biting rates on different host species,
leading to differential contact rates and chances for transmission. Finally, vectors may compete
for resources during the larval life stage, which can alter life history traits and population growth
rates (Barrera 1996, Agnew et al. 2000, Carrieri et al. 2003, Braks et al. 2004, Costanzo et al. 2005,
Armistead et al. 2008, Kirby and Lindsay 2009, Juliano 2010, Alto 2011, Noden et al. 2015), as
well as key vector traits (e.g., competence (Bevins 2008, Alto and Lounibos 2013)). Therefore, the
model assumption of a homogeneous vector community is often invalid. Commonly studied
vector-borne pathogens transmitted by more than one vector species include human malaria (Sinka
et al. 2010), West Nile virus (WNV; (Turell et al. 2001, 2005)), Zika virus (ZIKV; (Ayres 2016)),
Dengue virus (DENV; (Failloux et al. 2002, Gratz 2004)), Chikungunya virus (CHIKV; (Pialoux
et al. 2007)), and avian malaria (Kimura et al. 2009). Thus, while multi-vector pathogens are

abundant, there is relatively little theory developed to study multi-vector pathogens. A review of
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seven vector-borne disease models by (Wonham et al. 2006) identified only one study (Choi et al.
2002) that included more than one vector species in modeling vector-borne disease transmission.
While more recent vector-borne disease models have incorporated increasing biological
complexity of vectors (e.g., (Dobson and Auld 2016)), there remains a gap in theoretical studies
of disease transmission in systems with diverse vector communities.

To identify the conditions under which competition between vector species may influence
transmission in vector-borne disease models, we studied a deterministic SEIR (host) — SEI (vector)
model of disease transmission that can be generalized to include more than one vector species. We
then solved this model across a gradient of vector competence and competition coefficients, then
compared final host outbreak sizes to determine if and when competition between vectors dilutes
or amplifies disease transmission. Model simulations of different competition scenarios indicate
that disease transmission may be diluted in vector-borne disease systems when vectors compete
more strongly with individuals of a different species than with conspecific individuals. These
results emphasize the importance of incorporating vector community interactions into models of
vector-borne disease transmission to obtain a more complete picture of vector-borne disease

dynamics in multi-species systems.
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Methods

To explore the conditions under which competition between vector species may influence
transmission in vector-borne disease models, we created a compartmental SEI (vector) — SEIR
(host) model that can be easily generalized to include multiple hosts and/or vectors (Figure 1).
Given the relatively short lifespan of mosquito vectors compared to their hosts, we included

demographic parameters (birth, death) for the vector only (Table 1).

a.,.CiC,, @y, i
—_—
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Figure 5.1: Conceptual diagram of single-vector model. Hosts move through compartments from
susceptible (Sh) to exposed (En), infected (ln), and recovered (Rn). Vectors (assumed to be
mosquitoes) begin as susceptible (Sv), become infected (lv) by feeding on an infected host, and
move to one of three blood-fed compartments once per reproductive (gonotrophic) cycle.
Susceptible vectors feeding on susceptible hosts move to the blood-fed susceptible compartment
(Bsv) before moving back to the susceptible compartment (Sy); susceptible vectors feeding on
infected hosts move to the blood-fed exposed compartment (Bev) before moving to the infected
compartment (lv); and infected vectors move to the blood-fed infected compartment (By) before

moving back to the infected compartment ().
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Table 5.1: Model parameters, their symbolic representation in the conceptual diagram and

equations, values, and units (where applicable).

Parameter Symbol Value (range) Units
Host preference (biting rate) O 0.5 —
Host competence Ch 0.5 —
Vector competence Cv 0-1 —
Incubation period (within host) ®h 0.1 day!
Host recovery h 0.05 day!
Vector birth by 10 day?
Vector death dv 0.01 day!
Gonotrophic cycle length Py 0.1 day?
Competition coefficient alij 0.8-1.2 —
Carrying capacity K 1000 mosquitoes

The following set of differential equations describes the transmission dynamics of a multi-
vector system. All hosts start in the susceptible compartment and become exposed as they are fed

on by infected vectors:

n
dSh _ _ Z (Ch “Cyi -t avi)Sthi
dt - N,
i=

vi
(Egn. 1),
where n is the total number of vectors in the system (n=2 in our simulations) and i indexes different
vector species; ¢ and cyi are host and vector competence, respectively; i is the biting rate of the
vector on a specific host species, which incorporates host-feeding preferences of the vector into
model dynamics; and Ny is the total vector population among all compartments. After a host is
bitten by an infected vector and transmission occurs, the host moves to the exposed compartment

for the duration of the pathogen incubation period (e.g., the time it take for the host to become

infectious):
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dt h

n
aE, _ Z (Cn * Cyi * Ayi) Snlyi
i=1 Ny
(Ean. 2),
where  is the incubation rate in days™. Once a host becomes infectious, it moves into the infected

compartment until it recovers from infection:

di,
ar = @En =V

(Egn. 3),
where y is the recovery period in days™. Host recovery from infection confers permanent
immunity, so recovered hosts remain in the recovered compartment until death (though not

explicitly included in this model):

(Eqgn. 4).
Vectors are born into the susceptible compartment and can leave the compartment through
blood-feeding or natural death. Susceptible vectors that blood-feed on non-infected hosts move

back into the susceptible compartment after they have assimilated their blood meal:

(Ch “Cyi - avi)SviIh
Nvi

dSy; Ni + a;;h;
dt =b (1 - T) p(BSvi + BEvi + Blvi) + pBSvi -

_ aSyi(1 = cp - cyi)(Sp + Ep + Ryp)
Ny;

—dSy;

(Eqn. 5),

dBsyi  aSyi(1—cp - cyi)(Sp + En + Ry)
= — pBsyi — dBSvi
dt N,

(Eqn. 6),
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where b is the vector birth rate in number of offspring produced per individual per day; Ni is the
population size of vector species i; N; is the population size of vector species j; aij is the competition
coefficient which describes the relative strength of intraspecific versus interspecific competition
(e.g., the effect of species j on species i); K is the carrying capacity for the vector; p is the duration
of the gonotrophic cycle in days™ (e.g., the period of time between blood meals); and d is the
vector death rate. Susceptible vectors that blood-feed on infected hosts where transmission occurs
move to the blood-fed exposed compartment until they assimilate their blood-meal, then move to
the infected vector compartment:

dBEvi _ (Ch “Cyi - avi)SviIh
dt N,;

- pBEvi - dBEvi

(Egn. 7).
Infected vectors that take a blood-meal (on hosts in any compartment) move to the blood-fed
infected compartment until they assimilate their blood-meal and reproduce, then move back to
infected vector compartment:

dBIvi _ alviNh

- pBIvi - dBIvi

dt Ny
(Eqn. 8),
dl,; al,;Ny,
dlt” = p(Bgyi + Bryi) — ;\;/—lm —dly
(Eqgn. 9).

We solved this model numerically using the ordinary differential equations (ODE) solver
‘Isoda’ (Soetaert et al. 2010) in the R computing environment (R Core Team 2016). We explored
the effect of vector competence on final host outbreak size while holding host competence and

biting rate (host preference) constant. Two-vector model simulations started with 100 susceptible
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hosts, 225 susceptible vectors of each species, and 25 infected vectors of each species. We repeated
simulations of the two-vector model across a range of competition coefficients (i.e., aij = {0.8, 1.0,
1.2}) to represent vector community dynamics when intraspecific competition is stronger than
interspecific competition (oij = 0.8), intraspecific competition is equal to interspecific competition

(0ij = 1.0), and intraspecific competition is weaker than interspecific competition (oij = 1.2).
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Results

Simulations showed that when vector competence for both species was low (e.g., < 30%),
relatively few hosts were infected (Figure 2). When interspecific was weaker than or equal to
intraspecific competition in both species, the number of infected hosts increased quickly with
increasing host competence. In these scenarios (intraspecific >= interspecific competition), it was
possible for all hosts to become infected even when one vector species had a competence of 0%
(e.g., one species was unable to acquire or transmit the pathogen). However when interspecific
competition is stronger than intraspecific competition in at least one species, infection of all hosts

only occurred when the competence of both species was high (e.g., > 75%).
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Figure 2: Final host outbreak size (out of 100 total hosts) for six competition scenarios. The
competition coefficient for each species was specified as either 0.8 (intraspecific competition >
interspecific competition), 1.0 (intraspecific competition = interspecific competition), or 1.2
(intraspecific competition < interspecific competition). The white pixels in the top row of plots
indicate numerically unstable parameter combinations.
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To visualize the effect of asymmetrical competition on final host outbreak size, we
subtracted final host outbreak size of the baseline competition scenario (a12 = a1 = 1.0) from each
of the other five scenarios (Figure 3). There was no difference in final host outbreak size (compared
to the baseline competition scenario) when intraspecific competition was stronger than
interspecific competition for both vector species. When intraspecific competition was stronger
than interspecific competition for one species and intraspecific competition was equal to
interspecific competition in the other species, total host outbreak size increased at very low values
of vector competence (e.g., < 20 %). At slightly higher competence values (e.g., ~ 40 %), total
host outbreak size slightly decreased relative to the baseline scenario). When intraspecific
competition was weaker than interspecific competition (a12 and/or o1 = 1.2) in at least one vector
species, final host outbreak size decreased by up to 60 individuals relative to the baseline scenario.
This pattern of decreased host outbreak size occurred across a wide range of vector competence

values (e.g., 30% - 90%).
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Figure 3: Change in final host outbreak size relative to the baseline scenario (o2 = a21 = 1.0) for
each other competition scenario. Areas shaded in red represent parameter space where final host
outbreak size increased (e.g., disease amplification), and areas shaded in red represent parameter

space where final host outbreak size decreased (e.g., disease dilution) relative to the baseline

scenario.
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Discussion

Our simulations showed that when intraspecific competition was weaker than interspecific
competition for at least one vector species, disease transmission was diluted across a broad range
of vector competence values (e.g., 30% - 90%). These results suggest that disease transmission
may be diluted in vector-borne disease systems when vectors compete more strongly with
individuals of a different species. Exceptions to this pattern occurred when competence of both
vectors was very low (< 20%) or very high (> 90%); in this parameter space, there was no change
to final host outbreak size relative to the baseline competition scenario. Of the parameter space
that we explored, amplification of disease transmission only occurred when intraspecific
competition was weaker than or equal to interspecific competition in both vector species and
vector competence was very low (< 20%). Researchers have previously proposed several
mechanisms which may drive disease dilution in host communities, including interspecific
competition between host species (Keesing et al. 2006). The results presented here lend weight to
the inclusion of vector community interactions as an additional potential mechanism for dilution
of disease transmission.

Future extensions of this model could include the incorporation of multiple host species
and more than two vector species; additional parameters describing vector biology, such as
temperature-dependence of vital rates; and elements vector community ecology, such as
competition or predation. Though human malaria is a prime example of a vector-borne disease
with a single host species and multiple vector species, many other multi-vector diseases are
transmitted within a diverse community of host species. For example, West Nile virus (WNV) can
be transmitted by roughly 60 mosquito species to nearly 300 avian species worldwide (Kramer et

al. 2008). Scaling this model up to include more than one host species could provide information



126

on the relative importance of host community versus vector community diversity in the
amplification or dilution of disease transmission. Extending this model to include additional
components of vector biology (in a similar fashion to a recently developed model by (Dobson and
Auld 2016)) would allow for fine-tuning the output of the model to systems transmitted by
different groups of vectors (e.g., mosquitoes, ticks, or flies). Additionally, components of
arthropod vector biology, such as survival and development rates, are highly temperature-
dependent (RUEDA et al. 1990, Lyimo et al. 1992, Tun-Lin et al. 2000, Alto and Juliano 2001,
Kirby and Lindsay 2009, Delatte et al. 2009, Muturi et al. 2012, Beck-Johnson et al. 2013, Couret
et al. 2014, Simoy et al. 2015). Including temperature-dependence of traits of vectors in this model
may help researchers to better understand how vector-borne disease transmission varies with
temperature, as well as to determine the role that temperature plays in disease dilution and
amplification. There is also the potential for predation on vectors at different life stages (Edgerly
et al. 1999, Sunahara et al. 2002, Munga et al. 2006, DuRant and Hopkins 2008).

Future forms of this model could also include host epidemiology, such as pathogen-induced
mortality (virulence) and waning immunity; pathogen epidemiology, such as extrinsic incubation
period; and seasonality or multi-year dynamics. Pathogen-induced mortality and waning or partial
immunity are common components of models of human infectious diseases (Nowak and May
1994), but have the potential to affect non-human host communities as well (Berger et al. 2005,
Lively 2006). Infectious disease transmission dynamics are also influence by elements of pathogen
epidemiology, especially extrinsic incubation period of vector-borne pathogens (Richards et al.
2007, Bellan 2010, Carpenter et al. 2011). Incorporating pathogen epidemiology into this model
could aid in understanding the relative importance of vector, host, and pathogen traits in shaping

disease dilution and amplification in vector-borne disease systems. Additionally, this model does



127

not currently account for seasonality or multi-year dynamics, which can be common in tropical
vector-borne disease dynamics where transmission can occur (to some extent) year-round.
Anticipating how multi-vector transmission dynamics will change in both the short term (i.e.,
seasonal) and long term (i.e., between years) will allow researchers to better forecast vector-borne
disease transmission in tropical areas where the burden of these pathogens is often high (Hay et al.
2005, Hotez et al. 2008). Our results demonstrate the potential for both dilution and amplification
of vector-borne disease transmission due to asymmetric competition between mosquito species.
The model presented here is easily generalizable, allowing for future studies of the effects of vector

community composition on disease transmission in an array of vector-borne disease systems.
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