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ABSTRACT OF THESIS
University of Central Oklahoma
Edmond, Oklahoma
NAME: Daniel S. Marshall
TITLE OF THESIS: Preferred Prey of Toxorhynchites rutilus Between Two Common
Vectors and Implications for its Future Use as a Biocontrol

DIRECTOR OF THESIS: Wayne D. Lord, Ph.D.

NUMBER OF PAGES: 125

ABSTRACT: In recent years, the incidence of mosquito-borne disease has increased on
a global scale. Currently, the most effective way to reduce the incidence of these diseases
is through the control of mosquitoes. Given the development of insecticide resistance and
public aversion to pesticides, natural mosquito controls are more necessary than ever as a
means of vector abatement. One natural control technique used in the United States is
inundative releases of the predatory mosquito, Toxorhynchites rutilus. The predatory
larvae colonize aquatic habitats preferred by mosquitoes where they feed on immature
vectors. It is unclear if Tx. rutilus preferentially feeds on one vector species over another
and what implications such a preference may have for mosquito control. Additionally,
biological control efficiency is expected to diminish in response to climate change. The
efficacy of continued use of Tx. rutilus in its southern range and potential for its use in
northern latitudes in the coming decades needs to be addressed. Here | measured the

predation of Tx. rutilus on Aedes aegypti and Culex quinquefasciatus and created species

Xi



distribution models of the predator’s suitable habitat by the year 2070 under four climate
change scenarios. Using quantitative analyses, | answered four hypotheses. First, the
predation rate of Tx. rutilus on one prey species will be greater than the other. Second,
one prey species will have significantly greater survival probability than the other when
in the presence of Tx. rutilus. Third, the projected southern habitat of Tx. rutilus will be
retained under the four climate change models by the year 2070. Fourth, the projected
range of Tx. rutilus will expand northward to include previously unoccupied areas.

Using a Mann-Whitney U test, Kaplan-Meier survivorship analysis, and a log-
rank test, my analyses revealed no significant difference in predation rate or survivorship
between prey species. The mean predation rate for Ae. aegypti was 0.363 and 0.381 for
Cx. quinquefasciatus. The cumulative probability of survival at 12 hours for Ae. aegypti
was 55.6% and 54.3% for Cx. quinquefasciatus. My results indicate that Tx. rutilus does
not preferentially feed on one of the two vectors presented. | used a maximum entropy
approach to create species distribution models for Tx. rutilus under four climate change
scenarios by 2070. Mean temperature of warmest quarter, annual precipitation, and
precipitation seasonality were the most important bioclimatic variables for suitable
habitat. The centroid of the current possible habitat distribution of Tx. rutilus was in
central Tennessee. Centroids shifted north-northeast as much as 280.1 km by 2070. The
extreme change in area of greater than 50% suitable habitat probability was 141.1% with
99.4% area retained.

Given these results, | reject my hypotheses for predation rate and survivorship.
Inundative mass releases for the purpose of general mosquito control will exert equal

pressure on both Ae. aegypti and Cx. quinquefasciatus. | accept my habitat distribution
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hypotheses. My models show limited change in current habitat as well as creation of
northern habitats. Taken together, these studies indicate mosquito control utilizing mass
releases of Tx. rutilus will be effective in controlling vectors broadly in the southern
United States for the next 50 years. However, targeted releases intended for control of
epidemic zoonoses will be ineffectual due to weakened predation pressure in response to
the presence of heterospecific prey found in natural habitats. Additionally, suitable
habitat will likely occur in the northern U.S. and southern Canada by that time making it
possible to control northern vector populations using the predator. These results are
promising for North American mosquito control programs for the continued and potential
combat of vector mosquitoes using Tx. rutilus. Future research should include refined
ecological niche modeling utilizing biotic factors such as conspecific co-occurrence and
cannibalism in addition to the abiotic factors used here. Future predation studies should
take place within microcosms with multiple trophic levels. In these microcosms, non-
consumptive effects such as mosquito longevity and morphometrics should be measured

in addition to direct consumption.
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THESIS INTRODUCTION

Mosquito-borne illness continues to be a major public health concern despite
more than a century of work to mitigate their incidence (Patterson 2016). Mosquito-borne
diseases infected an estimated 347 million people in 2017 (WHO 2018). The incidence of
these illnesses will rise due to increasing globalization, urbanization (Kilpatrick 2011),
and climate change (Bouzid 2014). Much work has focused on prevention of these
diseases by means of vaccines, but thus far, a cure-all has eluded researchers (Manning et
al 2018). The most successful means of controlling mosquito-borne disease is by limiting
human-mosquito interactions. Changing human behaviors and environment and by the
deleterious reduction of mosquito populations are effective ways to reduce human contact
with vectors (Becker et al 2010). A number of techniques are used to reduce mosquito
populations including chemical controls (Faraji and Unlu 2016), the release of genetically
modified adults and sterile males (Alphey et al 2010, Benelli et al 2016), mosquito-
specific viruses, fungi, and bacteria (Atyame et al 2011), and the use of natural enemies
such as predacious fish, plants, and arthropods (Becker et al 2010, Benelli et al 2016).

Mosquitoes of the genus Toxorhynchites Theobald are natural enemies of vector
and pestiferous mosquitoes. Toxorhynchites larvae are predators of aquatic invertebrates
and readily feed on mosquito larvae (Focks 2007). Adults feed on nectar and never take
blood meals and are thus incapable of transmitting human or animal pathogens (Collins
and Blackwell 2000). Because of their unique feeding adaptations and ability to locate
hard to reach breeding habitats, these predacious mosquitoes are ideal for use as a
biocontrol (Focks 2007). The majority of Toxorhynchites species live in the tropics where

they breed in natural and artificial containers (Collins and Blackwell 2000). Two species



are native to the United States, Tx. rutilus (Cog.) and Tx. moctezuma (Dyar and Knab).
Toxorhynchites moctezuma ranges through Central America and Mexico with a small
population found in southern Arizona (Zavortink and Chaverri 2009). Toxorhynchites
rutilus is widely distributed across the eastern half of the United States (Darsie and Ward
2005).

The literature contains many records concerning the ability of Tx. rutilus to
control mosquitoes (Crans and Slaff 1977, Focks et al 1980, Focks et al 1982, Bailey et al
1983, Russo 1986, Campos and Lounibos 2000b). Mosquito control professionals take
advantage of this ability on large scales, breeding laboratory lineages of the predator en
masse and releasing them into areas at risk for mosquito-borne disease (Focks 2007,
Anita Schiller, personal communication). The efficacy of these mass releases under
climate change is in question as is the ability of Tx. rutilus to reduce populations of
specific vectors in the field. Here | present a review of the literature relevant to mosquito
control and the use of Toxorhynchites spp. as a biocontrol in addition to two original
studies inferring prey preference of this predator and the potential change in its habitat

under four different climate change scenarios.

REVIEW OF LITERATURE
Arboviruses

Zoonoses are diseases transmissible between vertebrate animals to humans by
direct or indirect means (WHO 1959). One such indirect means is by transmission
through a vector. A vector is an organism, often a hematophagous arthropod, capable of

transmitting or transporting a pathogen between hosts (Go 2014). Vector arthropods are



among the most significant causes of human disease globally and are responsible for
many millions of deaths each year. The most concerning arthropod vectors are
mosquitoes (Diptera: Culicidae), biting midges (Diptera: Ceratopogonidae), sandflies
(Diptera: Psychodidae: Phlebotominae), tsetse flies (Glossina spp.), kissing bugs
(Hemiptera: Reduviidae: Triatominae), fleas (Siphonaptera: multiple families) and hard
ticks (Acari: Ixodidae). Of these arthropods, mosquitoes are the most significant vectors
of human disease (Go 2014). Mosquitoes transmit protozoan (e.g. malaria), helminthic
(e.g. lymphatic filariasis), bacterial (e.g. tularemia), and viral (arboviruses) pathogens to
humans (Petersen et al 2009, Rodhain 2015).

Arbovirus transmission occurs between mosquitoes and reservoir hosts such as
birds or rodents. Reservoir hosts serve as propagation sites where the virus replicates. At
sufficient viremia, the host can infect mosquitoes with the virus during blood feeding.
The virus incubates within the mosquito, increases viremia, and invades tissues (Go
2014). The virus may eventually invade the salivary glands, where it passes to either an
incidental host or a reservoir host during blood feeding (Go 2014, Kuno 2005). In many
cases, humans and other mammals are incidental hosts (Weaver and Reisen 2010). In an
incidental host, the virus is incapable of building sufficient viremia to contribute to the
natural transmission cycle (Mantke 2011). Dengue fever virus and Venezuelan equine
encephalitis virus are both exceptions as human infections are capable of transmitting the
virus back to mosquitoes during blood meals (Davis 2008). Once infected, the host may
develop febrile illness with muscle, joint and eye pain, rash (Fauci 2016), fatigue,
headache (Weaver 2015), hepatitis, pancreatitis, encephalitis, and meningitis (Simon

2017). Infections can be symptomatic or asymptomatic with symptomatic infections



divided into neuroinvasive and non-neuroinvasive (Simon 2017). Neuroinvasive
infections can present with meningitis, encephalitis, and paralysis (Simon 2017).
Mosquito-borne viruses capable of neuroinvasive disease include alphaviruses
(Togaviridae: Alphavirus) such as Eastern equine encephalitis virus, Western equine
encephalitis virus, and Venezuelan equine encephalitis virus, flaviviruses (Flaviviridae:
Flavivirus) such as Japanese encephalitis virus, St. Louis encephalitis virus, dengue fever
virus, yellow fever virus, Zika virus, and West Nile virus, and bunyaviruses
(Bunyaviridae: Bunyavirus) such as La Crosse virus (Davis 2008). North American
mosquitoes vector La Crosse virus, St. Louis encephalitis virus, Eastern equine
encephalitis virus, and West Nile virus, which cause sporadic outbreaks in the United
States (Burakoff et al 2018). Due to abiotic drivers of mosquito populations and disease,
the threat of arboviral outbreaks is increasing in the United States and abroad (Bouzid et
al 2014, Kraemer et al 2019).
Vectors

Mosquitoes are blood-sucking flies present on all continents except Antarctica
(Harbach 2007). They evolved their hematophagous habit from either entomophagous or
phytophagous dipteran ancestors (Waage 1979). Borkent and Grimaldi (2004) identified
the earliest mosquito fossil in 100 — 90-million-year-old amber from the mid-Cretaceous.
The authors suspect that they diverged from their sister clade in the Jurassic period,
forming the modern family Culicidae. Culicidae contains approximately 3,600 species of
which only several hundred are of human or animal concern. The family consists of three
subfamilies: Anophilinae, Culicinae, and Toxorhynchitinae (Fang 2010, Rodhain 2015).

The Culicinae are the primary arboviral vectors with more than 200 arboviruses



transmitted to humans and animals. The genera Aedes Meigen and Culex Linnaeus,
vector some of the most severe and pervasive arboviruses, both belong to this subfamily
(Lehane 2005). Males never blood feed, acquiring all necessary energy from nectar.
Females feed on nectar as a source of energy for locomotion and metabolic processes and
take blood meals only for the purpose of egg development (Peach and Gries 2019).
Because of this, only female mosquitoes vector pathogens.

The ability of mosquitoes to transmit pathogens depends on many factors
including their vectorial capacity, or the efficiency of pathogen transmission (Kean
2015), their feeding habits and host phenology (Kilpatrick et al 2006), capacity for
vertical transmission (Dohm et al 2002), population density, overwintering strategies
(Farajollahi et al 2011), and vector competence (Kilpatrick et al 2010). Arboviral vector
competence is the ability of a virus to infect and propagate in mosquito tissues resulting
in virulent saliva that can infect hosts during blood feeding (Kean 2015). Vector
competence changes between strains of pathogen, species of mosquito, vector population,
and with individuals of a population. This is because competence is dependent on vector-
pathogen genotype interactions (Hardy 1983, Lambrechts 2011), gut microbiota (Short et
al 2017), larval diet (Gunathilaka et al 2019), con- and heterospecific competition (Alto
et al 2008, Bellamy and Alto 2018), both consumptive and non-consumptive predation
effects (Meadows et al 2017), environmental factors (Muturi et al 2011), and mosquito
immune response (Mellor 2000, Tabachnick 2013). In competent vectors, the virus
overcomes four physiological barriers after ingestion of an infective blood meal. First, the
virus attaches to and reproduces in the midgut epithelium. Second, it escapes from the

midgut and propagates in tissues throughout the mosquito. Third, the virus invades and



reproduces within the salivary glands. Lastly, the virus enters the saliva where it must be
able to survive until the mosquito feeds. Only after these barriers are overcome is the
virus capable of entering a host during blood feeding (Tabachnick 2013, Kean 2015,
Mills 2017). The ability of viruses to escape these four barriers is poorly understood, but
it certainly depends on the viral strain, inoculating dose, the individual mosquito’s
immunity and microbiota, and physiology (Tabachnick 2013, Franz et al 2015, Mills et al
2017). Aedes aegypti (Linnaeus) and Culex quinquefasciatus Say are of particular
concern for their complicity in the transmission of some of the most devastating
arboviruses.

Aedes aegypti, the Yellow Fever Mosquito, is a domesticated vector frequently
found around dwellings. Its commensal tendency and adaptability of this mosquito has
allowed it to invade nearly every area of human habitation on the planet (Powell 2013).
In a study aimed at determining the preferred host of Ae. aegypti, Ponlawat and
Harrington (2005) found that 99% of gravid females captured in Thailand had fed solely
on human blood. The other 1% had blood meals taken from peridomestic animals such as
dogs, pigs, chickens, cows, and goats. Artificial containers such as tires are the preferred
oviposition sites around human dwellings. In sylvan habitats, tree holes and other
naturally occurring containers are preferred (de Abreu 2015). Aedes aegypti is a vector of
yellow fever virus, dengue virus, Zika virus, and chikungunya virus globally, although
autochthonous transmission of these diseases is rare within the United States (Hahn
2017). In the United States, Ae. aegypti vectors Venezuelan equine encephalitis virus,
Eastern equine encephalitis virus, West Nile virus, and La Crosse virus (Shope 1980,

Turell 2005, Davis 2008). Because of its competence for a wide range of viruses and its



propensity for urban areas and success within peridomestic habitats, Ae. aegypti is a
significant vector of arboviruses globally (Powell 2013).

Culex quinguefasciatus, the southern house mosquito, is the major West Nile
virus vector through much of the United States and is part of the Cx. pipiens complex
(Andreadis 2012, Turell 2012). Culex pipiens (L.) and Cx. quinquefasciatus and their
hybrids are common members of the complex throughout temperate regions of the globe
(Farajollahi 2011, Kothera 2012). In North America, the species complex varies
regionally resulting in different rates of viral infections across the continent. The complex
in the southern United States is comprised primarily of Cx. quinquefasciatus and Cx.
pipiens dominates in the north (Andreadis 2012). The change in composition of Cx.
pipiens complex has a drastic effect on the persistence of West Nile virus throughout the
seasons. In the north, the virus overwinters in diapausing Cx. pipiens and reemerges in
spring with the adult mosquitoes as well as their larvae via vertical transmission (Fonseca
2004, Farajollahi 2011). In southern regions, Cx. quinquefasciatus enters a state of
quiescence and seeks out blood meals and mates at times of higher temperature
throughout the year, allowing infections to occur year-round (Andreadis 2012, Nelms
2013).

Culex quinquefasciatus vectors West Nile virus, St. Louis encephalitis virus,
Eastern equine encephalitis virus, Western equine encephalitis virus, and Venezuelan
equine encephalitis virus in North America (Reisen 1992, Bogh 1998, Turell 2001, Davis
2008). In the United States it is a major vector of West Nile virus due to its overwintering
strategies (Farajollahi 2005), high vectorial capacity (Sardelis 2001, Turell 2005), feeding

behavior (Hamer 2008), urban habitation (Kilpatrick 2005, Ruiz 2010, Savage 2006), and



ability to transmit the virus vertically (Dohm 2002). Although considered an ornithophilic
mosquito species, the Cx. quinquefasciatus will opportunistically feed on reptilian,
amphibian, and mammalian hosts (Farajollahi 2011). These feeding habits change
geographically as the species complex changes in composition (Nelms 2013) and
seasonally as prey change their habits through the year (Lehane 2005). Aedes aegypti and
Cx. quinquefasciatus commonly share oviposition sites in urban environments (Yee et al
2004). Species partition habitats based on differences in phenology and foraging
behavior. Culex spp. begin development earlier in the year and dominate habitats until
Aedes spp. begin to eclose (Vezzani 2009). Culex larvae graze on bacteria within the
water column, but Aedes larvae feed on bacteria on submerged surfaces (Yee et al 2004).
Larval co-occurrence makes controls simpler as a single treatment affects both vectors
simultaneously (Riviere et al 1987).
Vector Control

To limit the transmission of mosquito-borne illness, vector control professionals
employ various mosquito control methods. These methods include precautions taken by
individuals such as bed nets, window screens, and source reduction (Healy et al 2014,
Wilson et al 2014), application of insecticides (WHO 2019), release of genetically
modified or sterilized adults, and biological controls such as mosquito-specific pathogens
or predators (Becker et al 2010, Benelli et al 2016). Vector control professionals survey
mosquitoes to determine necessary control measures. Surveillance utilizes light and CO-
traps, dip nets, gravid female traps, and aspirators (Pezzin 2016, Holderman 2018).
Mosquitocidal treatments of organophosphates, pyrethroids, neonicotinoids, or

carbamates are commonplace in areas of concern (WHO 2019) and sometimes with



multiple control methods (Kroeger 2013). At times difficult to administer, pesticides can
be detrimental to non-target arthropods and vertebrates when not applied correctly
(Kroeger 2013, Ginsberg 2017). Another drawback to mosquitocidal controls is the
development of insecticide resistance in mosquitoes upon exposure to sublethal doses
(Richards 2018). Insecticides become ineffective as mosquito populations develop
resistance and both Ae. aegypti and the Cx. quinquefasciatus have shown resistance to
various mosquitocides (Dusfour 2011). Mosquitoes exposed to biological controls do not
develop resistance and most do not have deleterious effects on non-target organisms
(Huang et al 2017). Biological control methods include entomopathogenic bacteria,
fungi, and viruses (Atyame 2011, Kean 2015), nematodes (Petersen 1981), predators such
as flatworms (Tranchida 2014), fish (Chandra 2008), crustaceans (Hintz 1951, Kroeger
2013) mosquitoes (Steffan 1975), odonates (Akram 2016), hemipterans (Sivagnaname
2009), and crustaceans (Hintz 1951, Kroeger 2013), and genetically modified and
sterilized adults (Lacroix 2012, Benelli 2016).

The symbiotic bacterium Wolbachia (Rickettsiales) occurs in many mosquito
populations and its high prevalence in wild mosquitoes is due to its ability for vertical
transmission (Atyame 2011). Wolbachia infections result in reproductive failure between
adults with different strains of the bacterium and between infected and naive individuals
in a phenomenon called cytoplasmic incompatibility (Atyame 2011). Entomopathogenic
fungi of classes Hyphomycetes and Zygomycetes cause host death by production of
toxins or by tissue inundation of fungal cells (Shah 2003). The fungus Culicinomyces
clavisporus Couch (Hypocreales: Clavicipitaceae) is pathogenic only to flies within the

suborder Nematocera making it an excellent choice for the biological control of



mosquitoes while minimally affecting other invertebrates (Couch 1935; 1974). Insect-
specific flaviviruses occur in high concentrations in some mosquito populations (Hobson-
Peters 2013). These viruses appear to replicate only in invertebrate cells and have been
isolated from Aedes spp. and Culex spp. (Bolling 2011). Hobson-Peters (2013) found that
they compete with other flaviviruses, such as West Nile virus in a phenomenon called
superinfection exclusion whereby one virus inhibits the replication of the other. In some
mosquito systems, this reduces the possibility of human infection as the insect-specific
viruses can regulate pathogenic viruses (Hall-Mendelin et al 2016).

The Sterile Insect Technique (SIT) involves the release of sterilized male
mosquitoes into a wild population (Knipling 1955, Lacroix 2012). Sterile males mate
with wild females, thereby decreasing the local mosquito population by reducing the
number of fertile eggs oviposited (Lacroix 2012). To sterilize SIT mosquitoes, laboratory
type adult males are irradiated (Knipling 1955). A more advanced technique, release of
insects carrying a dominant lethal (RIDL), genetically modifies male mosquitoes.
Modified RIDL males carry the dominant lethal transgene insertion, OX513A (Lacroix
2012). Males mate with wild females passing down a copy of OX513A. Offspring of
RIDL mosquitoes experience OX513A-induced mortality at a predetermined
developmental stage, typically in the fourth instar or pupal stage (Lacroix 2012).

Freshwater planaria (Platyhelminthes: Turbellaria) are carnivorous and seek out
small aquatic arthropods as prey (Legner 1975). Planaria often co-occur in habitats with
immature mosquitoes and are extremely effective at reducing the number of emerging
adults (Legner 1975). Although they readily feed on larvae, planaria do not prey on eggs

or pupae (Kar 2003). Mermithid nematodes (Mermithida: Mermithidae) parasitize
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mosquitoes (Platzer 1980). In laboratory studies, nematodes are effective at controlling
mosquitoes. Field tests of mermithid effects on mosquitoes yield mixed results due to
nematodes falling prey to other aquatic invertebrates (Platzer 1980, Petersen 1981).
Further, these nematodes are intolerant of low oxygen and high salt environments
rendering them ineffective in some mosquito habitats (Platzer 1980). Nematode control is
better suited for integrated management methods rather than a stand-alone control
(Petersen 1981). The copepods Macrocyclops albidus and Mesocyclops spp. (Cyclopoida:
Cyclopidae) attack and kill 100% of Aedes albopictus larvae in laboratory experiments
(Marten 1989). Because of their ability to survive desiccation, broad global distribution,
high fecundity, and easy application in field conditions, cyclopoid copepods are excellent
candidates for the biological control (Marten 1989). Larvivorous fish such as Gambusia
spp. (Cyprinodontiformes: Poeciliidae) feed on mosquito larvae and have been used
extensively as biocontrol agents since the early twentieth century (Chandra et al 2008a).
They efficiently lower mosquito populations, but when introduced into non-native waters
they frequently become invasive (Pyke 2005). Another biocontrol method of great
potential is the release of predatory mosquitoes. Members of the genus Toxorhynchites
are predators in their larval stadiums. Adults feed exclusively on nectar and never blood
feed (Collins and Blackwell 2000). The control of vector and pestiferous mosquitoes
using the predator, Tx. rutilus septentrionalis Dyar and Knab, is an effective and
environmentally safe means of reducing incidence of arboviral disease vectored by North

America tree hole mosquitoes (Focks 2007).
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Toxorhynchites

Adults of this genus are diurnal, large, and brilliantly colored (Trimble 1974).
Dyar and Knab (1907) provided early descriptions of both male and female Tx. r.
septentrionalis (as Megarhinus septentrionalis). The male thorax is blue and violet with a
yellow median stripe, the abdomen is blue dorsally and yellow ventrally with a violet
median stripe, fourth tarsal segments are white; females are similar in coloration, but with
the abdomen green turning blue distally and each tarsal segment has white markings
(Dyar and Knab 1907). Both sexes are similar in size, growing to 7 mm long with a 12
mm wingspan and a pronounced bend in the proboscis (Jones and Schreiber 1994,
Lounibos 1996). Eggs are large and ovoid with a granular texture upon close inspection
(Focks 2007, Marshall, personal observation). Upon oviposition, ova are white and
darken with age (Anita Schiller, personal communication). Larvae are red brown in color,
robust bodied, and large with dense setae (Focks 2007). Fourth instar larvae grow to
nearly 2 cm (Jones and Schreiber 1994).
Distribution

Toxorhynchites spp. prefer sylvan habitats in both the New and Old Worlds. Of
the 70 species within the genus, most are located in the tropics. Some species range as far
north as 45°N in Canada and 54°N in Russia (Focks 2007). Two species, Tx. moctezuma
and Tx. rutilus, represent the genus in the United States (Darsie and Ward 2005). Tx.
rutilus consists of two subspecies, Tx. r. rutilus and Tx. r. septentrionalis. The former
inhabits the eastern coast of Florida through Georgia and South Carolina (Frank 1984)
while the latter ranges from northern Mexico to southern Canada between the Great

Plains and the Atlantic coast (Focks 2007, Darsie and Ward 2005).

12



Life Cycle

Females oviposit singly into containers such as tree holes, leaf axils, bamboo
shoots, and artificial containers (Bailey 1983, Steffan 1985). Females hover in an
elliptical pattern above the mouth of a container releasing eggs at the apex of the ellipse
flinging the ova into the container (Breland 1949, Marshall unpublished data). They do
not appear to have a preference in water quality, as females do not touch the water during
oviposition (Yap 1984). Focks (2007) described females ovipositing on black surfaces
such as a telephone and a pair of sunglasses suggesting that visual and not chemosensory
cues trigger oviposition. Ova are hydrophobic and remain at the surface of the water until
eclosion (Linley 1993). Eggs deposited in suitable containers develop 24 to 48 hours after
oviposition (Holzapfel 1976).

Toxorhynchites spp. develop more quickly in natural containers compared to
artificial containers. The relatively greater prey abundance found in natural containers
contributes to this success (Campos and Lounibos 2000). Male Tx. rutilus develop more
quickly than females. Larval instars in males require less time than in females, but pupal
development requires the same amount of time for both sexes (Lounibos 1996). Each
successive instar takes longer to complete for both sexes (Trpis, 1972). The average
development time from hatch to adult emergence is 18.9 days for males and 19.6 days for
females at 27°C (Lounibos 1996). Attempts made to rear Tx. r. septentrionalis in the
laboratory have been largely unsuccessful. Trimble (1974), Holzapfel (1976), and Crans
(1977) all were able to maintain colonies, but the use of induced copulation was required,
as the mosquitoes would not readily mate in the lab setting. The Harris County Precinct 4

Biocontrol Initiative (Texas, USA) has successfully reared Tx. r. septentrionalis using
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rearing cages that facilitate mating pair coupling (Schiller 2015; 2019). Prior to
copulation, pairs harmonize wingbeats in the upper part of their cage then couple and fall
to the bottom of the cage where they release (Schiller personal communication, Marshall
unpublished data). Taller rearing cages are required for mating success (Schiller 2015;
2019). Other mosquito control agencies have had similar success with walk-in rearing
cages (Schiller personal communication).
Feeding Behavior

Toxorhynchites larvae are ambush predators that typically lie motionless on the
substrate waiting for prey (Russo 1986). One study found that Tx. splendens relocate and
swim toward prey that move vigorously (Zuharah 2015). Researchers have proposed that
larvae detect prey movement via deflection of setae (Linley 1990). Lounibos et al (1987)
noted that Tx. haemorrhoidalis (Fabricius) attack probes when vibrated at a certain
frequency. Larvae respond to visual and tactile cues, often slowly bending towards prey
or entirely repositioning their body before striking (Linley 1990). Strikes are rapid, only
taking 0.05 seconds (Linley 1990). During this time, the head extends forward, the palatal
brushes open, grasp prey, and then the head retracts (Russo 1986, Linley 1990). Palatal
brushes are recurved with terminal hooks and have overlapping arcs of motion which aid
in grasping prey. Head extension appears to be due to hydrostatic pressure induced by
contractions of muscles in abdominal segments | - 111 (Linley 1990). When a strike fails,
Toxorhynchites often reposition and strike again. Typically, subsequent strikes result in
successful capture of prey (Linley 1990, Marshall unpublished data). After consuming
prey, larvae contort their abdomen into an “S” shape and hold this position for several

minutes. Posturing likely facilitates movement of prey within the gut as larvae that had
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taken multiple prey often defecated immediately after assuming this position (Rubio and
Ayesta 1984, Russo 1986, Marshall unpublished data).

Campos and Lounibos (2000) performed midgut dissections of wild Tx. rutilus
found in natural and artificial containers. Mosquitoes accounted for 6% of their diet in
tree holes and 5% in tires. Smaller invertebrates such as rotifers and microcrustaceans
were the dominant prey items. Terrestrial arthropods including mites and spiders
consisted of 8% of tree hole prey and 9% of tire prey. The study showed that prey is
dependent on habitat and that Tx. rutilus is a generalist predator. Perhaps most
importantly, these results demonstrate that in field settings, Tx. rutilus does not exert a
strong consumptive pressure on mosquitoes.

The literature reports mixed results on the control of mosquitoes by
Toxorhynchites spp. in laboratory and field settings. In the laboratory, Toxorhynchites
larvae are capable of consuming large numbers of mosquitoes. Trpis (1972) observed Tx.
brevipalpis Killing on average 154 — 358 Ae. aegypti depending on temperature. Crans
and Slaff (1977) found that female Tx. r. septentrionalis Kill on average nearly 238 Ae.
aegypti during their immature stages while males kill an average of 227 larvae at 27°C.
Toxorhynchites larvae are polyphagous and they experience reduced efficacy for
mosquito control in the presence of other prey (Lounibos et al 1987, Campos and
Lounibos 2000). In the field, Toxorhynchites spp. will perform with less efficiency than
in the laboratory. Indeed, predation by Tx. rutilus on Ochlerotatus triseriatus in Florida
tree holes did not cause local extinctions of prey species (Lounibos et al 1997, Nannini
and Juliano 1997). However, Bradshaw and Holzapfel (1983) did find that Tx. rutilus

exerted greater predation pressure on Oc. triseriatus than two other vectors in the shared
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habitat. In 1980, Focks et al (1982) released Tx. r. rutilus in New Orleans and observed a
74% reduction in the populations of Aedes and Culex species. The same predator reduced
Ae. aegypti in a Florida tire dump by 50% (Bailey et al 1983). The 1955 introduction of
Tx. amboinensis and Tx. brevipalpis into American Samoa resulted in the successful
control of Ae. polynesiensis (Peterson 1956, Engber et al 1978). Focks et al (1980)
observed seasonal eradication of Ae. aegypti on Seahorse Key, Florida due to Tx. rutilus
predation. Other releases were less successful, however. Tx. amboinensis released on the
Hawaiian Islands in 1955 was unable to control its target organism, Ae. albopictus (Hu
1955, Nakagawa 1963). In New Orleans, released Tx. r. rutilus adults ignored their
intended oviposition sites and instead moved into nearby forest resulting in no control of
Ae. aegypti (Focks et al 1983). Diminished efficacy and outright failures of field studies
are attributed to complex aquatic communities where the predator selects from a diverse
prey community (Campos and Lounibos 2000). Additionally, low Toxorhynchites
population growth rate as a result of slow development time (Trpis 1981, Bailey 1983),
Toxorhynchites adults and immatures falling prey to other predators (Lounibos 1987),
and predator-prey asynchrony in oviposition sites and emergence times (Lounibos 1979,
Focks et al 1983, Annis et al 1990) reduce efficacy in the field. Repeat mass releases of
Toxorhynchites spp. just before and throughout the mosquito season can mitigate some of
these problems, but differences in oviposition site selection remain an issue (Bailey 1983,
Jones 1993).
Prepupal Surplus Killing

Besides seeking out habitats in which vector and pest mosquitoes breed,

Toxorhynchites spp. demonstrate an additional behavior that is beneficial for mosquito
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control. In a phenomenon called surplus killing the predators kill but do not consume
other organisms in excess. A number of aquatic invertebrate predators such as odonates
and the midge Corethrella appendiculata exhibit this behavior (Johnson et al. 1975,
Lounibos 2008). In fourth instar Toxorhynchites larvae, the onset of surplus killing is 3 —
4 days prior to pupation and peaks 24 to 48 hours before pupation (Crans and Slaff 1977,
Lounibos 2008). Interestingly, only Tx. splendens performs surplus Kkilling outside of the
terminal instar (Chan 1968). Additionally, Tx. rutilus behaves in the same manner as it
begins to undergo diapause in its fourth instar (Lounibos 1998). Male Toxorhynchites
larvae exhibit surplus killing to a greater degree than females and at times eliminate
100% of prey offered (Crans and Slaff 1977). There are two hypotheses proposed to
explain surplus killing in Toxorhynchites larvae. First, the behavior removes potential
predators before the individual becomes a vulnerable pupa (Corbet and Griffiths 1963).
Second, by reducing the availability of prey, younger unrelated conspecifics will be less
successful leaving less competition for future progeny (Russo 1986). Still, it is unclear
how and why Toxorhynchites spp. exhibit surplus killing. Future research could work to
develop genetically modified larvae that begin surplus Killing earlier to enhance the
impact of the behavior.
Cannibalism

Cannibalism is a major source of mortality of immature Toxorhynchites spp.
Mortality due to cannibalism of eggs and first instar larvae is significantly greater than
that of later life stages (Linley and Duzak 1989, Amalraj and Das 1992). Early instar
larvae more frequently consume conspecifics than later instars (Annis et al 1990b). In the

absence of prey larvae, Toxorhynchites larvae actively seek out and impartially consume
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conspecific and heterospecific eggs (Linley and Duzak 1989, Linley 1993). When
deprived of heterospecific prey, Tx. splendens consumes 40 — 60% of first instar
conspecifics and nearly all eggs present (Amalraj and Das 1992). Some Toxorhynchites
spp. rarely participate in cannibalism while others will take conspecifics despite the
availability of other prey (Annis et al 1990b). Cannibalism is common in temporary
aquatic habitats where crowding, desiccation, and lack of prey availability are frequent
(Yasuda and Hashimoto 1995). In general, two factors control cannibalism in these
systems. First, predators more frequently encounter conspecifics at low prey density such
that prey density is inversely proportional to cannibalism intensity (Annis et al 1990b,
Yasuda and Hashimoto 1995). Second, age structure diversity of the conspecific
population enables later instars to exert greater predation pressure on earlier, smaller
instars (Yasuda and Hashimoto 1995). Same instar cannibalism is largely size dependent
with the larger larvae overpowering the smaller (Campos and Lounibos 2000). Size-
specific predation regulates the body mass of Toxorhynchites larvae in the wild. Lounibos
(1996) reported the body mass of co-occurring fourth instars differs by 4.3 mg on average
while similar cohorts occurring alone differ by 13.9 mg on average. Cannibalism is
advantageous for Toxorhynchites spp. because it lends to the survival of individuals
through drought and prey-depletion that would otherwise cause local extinctions (Yasuda
and Hashimoto 1995).
Non-consumptive Predation Effects

Changes in prey behavior in response to predation risk alters prey fitness (Relyea
2000, Peacor and Werner 2001). The ability to acquire food, longevity, fecundity, and

development time change in response to behavioral changes and are major trophic drivers
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in aquatic communities (Preisser et al 2005). In mosquitoes, these factors contribute to
vector competence (Meadows et al 2017). Some researchers observed shorter
development time was due to more active feeding and increased prey density (Grill and
Juliano 1996, Zuharah 2015). While this behavior exposes individuals to predators, it
does allow them to emerge sooner and eliminate the risk of aquatic predation (Kesavaraju
and Juliano 2004). Alternatively, other species opt for slower development time and less
food in exchange for lower predation risk (Peacor and Werner 2001). The results of
which are reduced adult mass and longevity both of which lower vector competence
(Fischer et al 2012, Meadows et al 2017, Bellamy and Alto 2018). Prey responses vary
with predator community dynamics. In complex systems of multiple predators, prey alter
their behavior based on the perceived greatest threat (Meadows et al 2017). The change
in behavior is commensurate with risk of predation, food availability, and prey density. In
high density, low food availability systems riskier behaviors prevail despite predator
presence (Turner 2004). Some predator-prey systems suggest increased fitness for
mosquitoes in response to predation of con- and heterospecifics. Daugherty et al (2000)
found that the availability of prey carcasses contributed to increased mass, survivorship,
and shortened development time of Ae. aegypti and Ae. albopictus. Grazing larvae are
more successful as a result of increased bacterial growth due to the presence of carcasses
(Albeny-Simoes et al 2015). Although the larvae observed by Albeny-Simoes et al are the
same shown reducing their feeding behavior in other studies (Grill and Juliano 1996,
Kesavaraju and Juliano 2004, Juliano et al 2019). Many of the above studies focused on
the non-consumptive effects of Tx. rutilus. The complex interactions observed were often

in simple laboratory or semi-field systems. Future research into more complex
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Toxorhynchites systems will provide useful information on the ramifications of non-
consumptive effects on mosquito populations and vector competence.
The Future of Mosquito Control

In addition to the consideration of non-consumptive effects, future research
should consider climate change as the incidence of mosquito-borne disease will broadly
increase in response to a warmer, wetter climate (Epstein 1998, Hongoh et al 2012, Ryan
et al 2019). Models predicting changes in mosquito population through time under
climate change scenarios are useful in explaining mosquito-borne disease dynamics and
predicting geographic areas at risk of future disease outbreaks (Epstein et al. 1998,
Hongoh et al 2012, Brown et al 2015). Poleward latitudes and higher elevations are
increasingly at risk of emerging diseases due to warmer and wetter conditions for longer
periods each year (Ryan et al 2019). The extent to which changing climatic conditions
will affect Toxorhynchites spp. and other biocontrols is currently unclear (Lord 2007).
Thurman et al (2017) predict that native natural enemies may be at risk of extinction due
to climate change. Ecological niche modeling of Tx. rutilus using the Maxent approach
indicates that the species, like most mosquitoes, will expand its native range but the
model does not support the hypothesis that extinction events will occur within its native
range (Marshall and Butler, unpublished manuscript). Additionally, researchers predict
poor performance of previously successful biocontrols in response to climate change
(Guzman et al 2016). Mosquito predation increased in response to warmer habitats.
However, development time decreases in these warmer conditions resulting in greater
numbers of mosquitoes emerging despite increased predation (Culler et al 2015).

Predicted increase in mosquito-favorable conditions along with insecticide resistance
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mean that vector control professionals will need to utilize more rigorous and novel

abatement methods to enact control in the future (Benelli et al 2016, Thomas 2018).
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ABSTRACT

Incidence of mosquito-borne disease has increased globally in recent years. The
most effective way to reduce disease incidence is to control mosquitoes. A control
technique used in the United States is the inundative release of the predatory mosquito,
Toxorhynchites rutilus. The predators colonize the aquatic habitats of their vector
counterparts where they feed on mosquito larvae. It is unclear if Tx. rutilus preferentially
feeds on one of the commonly encountered vectors in the U.S. | measured predation rate
and survival of Aedes aegypti and Culex quinquefasciatus in the presence of Tx. rutilus.
My analyses revealed no significant difference in predation rate or survivorship. The
predation rate for Ae. aegypti was 0.363 and 0.381 for Cx. quinquefasciatus. The
cumulative probability of survival at 12 hours for Ae. aegypti was 55.6% and 54.3% for
Cx. quinquefasciatus. These results indicate that Tx. rutilus does not have a preference
between these two prey choices. Inundative mass releases for the purpose of general
mosquito control will exert equal pressure on both Ae. aegypti and Cx. quinquefasciatus

in habitats where they occur with Tx. rutilus. Targeted releases intended for control of

42



epidemic zoonoses will be ineffectual due to weakened predation pressure caused by the

presence of heterospecific prey.

KEYWORDS Toxorhynchites rutilus, Aedes aegypti, Culex quinquefasciatus, predatory

efficacy, natural enemies

INTRODUCTION

Incidence of mosquito-borne illnesses, particularly arboviruses, have increased in
recent years despite many decades of work dedicated to halting their transmission
(Fernandes et al. 2018). Factors contributing to the increasing incidence of mosquito-
borne disease include climate change, increased globalization (Powell 2016, Kraemer et
al. 2019), and the development of insecticide resistance (Hemingway et al. 2016).
Mosquito-borne disease prevention takes many forms. Some diseases such as malaria and
yellow fever are preventable by means of vaccines or chemoprophylaxis (CDC 2017);
although, some Plasmodium spp. populations have become resistant to medications (Kain
et al. 2001). One of the most effective ways to limit mosquito-borne illness is to control
mosquito populations. This is accomplished through elimination of larval habitat (Frank
1981, Carlson et al. 1991), larvicide and adulticide application (Fonseca et al. 2013),
release of genetically modified adults (Lacroix 2012, Kean 2015), and biological control
applications including the use of natural enemies (Murdoch et al. 1985, Scholte 2004,
Becker et al. 2010).

Among these natural enemies are mosquitoes of the genus Toxorhynchites

Theobald. In their larval stadiums they are predators of aquatic invertebrates and reduce
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numbers of emerging adult mosquitoes (Focks et al. 1979; 1982, Bailey et al. 1983).
Adults feed on nectar and do not take blood (Jenkins 1946). Larvae co-occur with vectors
in natural and artificial containers and thereby provide a natural means of disease control
(Focks et al. 1982). Many studies have observed Toxorhynchites spp. feeding behavior in
the presence of multiple prey species. Zuharah et al. (2015) observed that Tx. splendens
(Wied.) fed more frequently on Aedes aegypti (L.) than Ae. albopictus (Skuse) and
Anopheles sinensis Wied. The authors attributed this mortality to prey behavior. Aedes
albopictus and An. sinensis adopted less risky behaviors in response to the presence of
predators, but Ae. aegypti was more vulnerable to predation due to its aggressive foraging
behavior. Pramanik et al. (2017) found that Tx. splendens did not prey upon Ae. aegypti
more than Cx. quinquefasciatus Say. Digma et al. (2019) reported similar results for Tx.
amboinensis (Doleschall) offered the same prey choices. Some older reports of
Toxorhynchites spp. effect on wild mosquito populations claim seasonal eradication of
vectors (Trpis 1972, Focks et al. 1980). However, this extreme effect is likely isolated to
a narrow range of habitats and prey species as most investigations do not report complete
control (Focks 1982, Bailey et al. 1983a, Focks et al. 1983, Annis et al. 1990a). Campos
and Lounibos (2000b) analyzed gut contents from wild-caught Tx. rutilus (Coqg.) larvae.
They found that mosquitoes only made up 6% of the larval diet in tree holes and 8% in
tires with the rest comprised of non-culicid arthropods. This indicates that wild
populations of Tx. rutilus do not exert predation pressures on mosquitoes to the same
extent seen in the laboratory due to the availability of other prey. Other field studies
reported large reductions in vector survivorship in the presence of Tx. rutilus. The release

of the predator into a New Orleans neighborhood, resulted in a 74% reduction in Cx.
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quinquefasciatus and Ae. aegypti (Focks et al. 1982). A later study by Bailey et al. (1983)
observed a 50% reduction in Ae. aegypti in tire dumps due to Tx. rutilus predation. Not
all Tx. rutilus releases have been successful (Focks et al. 1979; 1983). Despite the
failures, some mosquito abatement organizations currently utilize this predator for vector
control (Schiller et al. 2019).

In the United States vector control professionals mass rear Tx. rutilus and release
gravid females or immature life stages to control wild mosquito populations (Focks et al.
1979, Bailey et al. 1983, Schiller et al. 2019). The benefit of inundative releases is that
females oviposit into mosquito breeding sites otherwise difficult to reach by traditional
control means (Focks et al. 1979, Collins and Blackwell 2000). However, this method of
control is short-lived. Because Tx. rutilus does not develop and reproduce as quickly as
other mosquitoes and asynchrony with prey habitats and phenology, predators do not
keep vectors in check indefinitely (Collins and Blackwell 2000, Focks 2007). Mosquito
control workers circumvent this problem by repeat treatments of inundative releases
throughout a season so that Tx. rutilus provides more complete control over vector
mosquitoes (Bailey et al. 1983b, Focks 2007). Whether Tx. rutilus provides even control
over multiple mosquito species is unclear.

Here | inferred the predatory preference of Tx. rutilus subspecies septentrionalis
Dyar and Knab on two common vectors of human and animal concern by analyzing
predation rate and survivorship curves. The extent of predation on a species approximates
prey preference (Zuharah et al. 2015). My intention was to inform mosquito control
professionals of the level of control inundative releases of Tx. r. septentrionalis exert on

Ae. aegypti and Cx. quinquefasciatus. | found no difference in survivorship of these two
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species in the presence of Tx. r. septentrionalis. The predation rate also does not differ.
My results imply no preference in prey between those offered. When releasing Tx. r.
septentrionalis, mosquito control professionals should consider that larvae will act

indiscriminately on these prey species and targeted releases will likely be ineffectual.

MATERIALS AND METHODS
Mosquito Rearing

| obtained Tx. rutilus septentrionalis individuals from the laboratory strain colony
at the Harris County Precinct 4 Biocontrol Initiative (Texas, USA). To prevent
cannibalism, | raised larvae individually. | reared early instars in seasoned tap water and
later instars in seasoned tap water treated with Melafix (Mars Fishcare North America
Inc., Chalfont, PA) according to manufacturer instructions. To create seasoned tap water,
| filtered tap water through activated charcoal, ceramic bio-rings (SunSun Group Ltd.,
Zhejiang, China), and ammonia scrubber media (Hagen Inc., Montreal, Canada) for a
minimum of 24 hours. First instar larvae fed on live nematodes (Panagrellus redivivus;
www.insectsales.com). Second instar larvae fed on live lab-reared oligochaetes (Dero
sp.) and third and fourth instars fed on frozen bloodworms (Chironomus plumosus; San
Francisco Bay Brand Inc., Newark, CA). | housed adult mosquitoes in 72x36” (1.8 m X
0.9 m) cylindrical rearing cages (Bioquip Products Inc., Rancho Dominguez, CA;
Schiller 2015) inside of a pop-up walk-in insectary (Mylar hydroponic grow tent;
Vivosun, Los Angeles, CA). | maintained insectary conditions at 24°C + 2°C and 75% +
5% relative humidity with 14:10 light cycle. Adults fed ad libitum on 1:1 honey-water

solution and 1:10 sugar-water solution. Gravid females oviposited in black stadium cups
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hung approximately 1 meter above the floor of the rearing cage. To avoid cannibalism, |
removed eggs from ovicups daily.

| purchased Ae. aegypti and Cx. quinquefasciatus from Benzon Research
(Carlisle, PA) as eggs and first instar larvae, respectively. Larvae fed on tropical fish food
(Spectrum Brands Pet LLC, Blacksburg, VA). I batch-reared larvae in seasoned tap water
in one-quart (946 mL) storage containers at insectary conditions.
Predatory observations

| held a single fourth instar Tx. r. septentrionalis and ten fourth instar prey larvae
of a single species in separate two fluid ounce (59 mL) cups (Solo Cup Company, Lake
Forest, IL) containing approximately 25 mL seasoned tap water. | starved Tx. r.
septentrionalis larvae for 24 hours prior to observation. Predator and prey acclimated to
room temperature and lighting conditions for one hour prior to observation. After
acclimation, I introduced Tx. r. septentrionalis into the prey cup and recorded predatory
behavior for 12 hours using a high definition camcorder (JVC Everio GZ-E505BU; JVC,
Yokohama, Japan). | repeated observations 42 times with Ae. aegypti and 36 times with
Cx. quinquefasciatus. | did not record a Tx. r. septentrionalis larvae more than once.
Visual analysis of recordings

| viewed recordings for prey mortality, recording time of capture and attack
outcome (e.g. prey death, prey survival). Predatory larvae occasionally attacked but did
not consume prey. | observed these larvae after their release to verify survival and scored
them accordingly. I discarded samples in which Tx. r. septentrionalis pupated during
observation. In total, | retained 39 Ae. aegypti and 35 Cx. quinquefasciatus recordings for

analysis.
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Statistical analyses

Predation rate (PR) was calculated for each recording. Predation rate was
calculated as the number of prey Killed divided by the observation time of 12 hours
(Digma et al. 2019). A Mann-Whitney U test was used to compare the non-normally
distributed PR between prey species (Zar 2009). Kaplan-Meier survivorship analysis was
used to compare survival times of the two species. | used a log-rank test to analyze
survivorship with censored data. Analyses were performed in R v3.6.2 (R Core Team
2019) using the packages, survival (Thurneau and Grambsch 2000, Thurneau 2015) and
survminer (Kassambara et al. 2019). A total of 390 Ae. aegypti, 350 Cx. quinquefasciatus

larvae, and 333 predatory events were used in my analyses.

RESULTS

The average PR by Tx. r. septentrionalis on Ae. aegypti was 0.363 deaths per hour
(0 —0.833). The average PR for Cx. quinquefasciatus was 0.381 deaths per hour (0 —
0.833; Figure 1). Predatory larvae killed 44.4% of Ae. aegypti and 45.7% of Cx.
quinguefasciatus larvae (Table 1). In total, Tx. r. septentrionalis larvae killed 333 prey.
Of these, 52.0% were Ae. aegypti and 48.0% were Cx. quinquefasciatus. The Mann-
Whitney U test indicated no significant difference between Ae. aegypti and Cx.
quinguefasciatus PR (W = 651.5, p = 0.739).

Log-rank analysis indicated no significant difference in survivorship between Ae.
aegypti and Cx. quinquefasciatus (x> = 0.1, p = 0.772). Kaplan-Meier survivorship curves
showed sharp drops in survivorship probability for both prey species during the first hour

of observation. (Figure 2). For most of the observation time, Ae. aegypti maintained
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greater survival probability than Cx. quinquefasciatus except for hours 1 — 3. The
minimum cumulative probability of survival was 0.556 (SE = 0.025) for Ae. aegypti and
0.543 (SE = 0.027) for Cx. quinquefasciatus. I did not observe the median survival time
(LTso) for either prey as the length of observation did not allow for 50% mortality. A
total of 217 (55.6%) Ae. aegypti larvae and 190 (54.3%) Cx. quinquefasciatus larvae

survived beyond 12 hours (Table 1).

DISCUSSION

The PR analysis revealed no significant difference between Tx. r. septentrionalis
feeding on Ae. aegypti and Cx. quinguefasciatus. My results lend support to previous
work that demonstrated Toxorhynchites larvae as generalist predators (Campos and
Lounibos 2000b; Digma et al. 2019). Campos & Lounibos (2000b) found that wild Tx.
rutilus preyed on many aquatic invertebrates with mosquitoes being a small portion of
their diet. This suggests that Tx. rutilus polyphagous habits may be inhibitory to its ability
to control mosquitoes. Others report that a Toxorhynchites larva will attack upwards of
5000 prey over the course of its development and that differences in prey numbers are a
results container dimensions, temperature, prey species and behavior (Focks 2007).
Zuharah et al. (2015) hypothesized that anti-predator behaviors made Ae. aegypti more
susceptible to predation by Tx. splendens compared to Ae. albopictus and Anopheles
sinensis. While I did not measure prey behavior, my data do not reflect these findings in
Tx. r. septentrionalis. Others have reported similar results. Pramanik et al. (2017)
reported that in the presence of Tx. splendens, Ae. aegypti and Cx. quinquefasciatus

predation did not vary significantly. On multiple occasions I observed both Ae. aegypti
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and Cx. quinquefasciatus feeding directly from Tx. r. septentrionalis. Aedes aegypti
larvae often attempted to feed on captured larvae as Tx. r. septentrionalis fed or swarmed
the anus during excretion. | observed Cx. quinquefasciatus larvae grazing on Tx. r.
septentrionalis setae. These behaviors certainly exposed larvae to predation as many were
preyed upon while they attempted to feed from Tx. r. septentrionalis. My results indicate
that fourth instar Tx. r. septentrionalis larvae focus on gaining mass for pupation and are
less concerned with prey of a specific type. Indeed, Digma et al. (2019) found that fourth
instar of Tx. amboinensis is the most predacious stadium. Further investigation is needed
to determine if predation by | — Il instar Tx. r. septentrionalis larvae is greater on
specific prey.

| observed no significant difference in prey survival in the presence of Tx. r.
septentrionalis using Kaplan-Meier survivorship analysis. During the first hour of
observation, | detected heightened mortality for both prey species. This was likely due to
predatory larvae starvation prior to observation. During this period of heightened
predatory activity, | saw a lower cumulative probability of survival (S) for Ae. aegypti (S
= 76.2%) than Cx. quinquefasciatus (S = 84.6%; Figure 2). Survival probability reversed
beginning in the fourth hour of observation when Ae. aegypti had a greater cumulative
survival probability than Cx. quinquefasciatus. The final cumulative survival probability
of Ae. aegypti (S = 55.6%) was higher than that of Cx. quinquefasciatus (S = 54.3%).

Aedes aegypti may have taken longer to digest resulting in cessation of predatory
activity by Tx. r. septentrionalis larvae until the end of the observation window. Larvae
may have digested Cx. quinquefasciatus more quickly or incompletely. Such a situation

would prevent satiation and result in more frequent consumption. Timmermann and
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Briegel (1999) found that late instar Cx. pipiens L. larvae reached a larger body size than
Ae. aegypti when fed the same diet. Additionally, the authors found that fourth instar Ae.
aegypti had a higher lipid content and lower protein content than Cx. pipiens larvae of the
same stadium. Culex quinquefasciatus likely contains nearly the same nutritional content
as Cx. pipiens due to their close relatedness (Dumas et al. 2016). Perhaps Tx. r.
septentrionalis larvae digest lipids more completely than proteins resulting in a
lengthened digestion time of Ae. aegypti. Digestion times are not the same across prey
species and densities. Campos and Lounibos (2000b) found that fourth instar Tx. rutilus
ingested prey more frequently in higher density communities and that excretion occurred
8 — 18 hours post ingestion. My observations differ in digestion times although I did not
vary prey density. Predatory larvae often excreted previous prey prior to attacking new
ones. At times | observed feces excreted within several hours of ingestion. Often these
feces were so poorly digested that they were easily recognized as mosquito larvae. | also
noted several instances of Tx. r. septentrionalis larvae engaging in coprophagy. | only
observed attacks on poorly digested excreta.

These results show that fourth instar Tx. r. septentrionalis will feed
indiscriminately on Ae. aegypti and Cx. quinquefasciatus larvae in habitats where the
predator and one or both prey species occur. Through predation and trait-mediated
effects, these predators reduce vector emergence and the occurrence of mosquito-borne
illness. Inundative releases of Tx. r. septentrionalis adults will be equally effective
against both species in theory, but likely not in practice as these species infrequently
occur in the same larval habitats. The preferred oviposition sites for Cx. quinquefasciatus

are storm drains, cisterns, and occasionally smaller artificial containers such as tires and
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flowerpots (Leisnham et al. 2014). Sylvan populations occupy cavities in vegetation
(Lapointe 2008). Aedes aegypti oviposits in peridomestic containers including
flowerpots, tires, and storm drains (Winch et al. 1992). Tree holes are the preferred
oviposition site for Tx. r. septentrionalis, although it occurs in artificial containers as well
(Focks 2007). The three species share larval habitats to a limited extent with variations in
occurrence due to spatial partitioning and phenology (Bonnet 1946, Albeny-Simoes et al.
2014, Leisnham et al. 2014, Baak-Baak et al. 2016). Surveillance is key to targeted mass
releases as knowledge of local mosquito populations’ habits will allow for informed
decisions about mass release efficacy against a specific vector. Toxorhynchites rutilus
septentrionalis released into urban habitats will prey on both Ae. aegypti and Cx.
quinquefasciatus with equal intensity. The extent to which it will control these vectors
depends on the degree of larval cohabitation and the density of heterospecific prey
(Campos and Lounibos 2000b).

There is increased concern for the emergence of diseases such as dengue fever,
yellow fever, and Zika in the United States. Using this predator, mosquito control
professionals can limit the encroachment of these diseases in the U.S. Additionally,
inundative releases of Tx. r. septentrionalis can reduce incidence of established diseases
such as West Nile, Eastern equine encephalitis, St. Louis encephalitis, and dog
heartworm. Broadly increased mosquito-borne disease incidence is likely occurring due
in part to insecticide resistance (Rivero et al. 2010). However, models indicate incidence
of these diseases will broadly increase globally due to climate change (Savic et al. 2014).
To meet the challenge of increasing mosquito-borne disease incidence, novel and

integrated control methods are necessary. Some researchers suggest utilizing
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combinations of natural enemies to suppress mosquito populations and reserving
chemical pesticides for epidemic-level threat response (Huang et al. 2017). Others
propose alternating pesticide and natural enemy releases or using them concurrently
(Focks et al. 1986, Collins and Blackwell 2000a, Focks 2007). However, these results
clearly show that Tx. r. septentrionalis releases are effective at general mosquito
population suppression. Mass releases alone will not provide control over an on-going
zoonotic epidemic in which one or a few mosquitoes are responsible for transmission.
This is due to the predator’s polyphagous habits and the presence of heterospecific prey.
More information is needed to accurately predict the outcome of integrated control
strategies and the effect Tx. r. septentrionalis has on prey within that framework.

In this study, | observed predation on Ae. aegypti and Cx. quinquefasciatus
presented as a single prey choice. Predator behavior changes in response to the
availability of multiple prey types and different prey densities (Amalraj and Das 1996,
Digma et al. 2019). Additionally, I recorded predation in a single-predator system. The
presence of con- and heterospecific predators changes predatory behavior and, therefore,
prey survivorship outcomes (McPeek 1998, Meadows et al. 2017). | observed mortality
within the aquatic system and did not measure the effect of non-consumptive or trait-
mediated interactions on longevity, fecundity, morphometrics, or vector competence of
adult mosquitoes. Prey alter their behavior in the presence of a predator (Preisser et al.
2005). For mosquito larvae this means increasing or decreasing foraging, increasing
predator-avoidance behaviors such as diving or avoiding high-risk areas of their habitat
(Meadows et al. 2017). These behaviors effect development time, ability to acquire

resources, body size, and survivorship (Costanzo et al. 2011, Roux et al. 2015). Less time
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spent foraging leads to poor nutrient acquisition and prolonged development time.
Mosquito larvae that are less successful foragers emerge as smaller adults with shortened
longevity and reduced fecundity (Costanzo et al. 2011, Roux et al. 2015). Reduced
longevity prevents transmission of many diseases of human importance as the incubation
period within the vector is longer than the lifespan of the mosquito (LaDeau et al. 2015,
Bellamy and Alto 2018). Additionally, smaller adult mosquitoes are less competent
vectors compared to larger mosquitoes of the same species (Alto et al. 2008a). Future
research should focus on accurately measuring predatory behavior in complex systems
that approximate the field conditions in which Tx. r. septentrionalis are mass released.
These systems should consist of varying prey and conspecific densities and species which
match those observed in release habitats. Accurate behavioral analysis in complex
systems are much needed by mosquito control professionals to estimate control level of

released Tx. r. septentrionalis.
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FIGURES AND TABLES
Figure 1 — Boxplot of Toxorhynchites rutilus septentrionalis predation rate (PR) on
Aedes aegypti and Culex quinquefasciatus. Average PR for Ae. aegypti was 0.363 deaths

per hour (0 — 0.833) and Cx. quinquefasciatus was 0.381 deaths per hour (0 — 0.833).
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Figure 2 — Kaplan-Meier survivorship curves for Aedes aegypti and Culex
quinquefasciatus in the presence of a single Toxorhynchites rutilus septentrionalis larvae.
Shaded areas represent 95% confidence intervals. + indicates the presence of right

censored individuals.
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Table 1 — Results of the predation rate (PR) and Kaplan-Meier analyses and the total

number of individuals observed, killed, and censored of each prey type.

N N % of Total
Prey Observed N Killed Censored P.rey Mean PR S12
Killed
. 173 217 0.363(0- 0.556(SE =
Aedes aegypti 390 (44.4%)  (55.6%) 0.52 0.833)  0.0252)
Culex 350 160 190 0.48 0.381(0- 0.543 (SE=
quinquefasciatus (45.7%) (54.3%) ) 0.833) 0.0266)
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POTENTIAL DISTRIBUTION OF THE BIOCONTROL AGENT

TOXORHYNCHITES RUTILUS BY 2070

DANIEL S. MARSHALL
DEPARTMENT OF BIOLOGY, UNIVERSITY OF CENTRAL OKLAHOMA,

EDMOND, OK 73034

ABSTRACT

Climate change projections indicate that mosquito distributions will expand to
include new areas of North America increasing human exposure to mosquito-borne
disease. Controlling these vectors is imperative, as mosquito-borne disease incidence will
rise in response to expansion of mosquito range and increased seasonality. One means of
mosquito control used in the United States is the biocontrol agent, Toxorhynchites rutilus.
Climate change will open new habitats for its use by vector control organizations, but the
extent of this change in habitat is currently unknown. I used a maximum entropy
approach to create species distribution models for Tx. rutilus under four climate change
scenarios by 2070. Mean temperature of warmest quarter (22.6°C to 29.1°C), annual
precipitation (1025.15 mm to 1529.40 mm), and precipitation seasonality (< 17.86) were
the most important bioclimatic variables for suitable habitat. The centroid of current
possible habitat distribution of Tx. rutilus was found in central Tennessee. Depending
upon the scenario, centroids shifted north-northeast 97.68 km to 280.16 km by 2070. The
extreme change in area of greater than 50% suitable habitat probability was 141.14%

with 99.44% area retained. My models indicate limited change in current habitat as well
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as creation of new habitat. These results are promising for North American mosquito
control programs for the continued and potential combat of vector mosquitoes using Tx.

rutilus.

KEYWORDS Toxorhynchites rutilus, biological control, climate change, ecological

niche model, Maxent

INTRODUCTION

The incidence of mosquito-borne illness is expected to increase in the future as
vector populations expand due to climate change (Bouzid et al. 2014, Savic et al. 2014,
Carvalho et al. 2017, IPCC 2018, Kraemer et al. 2019), increasing globalization
(Kilpatrick 2011, Powell 2016), changes in land use, and urbanization (Bowden et al.
2011, Rogalski et al. 2017). As of 2017, the estimated number of annual cases of the
major mosquito-vectored diseases (malaria, dengue fever, lymphatic filariasis,
chikungunya, Zika virus, yellow fever, Japanese encephalitis, and West Nile virus) was
over 347 million with nearly 448,000 estimated deaths (WHO 2018). Controlling
mosquito populations is critical in the prevention and elimination of the diseases they
vector. Chemical pesticides (Faraji and Unlu 2016), entomopathogenic bacteria, viruses,
and fungi (Atyame et al. 2011, Kean et al. 2015), sterilized male mosquitoes (Alphey et
al. 2010), reproduction-inhibiting bacteria, genetically modified adults, and natural
enemies (Benelli et al. 2016) are employed to kill or otherwise prevent the reproduction

of these insects and limit mosquito-borne illness.
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One such natural enemy, the mosquito Toxorhynchites rutilus (Coq.), is a biocontrol
agent used in the United States (Focks et al. 1982). The use of Tx. rutilus as a biocontrol
involves mass breeding of the predator and inundative releases of adults. Also known as
the elephant mosquito and the mosquito assassin, the larvae prey on aquatic invertebrates
in tree holes and artificial containers (Dodge 1964, Focks 2007, Schiller et al. 2019).
Adults feed on nectar and never blood and are thus incapable of transmitting human or
animal pathogens (Collins and Blackwell 2000, Burkett-Cadena 2013). Toxorhynchites
rutilus is widely distributed across eastern North America, ranging from northern Mexico
to New England and the Atlantic coast to the Great Plains (Darsie and Ward 2005).
Many studies have modeled the potential distributions of vector mosquitoes due
to climate change (Epstein et al. 1998, Hongoh et al. 2012, Brown et al. 2015). However,
recent work suggests that some native and established natural enemy populations may be
at risk of extinction due to climate change (Thurman et al. 2017). The current study
represents the only of its kind for Tx. rutilus and addresses a critical gap in knowledge, as
biocontrol deployments of Tx. rutilus will be less effective in habitats where climatic
variables limit oviposition and embryonic and larval development (Campos and Lounibos
2000, Focks 2007; Anita Schiller, personal communication). Similar models found that
warmer and wetter habitats are projected to move northward in North America
(McKenney et al. 2007, Butler et al. 2016). Over the next 50 years higher latitudes and
higher elevations will likely experience greater numbers of mosquitoes for longer periods
each year (Ryan et al. 2019). Affected regions will benefit from increased Tx. rutilus
habitat and vector control organizations in these areas may begin using the predator as a

biocontrol agent. Areas already utilizing Tx. rutilus as a biocontrol will likely have to
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deploy the predator for longer periods throughout the year due to increased vector
seasonality. Breeding adequate numbers of these mosquitoes to achieve vector control
requires considerable effort in both labor and resources (Schiller et al 2019; Schiller,
personal communication). To maximize production and release efficiency, vector control
organizations require new and more accurate information to make better-informed
decisions on the release of Tx. rutilus. Additionally, the possibility that natural
populations of the predator may experience extinction events due to climate change needs
to be addressed as releases of Tx. rutilus will be ineffective in those conditions. | used
Maxent to model the niches of Tx. rutilus and then modeled future niches under four
climate change scenarios in order to identify areas that will be suitable for this biocontrol

agent by 2070.

MATERIALS AND METHODS

Occurrence data were downloaded from Global Biodiversity Information Facility
(GBIF.org). | mapped these data and visually identified and removed aberrant
occurrences. Data were resampled using ENMTools (Warren et al. 2019) such that one
record occurred per 100 km? (Warren et al. 2010). Elevation and bioclimatic variables
were obtained from WorldClim (http://www.worldclim.org/; Table 1) at a 5 arc-minutes
resolution (Hijmans et al. 2005). | trimmed the spatial extent of elevation and climatic
variables from central Mexico to northern Canada using ArcGIS v10.4 (ESRI Inc.,
Redlands, CA; ESRI 2016). A total of 258 Tx. rutilus occurrence records were
downloaded from GBIF. After resampling, | used a total of 123 records for constructing

my species distribution model.
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I modeled the current and projected distributions of Tx. rutilus using the maximum
entropy (Maxent) approach (Phillips et al. 2006). All bioclimatic variables were modeled
initially. I retained the variables that had the greatest effect on the gain in order to
observe the strongest predictive model (Butler et al. 2016). This included variables that
greatly increased the gain as well as those that caused the greatest decrease in gain. |
avoided overfitting by penalizing increased model complexity using a regularization
approach (Phillips et al. 2006, Merckx et al. 2011). | evaluated regularized models with
Akaike’s information criterion (AIC; Warren and Seifert 2011) using variables that did
not exhibit high multicollinearity (Jones et al. 2010). Sensitivity versus specificity were
plotted to create receiver operating characteristic (ROC) curves. | used cross-validation
area under the curve (AUC) scores to evaluate accuracy of the model along with AIC
scores and model weights (So and Sham 2010).

Predicted climatic models from the Intergovernmental Panel on Climate Change
(IPCC) were used to project the potential distribution of Tx. rutilus by 2070. | obtained
these climatic models from WorldClim (Hijmans et al. 2005). Intergovernmental Panel
on Climate Change scenarios include representative concentration pathway (RCP) 2.6,
RCP 4.5, RCP 6.0, and RCP 8.5. In the RCP 2.6 scenario carbon dioxide emissions peak
by 2020 and then decline, these emissions peak by 2040 in the RCP 4.5 scenario, by 2080
in RCP 6.0. Emissions continue to rise throughout the 21% century in RCP 8.5. | used

model averages under each RCP scenario to create projected suitable habitat models.
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RESULTS

The best model for Tx. rutilus (i.e. with the lowest AICc score) included the
variables mean temperature of warmest quarter, annual precipitation, and precipitation
seasonality (Table 2). The AUC for this model was 0.960 + 0.006. Areas that were
predicted to have suitability >50% had a mean temperature of warmest quarter of 22.6°C
to 29.1°C, annual precipitation of 1025.15 mm to 1529.40 mm, and precipitation
seasonality of less than 17.86. The current modeled suitable distribution ranged from
northern Mexico to southern Canada through central and eastern United States (Figure 1).
Highly suitable areas (i.e. those of >50% suitability) were restricted to south Texas
through central Illinois and southern Georgia to central Pennsylvania excluding
Appalachia.

The median projected increase in highly suitable conditions for all Tx. rutilus was
84.03% (range 9.61% — 141.14%); although there was considerable variation among RCP
scenarios (Table 3). Under the RCP 2.6 scenario, the amount of suitable habitat increased
by only 9.61%. In contrast, under RCP scenarios 4.5, 6.0, and 8.5, the amount of suitable
habitat increased by 70.76%, 114.62%, and 141.14%, respectively. The amount of
currently highly suitable habitat retained in future projections for this species was 89.78%
to 99.65%, with a median of 96.92%. The RCP 2.6 scenario had the least suitable habitat
retention with range losses mostly in Mississippi, Alabama, and Kentucky (Figure 2).
Under RCP scenarios 4.5 and 6.0, 99.65% and 98.80% suitable habitat was retained,
respectively. These scenarios indicate highly suitable conditions will expand into
southern Canada and peninsular Florida. The RCP 8.5 scenario retained 99.44% of

current habitat. The probable range under this scenario extended further south than
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previous models and also expanded in geographic distribution around the Great Lakes
and New England.

The centroid of the current suitable Tx. rutilus distribution according to the best
model was in central Tennessee (Figure 3). Centroids shifted generally north-northeast in
successive scenarios. The median projected centroid shift for each scenario was 29.0 km
per decade (range 16 km/decade — 47 km/decade), but variability existed in the response
rate. The centroids for the RCP 2.6 and 4.5 scenarios were relatively close together, only
97.68 km north and 126.91 km north-northeast from the current probable centroid,
respectively (Table 4). Centroids for RCP 6.0 and 8.5 scenarios were farther apart, in
southern and northern Kentucky, respectively. Scenarios RCP 6.0 and RCP 8.5 were
194.52 km north-northeast and 280.16 km north-northeast from the current probably

centroid, respectively.

DISCUSSION

My models showed that the current range of Tx. rutilus will expand northward by
2070. The RCP 2.6 scenario showed a slight north and northwestward increase into the
southern Great Lakes region and central New England. Scenarios RCP 4.5 and RCP 6.0
demonstrated a moderate increase in northward and westward ranges. The RCP 8.5
scenario indicated a strong northward and westward expansion from the current range
into southern Quebec and Ontario and northern New England. Plotted centroids showed a
north northeastward trend moving from central Tennessee to the Kentucky-Indiana
border in the extreme scenario. These centroids showed a small change in potential Tx.

rutilus habitat.
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Toxorhynchites rutilus response to mean temperature of warmest quarter, annual
precipitation, and precipitation seasonality was likely due to an increase in suitable
vegetation and prey, a greater number of individuals reaching maturity, and a reduced
length of overwintering seasons. Because Tx. rutilus is sylvatic it may be that increased
potential habitat was due partially to an increase in suitable woody vegetation in which its
oviposition sites are located. Generally, temperate forests will benefit from increased
temperatures and precipitation (Saxe et al. 2001). Eastern North American forests are less
sensitive to climate change than their western counterparts (Phipps 1982) which, ignoring
land use changes, explains the extent of habitat retention in my models. Additionally,
increased precipitation will keep tree holes and other oviposition sites filled with water
thereby increasing larval habitat. An increased length of warmer portions of the year will
result in increased food abundance (i.e. vector mosquitoes and flowering plants). This
greater seasonality also contributes to an increased number of generations per year of
both Tx. rutilus and vector mosquitoes as well as reduced diapause periods. Insectary
temperatures recommended for optimal growth of Tx. rutilus are between 21°C and 29°C
(Schiller et al. 2019). The increase in mean temperature of warmest quarter to 22.6°C to
29.1°C will allow more mosquitoes to reach maturity.

Vector control organizations currently using Tx. rutilus in the southern United
States will be unaffected by climate change as the four RCP scenarios had little effect on
the species’ southern habitat. This is good news for mosquito control organizations as
deployments of Tx. rutilus will remain effective as vector populations increase and
temperatures rise (Collins and Blackwell 2000). However, the need for bolstered control

methods is apparent when considering the potential for increased vector populations and
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seasonality. Increased length of mosquito season will require greater numbers of captive
Tx. rutilus bred annually. This puts an increasing financial burden on control
organizations in both resources and labor to effectively combat mosquitoes. Novel
mosquito controls, particularly integrated vector management will undoubtedly be
necessary in the near future (WHO 2012, Fernandes et al. 2018).

Some research indicates that native biocontrols are at risk of extinction (Thurman
et al. 2017). This does not appear to be that case for Tx. rutilus. I do not anticipate
extinction events of Tx. rutilus as my models indicated high retention of current habitat
under the four climate change scenarios. This may be due in large part to the generalist
feeding habits of this predator (Collins and Blackwell 2000). Additionally, Deutsch et al.
(2008) found that non-tropical insect species will exhibit limited negative responses to
increased global temperatures through the 21% century. Collier and Steenwyk identified
environmental conditions that are unfavorable for augmentative biocontrol releases
(Collier and Van Steenwyk 2004). They found that, generally, too hot and dry conditions
lowered efficacy in agricultural settings. These findings should be of concern to mosquito
control professionals, but my models show that this will not be of concern in eastern
North America. Most research on biocontrol responses to climate change have focused on
agricultural pests. More work is needed to evaluate the efficacy of biocontrols of
mosquitoes and other vectors of emerging and re-emerging infectious disease.

Much research has focused on vector-borne disease risk under climate change.
Vector-borne disease occurrence will broadly increase due to increasing globalism
(Berrang-Ford et al. 2009) and vector dependence on the warmer and wetter conditions

predicted by climate change models (Lafferty 2009). In areas where these conditions will
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occur, naive populations are at risk of exposure to emerging and re-emerging vector-
borne diseases such as dengue fever and malaria (Berrang-Ford et al. 2009, Bouzid et al.
2014). Increased seasonality is another concern for establishment of endemic vector-
borne disease. In areas where autochthonous infections are rare, increased seasonality
will heighten the risk of establishment by lengthening the time of the year in which
vectors are active. Areas on the fringe of endemic transmission areas and those with
occasional outbreaks are of particular concern for establishment of vector-borne disease
(Butterworth et al. 2017).

These models consider bioclimatic variables under climate change scenarios.
They do not account for habitat loss due to anthropogenic factors such as deforestation
and urbanization. Further study is needed to adequately identify potential future habitats
based on bioclimatic variables, urbanization, and vegetation modelling (Bowden et al.
2011, Khazan et al. 2015, Rogalski et al. 2017, Kraemer et al. 2019). Occurrence records
tend to be clustered around areas easily accessed near roadways, towns and cities, and
bodies of water near homes or areas of interest to collectors and observers (Newbold
2010). Low sample size coupled with potentially biased occurrence records may have
resulted in skewed habitat predictions (Feeley and Silman 2011). Additionally, I did not
account for interspecific and conspecific competition when creating my models. These
factors are of great importance when projecting potential distributions of organisms and
further study will be needed to maximize these models in accordance with inter- and
conspecific competition (Yoshioka et al. 2012, Wasserberg et al. 2014, Lounibos and
Juliano 2018). In the case of Tx. rutilus, | expect introduction into new habitats to be by

anthropogenic means in the form of inundative control releases. Mass releases of
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predatory mosquitoes will suffer losses by competition but will likely not be limiting due
to the sheer numbers of individuals released.

All four scenarios showed the potential for the use of Tx. rutilus as a biocontrol in
an expanded range over the next 50 years. Notably, communities in New England and the
American Midwest will be able to take advantage of this increase in habitat suitability.
Under the RCP 8.5 scenario, cities as far north as Montreal, Quebec could support
populations of Tx. rutilus. In these northern climes where the incidence of vector-borne
disease is projected to rise, sustainable Tx. rutilus habitat and the benefits of natural
vector reduction will certainly be welcome (Berrang-Ford et al. 2009, Hongoh et al.
2012). Additionally, retention of Tx. rutilus habitat in the southern United States is a
reassuring sign in a time when the future of mosquito-borne illness in North America is

of great concern.
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Table 1 Summary of bioclimatic variables used in this study.

Variable Definition

BIO 1 Annual mean temperature

BIO 2 Mean diurnal range (Mean of monthly [max temp - min temp])
BIO 3 Isothermality (BIO 2/ BIO 7) * 100

BlO 4 Temperature seasonality (standard deviation * 100)
BIO 5 Max temperature of warmest month

BIO 6 Min temperature of coldest month

BIO 7 Temperature annual range (BI1O 5 - BIO 6)

BIO 8 Mean temperature of wettest quarter

BIO 9 Mean temperature of driest quarter

BIO 10 Mean temperature of warmest quarter

BIO 11 Mean temperature of coldest quarter

BIO 12 Annual precipitation

BIO 13 Precipitation of wettest month

BIO 14 Precipitation of driest month

BIO 15 Precipitation seasonality (coefficient of variation)
BIO 16 Precipitation of wettest quarter

BIO 17 Precipitation of driest quarter

BIO 18 Precipitation of warmest quarter

BIO 19 Precipitation of coldest quarter

Elevation Elevation above sea level
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Table 2. A comparison of the top five model runs for Toxorhynchites rutilus. Log-
likelihood is the natural log of the probability of the data given in the model. AIC; is a
corrected AIC score, used for a small sample size by increasing the cost for each
parameter. The difference between the model with the lowest score (the "best™ model)
and the AIC. score for each model is given by AAIC.. The model weight (WAIC) is the
relative likelihood for each model, divided by the total relative likelihood for all models

that were considered. AUC (area under the curve) is a measure of the accuracy of the

model.
Variables Log AIC. AAIC: WAIC. Mean
likelihood score AUC
BIO 10, BIO 12, BIO 15 -1286.863 2608.211 0.000 0.955 0.960

Elevation, BIO 1, BIO 12, -1285.202 2615.783 7.572 0.022 0.958
BIO 15,
BI1O 9, BIO 10, BIO 12, -1275.230 2617.085 8.874 0.011 0.964
BIO 15
Elevation, BIO 10, BIO 12, -1286.878 2619.135 10.924 0.004 0.959
BIO 15

BI1O 10, BIO 14, BIO 15 -1290.101 2620.031 11.82 0.003 0.957

85



Table 3. The total area predicted to have >50% probability of suitable conditions for

Toxorhynchites rutilus under each climate change scenario by 2070. Percent area of

retention and change of highly suitable habitat relative to the current predicted

distribution.

Scenario Area (km?) % change in Area common % current
area from to current distribution
current (km?) retained

Current 1,359,647.02

RCP 2.6 1,490,357.88  9.61% 1,220,641.98  89.78%

RCP 4.5 2,321,781.88 70.76% 1,354,870.71  99.65%

RCP 6.0 2,918,007.51 114.62% 1,343,359.31  98.80%

RCP 8.5 3,278,635.34 141.14% 1,352,042.22  99.44%
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Table 4 A summary of the distance from each centroid for each scenario to the current

centroid and the rate per decade.

Scenario Distance (km) and direction Rate per decade
from current

RCP 2.6 97.68 (N) 16 km / decade

RCP 4.5 126.91 (NNE) 21 km / decade

RCP 6.0 194.52 (NNE) 32 km / decade

RCP 8.5 280.16 (NNE) 47 km / decade
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Figure 1 The current possible distribution of Toxorhynchites rutilus according to the best
model. Blue circles indicate occurrence points. Habitat suitability probability is indicated

by black intensity, areas of white are unsuitable.
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Figure 2 Predicted suitable habitat of Toxorhynchites rutilus for (A) RCP2.6, (B)
RCP4.5, (B) RCP6.0, and (D) RCP8.5 scenarios. Habitat suitability probability is

indicated by black intensity, areas of white are unsuitable.
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Figure 3 Centroids for the current and 2070 Toxorhynchites rutilus distributions under

each of the four climate change scenarios.
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GENERAL SUMMARY

My thesis adds to the scant body of knowledge on which Toxorhynchites
biological controls are based. The species on which this document focuses,
Toxorhynchites rutilus, is of economic and public health importance in the United States.
In this chapter I conclude my thesis by summarizing the work presented in the preceding
chapters, discussing how my results contribute to the science of mosquito control, and
suggest areas of future research.

In Chapter Two | observed fourth instar Toxorhynchites rutilus septentrionalis
predation on Aedes aegypti and Culex quinquefasciatus as well as survivorship of the two
prey. My analyses indicated no significant difference in predation rate or survivorship
between prey. These results lend support to previous work demonstrating Toxorhynchites
larvae as generalist predators (Campos and Lounibos 2000; Digma et al. 2019).
Toxorhynchites rutilus polyphagy may contribute to broad mosquito control rather than
species-specific control. However, a generalist diet may be inhibitory to its ability to
control mosquitoes in the presence of other potential prey. Further research is needed to
determine how predation changes between predator instars, habitats, prey diversity, and
prey density.

Through predation and trait-mediated effects, these predators reduce survival of
larvae, longevity, fecundity, vector capacity of adults, and ultimately the occurrence of
mosquito-borne illness. Further study in field or near-field systems including complex
aquatic communities is needed to determine the extent to which trait-mediated effects
impact wild mosquitoes. Some historic releases of Toxorhynchites spp. have failed due to

asynchrony in oviposition sites with target mosquitoes (Collins and Blackwell 2000).
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Aedes aegypti, Cx. quinquefasciatus, and Tx. r. septentrionalis share breeding sites to a
limited extent with variations in occurrence due to spatial partitioning and phenology
(Bonnet 1946, Albeny-Simoes et al. 2014, Leisnham et al. 2014, Baak-Baak et al. 2016).
Combined control strategies utilizing Toxorhynchites spp. offers a promising solution to
compensate for asynchronous oviposition sites. Integrated mosquito management will
become increasingly important in the coming decades as vector populations shift and
disease incidence increases in response to climate change and globalization. Additional
research is needed to evaluate the efficacy of Toxorhynchites mass releases in integrated
mosquito control systems.

In Chapter 3 | showed that the current distribution of Tx. rutilus will expand
northward by 2070 while the southern range will remain relatively intact. The intent of
this chapter was to inform mosquito control professionals of the potential future areas in
which Tx. rutilus may be successfully used as a biological control agent. My models will
aid mosquito control professionals and policy makers in deciding mosquito abatement
options and funding allotments over the next 50 years. Distribution models of the
mosquito responded to three abiotic factors: mean temperature of warmest quarter, annual
precipitation, and precipitation seasonality. Due to its sylvatic habit, Tx. rutilus response
to these factors may have been a function of changes in preferred vegetation (i.e.
oviposition sites and food plants). Additionally, lengthened suitable seasons will increase
the number of vector mosquitoes which will increase the predator population as well. It is
currently unclear why Tx. rutilus responds to these variables. This chapter represents the
only ecological niche model of Tx. rutilus. Most research on biocontrol responses to

climate change have focused on agricultural pests. More work is needed to evaluate the
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efficacy of biocontrols of mosquitoes and other vectors of emerging and re-emerging
infectious disease. Researchers should focus on how natural enemies disperse once
released under different climate scenarios, how climate change will affect their ability to
locate and capture prey, and how fecundity and longevity of these biocontrols will
change.

Vector control organizations currently using Tx. rutilus in the southern United
States will be able to continue using the predator as my models indicated little effect on the
species’ southern habitat. However, increased length of mosquito season, increased
number of vectors, invasive mosquitoes, and insecticide resistance indicate a need for
bolstered and novel control methods. Novel mosquito controls, particularly integrated
mosquito management will become increasingly necessary in the future (WHO 2012,

Fernandes et al. 2018).
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APPENDICES

Appendix Al. Raw survivorship data from predation video analysis (Chapter 2). Status is
either 1 (death) or O (censored). All Status = 0 occur in Hour = 12 as mosquitoes were not
permitted to prematurely withdraw from the study. The number of live larvae at the start

of each observation Hour is represented by n.

Dataset Status n Hour Prey
20190123 1 10 1 AE
20190123 1 10 1 AE
20190123 1 10 1 AE
20190123 1 10 1 AE
20190123 1 6 2 AE
20190123 1 5 3 AE
20190123 1 4 9 AE
20190123 0 3 12 AE
20190123 0 3 12 AE
20190123 0 3 12 AE
20190224 1 10 1 AE
20190224 1 10 1 AE
20190224 1 8 2 AE
20190224 1 7 4 AE
20190224 1 6 5 AE
20190224 1 5 6 AE
20190224 1 4 9 AE
20190224 0 3 12 AE
20190224 0 3 12 AE
20190224 0 3 12 AE
20190126 1 10 1 AE
20190126 1 10 1 AE
20190126 1 8 7 AE
20190126 0 7 12 AE
20190126 0 7 12 AE
20190126 0 7 12 AE
20190126 0 7 12 AE
20190126 0 7 12 AE
20190126 0 7 12 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190126 0 7 12 AE
20190127 1 10 1 AE
20190127 1 10 1 AE
20190127 1 10 1 AE
20190127 1 7 5 AE
20190127 1 6 7 AE
20190127 1 5 10 AE
20190127 0 4 12 AE
20190127 0 4 12 AE
20190127 0 4 12 AE
20190127 1 4 12 AE
20190128 1 10 1 AE
20190128 1 10 1 AE
20190128 1 8 3 AE
20190128 1 7 4 AE
20190128 1 6 8 AE
20190128 1 5 11 AE
20190128 0 4 12 AE
20190128 0 4 12 AE
20190128 0 4 12 AE
20190128 0 4 12 AE
20190129 1 10 1 AE
20190129 1 10 1 AE
20190129 1 8 8 AE
20190129 0 7 12 AE
20190129 0 7 12 AE
20190129 0 7 12 AE
20190129 0 7 12 AE
20190129 0 7 12 AE
20190129 0 7 12 AE
20190129 0 7 12 AE
20190130 1 10 1 AE
20190130 1 10 1 AE
20190130 1 8 2 AE
20190130 1 8 2 AE
20190130 1 6 6 AE
20190130 1 5 7 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190130 1 4 10 AE
20190130 1 3 11 AE
20190130 1 3 11 AE
20190130 1 1 12 AE
20190201 1 10 1 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190201 0 9 12 AE
20190202 1 10 4 AE
20190202 1 9 8 AE
20190202 1 8 9 AE
20190202 0 7 12 AE
20190202 0 7 12 AE
20190202 0 7 12 AE
20190202 0 7 12 AE
20190202 0 7 12 AE
20190202 0 7 12 AE
20190202 0 7 12 AE
20190203 1 10 10 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190203 0 9 12 AE
20190205 1 10 1 AE
20190205 1 10 1 AE
20190205 1 10 1 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190205 1 10 1 AE
20190205 1 6 4 AE
20190205 1 5 8 AE
20190205 1 4 10 AE
20190205 0 3 12 AE
20190205 0 3 12 AE
20190205 0 3 12 AE
20190207 1 10 1 AE
20190207 1 10 1 AE
20190207 1 8 10 AE
20190207 0 7 12 AE
20190207 0 7 12 AE
20190207 0 7 12 AE
20190207 0 7 12 AE
20190207 0 7 12 AE
20190207 0 7 12 AE
20190207 0 7 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190208 0 10 12 AE
20190210 1 10 1 AE
20190210 1 9 8 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
20190210 0 8 12 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190211 1 10 1 AE
20190211 1 9 7 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190211 0 8 12 AE
20190212 1 10 1 AE
20190212 1 10 1 AE
20190212 1 8 5 AE
20190212 0 7 12 AE
20190212 0 7 12 AE
20190212 0 7 12 AE
20190212 0 7 12 AE
20190212 0 7 12 AE
20190212 0 7 12 AE
20190212 0 7 12 AE
20190213 1 10 1 AE
20190213 1 9 7 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190213 0 8 12 AE
20190214 1 10 1 AE
20190214 1 10 1 AE
20190214 1 8 10 AE
20190214 0 7 12 AE
20190214 0 7 12 AE
20190214 0 7 12 AE
20190214 0 7 12 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190214 0 7 12 AE
20190214 0 7 12 AE
20190214 0 7 12 AE
20190215 1 10 1 AE
20190215 1 10 1 AE
20190215 1 8 10 AE
20190215 0 7 12 AE
20190215 0 7 12 AE
20190215 0 7 12 AE
20190215 0 7 12 AE
20190215 0 7 12 AE
20190215 0 7 12 AE
20190215 1 7 12 AE
20190216 1 10 1 AE
20190216 1 10 1 AE
20190216 1 10 1 AE
20190216 1 7 2 AE
20190216 1 6 5 AE
20190216 1 5 6 AE
20190216 0 4 12 AE
20190216 0 4 12 AE
20190216 0 4 12 AE
20190216 1 4 12 AE
20190309 1 10 1 AE
20190309 1 10 1 AE
20190309 1 10 1 AE
20190309 0 7 12 AE
20190309 0 7 12 AE
20190309 0 7 12 AE
20190309 0 7 12 AE
20190309 0 7 12 AE
20190309 0 7 12 AE
20190309 0 7 12 AE
20190308 1 10 1 AE
20190308 1 10 1 AE
20190308 1 10 1 AE
20190308 1 10 1 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190308 0 6 12 AE
20190308 0 6 12 AE
20190308 0 6 12 AE
20190308 0 6 12 AE
20190308 0 6 12 AE
20190308 0 6 12 AE
20190318 1 10 1 AE
20190318 1 10 1 AE
20190318 1 8 2 AE
20190318 1 8 2 AE
20190318 1 8 2 AE
20190318 1 5 7 AE
20190318 0 4 12 AE
20190318 0 4 12 AE
20190318 0 4 12 AE
20190318 0 4 12 AE
20190310 1 10 1 AE
20190310 1 10 1 AE
20190310 1 10 1 AE
20190310 0 7 12 AE
20190310 0 7 12 AE
20190310 0 7 12 AE
20190310 0 7 12 AE
20190310 0 7 12 AE
20190310 0 7 12 AE
20190310 1 7 12 AE
20190313 1 10 1 AE
20190313 1 9 11 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190313 0 8 12 AE
20190314 1 10 1 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190314 1 10 1 AE
20190314 1 10 1 AE
20190314 1 10 1 AE
20190314 1 10 1 AE
20190314 1 5 2 AE
20190314 1 4 3 AE
20190314 1 3 5 AE
20190314 1 2 10 AE
20190314 0 1 12 AE
20190315 1 10 1 AE
20190315 1 10 1 AE
20190315 1 10 1 AE
20190315 1 7 4 AE
20190315 1 6 7 AE
20190315 0 5 12 AE
20190315 0 5 12 AE
20190315 0 5 12 AE
20190315 0 5 12 AE
20190315 0 5 12 AE
20190320 1 10 1 AE
20190320 1 10 1 AE
20190320 1 10 1 AE
20190320 1 7 7 AE
20190320 0 6 12 AE
20190320 0 6 12 AE
20190320 0 6 12 AE
20190320 0 6 12 AE
20190320 0 6 12 AE
20190320 0 6 12 AE
20190424 1 10 1 AE
20190424 1 10 1 AE
20190424 1 10 1 AE
20190424 1 10 1 AE
20190424 1 6 3 AE
20190424 0 5 12 AE
20190424 0 5 12 AE
20190424 0 5 12 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190424 0 5 12 AE
20190424 0 5 12 AE
20190415 1 10 1 AE
20190415 1 10 1 AE
20190415 1 10 1 AE
20190415 0 7 12 AE
20190415 0 7 12 AE
20190415 0 7 12 AE
20190415 0 7 12 AE
20190415 0 7 12 AE
20190415 0 7 12 AE
20190415 0 7 12 AE
20190416 1 10 1 AE
20190416 1 10 1 AE
20190416 1 10 1 AE
20190416 0 7 12 AE
20190416 0 7 12 AE
20190416 0 7 12 AE
20190416 0 7 12 AE
20190416 0 7 12 AE
20190416 0 7 12 AE
20190416 1 7 12 AE
20190419 1 10 1 AE
20190419 1 10 1 AE
20190419 1 10 1 AE
20190419 1 7 2 AE
20190419 1 6 10 AE
20190419 0 5 12 AE
20190419 0 5 12 AE
20190419 0 5 12 AE
20190419 0 5 12 AE
20190419 0 5 12 AE
20190423 1 10 1 AE
20190423 1 10 1 AE
20190423 1 8 8 AE
20190423 0 7 12 AE
20190423 0 7 12 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190423 0 7 12 AE
20190423 0 7 12 AE
20190423 0 7 12 AE
20190423 0 7 12 AE
20190423 0 7 12 AE
20190425 1 10 1 AE
20190425 1 10 1 AE
20190425 1 10 1 AE
20190425 1 10 1 AE
20190425 1 10 1 AE
20190425 1 10 1 AE
20190425 1 4 7 AE
20190425 1 4 7 AE
20190425 0 2 12 AE
20190425 0 2 12 AE
20190708 1 10 1 AE
20190708 1 9 8 AE
20190708 1 9 8 AE
20190708 0 7 12 AE
20190708 0 7 12 AE
20190708 0 7 12 AE
20190708 0 7 12 AE
20190708 0 7 12 AE
20190708 0 7 12 AE
20190708 1 7 12 AE
20190710 1 10 1 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190710 0 9 12 AE
20190713 1 10 1 AE
20190713 1 10 1 AE
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190713 1 10 1 AE
20190713 1 10 1 AE
20190713 1 10 1 AE
20190713 1 5 3 AE
20190713 1 4 4 AE
20190713 0 3 12 AE
20190713 0 3 12 AE
20190713 1 3 12 AE
20190714 1 10 1 AE
20190714 1 9 7 AE
20190714 1 9 7 AE
20190714 0 7 12 AE
20190714 0 7 12 AE
20190714 0 7 12 AE
20190714 0 7 12 AE
20190714 0 7 12 AE
20190714 0 7 12 AE
20190714 1 7 12 AE
20190715 1 10 1 AE
20190715 1 10 1 AE
20190715 1 10 1 AE
20190715 1 10 1 AE
20190715 1 6 6 AE
20190715 1 5 12 AE
20190715 1 5 12 AE
20190715 1 5 12 AE
20190715 1 5 12 AE
20190715 1 5 12 AE
20190218 1 10 1 CX
20190218 0 9 12 CX
20190218 0 9 12 CX
20190218 0 9 12 CX
20190218 0 9 12 CX
20190218 0 9 12 CX
20190218 0 9 12 CX
20190218 0 9 12 CX
20190218 0 9 12 CX

106



Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190218 0 9 12 CX
20190220 1 10 1 CX
20190220 1 10 1 CX
20190220 1 10 1 CX
20190220 1 7 3 CX
20190220 1 6 6 CX
20190220 0 5 12 CX
20190220 0 5 12 CX
20190220 0 5 12 CX
20190220 0 5 12 CX
20190220 0 5 12 CX
20190221 1 10 1 CX
20190221 1 9 2 CX
20190221 1 9 2 CX
20190221 1 7 3 CX
20190221 1 7 3 CX
20190221 1 5 9 CX
20190221 0 4 12 CX
20190221 0 4 12 CX
20190221 0 4 12 CX
20190221 1 4 12 CX
20190223 1 10 1 CX
20190223 1 10 1 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190223 0 8 12 CX
20190617 1 10 1 CX
20190617 1 9 2 CX
20190617 0 8 12 CX
20190617 0 8 12 CX
20190617 0 8 12 CX
20190617 0 8 12 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190617 0 8 12 CX
20190617 0 8 12 CX
20190617 0 8 12 CX
20190617 0 8 12 CX
20190618 1 10 1 CX
20190618 1 9 2 CX
20190618 1 8 3 CX
20190618 1 7 4 CX
20190618 1 6 5 CX
20190618 1 5 6 CX
20190618 0 4 12 CX
20190618 0 4 12 CX
20190618 0 4 12 CX
20190618 0 4 12 CX
20190619 1 10 2 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190619 0 9 12 CX
20190620 1 10 2 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190620 0 9 12 CX
20190621 1 10 1 CX
20190621 1 9 2 CX
20190621 1 8 3 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190621 1 7 5 CX
20190621 0 6 12 CX
20190621 0 6 12 CX
20190621 0 6 12 CX
20190621 0 6 12 CX
20190621 0 6 12 CX
20190621 1 6 12 CX
20190622 1 10 1 CX
20190622 1 10 1 CX
20190622 1 10 1 CX
20190622 1 7 5 CX
20190622 0 6 12 CX
20190622 0 6 12 CX
20190622 0 6 12 CX
20190622 0 6 12 CX
20190622 0 6 12 CX
20190622 0 6 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 0 10 12 CX
20190623 1 10 12 CX
20190624 1 10 1 CX
20190624 1 10 1 CX
20190624 1 10 1 CX
20190624 1 10 1 CX
20190624 1 6 3 CX
20190624 1 5 4 CX
20190624 1 4 5 CX
20190624 1 3 6 CX
20190624 1 2 8 CX
20190624 1 1 11 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190625 1 10 1 CX
20190625 1 9 3 CX
20190625 1 8 7 CX
20190625 1 7 10 CX
20190625 1 6 11 CX
20190625 0 5 12 CX
20190625 0 5 12 CX
20190625 0 5 12 CX
20190625 0 5 12 CX
20190625 0 5 12 CX
20190626 1 10 4 CX
20190626 1 9 6 CX
20190626 1 9 6 CX
20190626 0 7 12 CX
20190626 0 7 12 CX
20190626 0 7 12 CX
20190626 0 7 12 CX
20190626 0 7 12 CX
20190626 0 7 12 CX
20190626 1 7 12 CX
20190627 1 10 1 CX
20190627 1 10 1 CX
20190627 1 10 1 CX
20190627 1 7 2 CX
20190627 1 7 2 CX
20190627 1 5 3 CX
20190627 1 4 4 CX
20190627 1 3 5 CX
20190627 1 2 9 CX
20190627 1 1 10 CX
20190628 1 10 3 CX
20190628 1 9 8 CX
20190628 0 8 12 CX
20190628 0 8 12 CX
20190628 0 8 12 CX
20190628 0 8 12 CX
20190628 0 8 12 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190628 0 8 12 CX
20190628 0 8 12 CX
20190628 0 8 12 CX
20190629 1 10 1 CX
20190629 1 10 1 CX
20190629 1 10 1 CX
20190629 1 7 2 CX
20190629 1 6 3 CX
20190629 1 5 4 CX
20190629 1 4 5 CX
20190629 1 3 9 CX
20190629 1 2 11 CX
20190629 0 1 12 CX
20190630 1 10 1 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190630 0 9 12 CX
20190701 1 10 1 CX
20190701 1 10 1 CX
20190701 1 10 1 CX
20190701 1 7 2 CX
20190701 1 6 5 CX
20190701 1 5 8 CX
20190701 0 4 12 CX
20190701 0 4 12 CX
20190701 0 4 12 CX
20190701 1 4 12 CX
20190702 1 10 1 CX
20190702 1 10 1 CX
20190702 1 8 2 CX
20190702 1 8 2 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190702 1 8 2 CX
20190702 1 5 3 CX
20190702 1 4 4 CX
20190702 1 3 7 CX
20190702 0 2 12 CX
20190702 0 2 12 CX
20190703 1 10 1 CX
20190703 1 10 1 CX
20190703 1 8 4 CX
20190703 1 7 8 CX
20190703 1 6 9 CX
20190703 0 5 12 CX
20190703 0 5 12 CX
20190703 0 5 12 CX
20190703 0 5 12 CX
20190703 0 5 12 CX
20190716 1 10 2 CX
20190716 1 10 2 CX
20190716 1 8 3 CX
20190716 1 7 7 CX
20190716 0 6 12 CX
20190716 0 6 12 CX
20190716 0 6 12 CX
20190716 0 6 12 CX
20190716 0 6 12 CX
20190716 0 6 12 CX
20190717 1 10 1 CX
20190717 1 10 1 CX
20190717 1 10 1 CX
20190717 1 7 3 CX
20190717 1 6 5 CX
20190717 1 5 8 CX
20190717 0 4 12 CX
20190717 0 4 12 CX
20190717 0 4 12 CX
20190717 0 4 12 CX
20190718 1 10 1 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190718 1 9 4 CX
20190718 1 8 6 CX
20190718 1 7 7 CX
20190718 1 6 11 CX
20190718 0 5 12 CX
20190718 0 5 12 CX
20190718 0 5 12 CX
20190718 0 5 12 CX
20190718 0 5 12 CX
20190719 1 10 6 CX
20190719 1 9 10 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190719 0 8 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190720 0 10 12 CX
20190721 1 10 1 CX
20190721 1 10 1 CX
20190721 1 8 2 CX
20190721 1 7 3 CX
20190721 1 6 5 CX
20190721 1 5 6 CX
20190721 1 4 11 CX
20190721 0 3 12 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190721 0 3 12 CX
20190721 0 3 12 CX
20190722 1 10 1 CX
20190722 1 10 1 CX
20190722 1 10 1 CX
20190722 1 7 2 CX
20190722 1 6 3 CX
20190722 1 5 7 CX
20190722 1 4 9 CX
20190722 0 3 12 CX
20190722 0 3 12 CX
20190722 0 3 12 CX
20190724 1 10 4 CX
20190724 1 9 5 CX
20190724 1 8 11 CX
20190724 0 7 12 CX
20190724 0 7 12 CX
20190724 0 7 12 CX
20190724 0 7 12 CX
20190724 0 7 12 CX
20190724 0 7 12 CX
20190724 0 7 12 CX
20190725 1 10 8 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190725 0 9 12 CX
20190727 1 10 1 CX
20190727 1 10 1 CX
20190727 1 10 1 CX
20190727 1 10 1 CX
20190727 1 6 2 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190727 1 5 3 CX
20190727 1 4 5 CX
20190727 0 3 12 CX
20190727 0 3 12 CX
20190727 0 3 12 CX
20190729 1 10 1 CX
20190729 1 10 1 CX
20190729 1 8 2 CX
20190729 1 7 3 CX
20190729 1 6 7 CX
20190729 1 5 11 CX
20190729 0 4 12 CX
20190729 0 4 12 CX
20190729 0 4 12 CX
20190729 0 4 12 CX
20190730 1 10 1 CX
20190730 1 10 1 CX
20190730 1 10 1 CX
20190730 1 10 1 CX
20190730 1 6 2 CX
20190730 1 5 5 CX
20190730 1 4 7 CX
20190730 0 3 12 CX
20190730 0 3 12 CX
20190730 0 3 12 CX
20190801 1 10 1 CX
20190801 1 10 1 CX
20190801 1 8 2 CX
20190801 1 7 10 CX
20190801 0 6 12 CX
20190801 0 6 12 CX
20190801 0 6 12 CX
20190801 0 6 12 CX
20190801 0 6 12 CX
20190801 0 6 12 CX
20190802 1 10 1 CX
20190802 1 9 2 CX
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Appendix Al (continued). Raw survivorship data from predation video analysis
(Chapter 2).

Dataset Status n Hour Prey
20190802 1 8 7 CX
20190802 1 7 10 CX
20190802 1 7 10 CX
20190802 0 5 12 CX
20190802 0 5 12 CX
20190802 0 5 12 CX
20190802 0 5 12 CX
20190802 0 5 12 CX
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Appendix A2. Predation rate (PR) for each 12-hour observation (Chapter 2).

Dataset Prey PR Dataset Prey PR

20190218 CX 0.083 20190126 AE 0.250
20190220 CX 0.417 20190127 AE 0.583
20190221 CX 0.583 20190128 AE 0.500
20190223 CX 0.167 20190129 AE 0.250
20190617 CX 0.167 20190130 AE 0.833
20190618 CX 0.500 20190201 AE 0.083
20190619 CX 0.083 20190202 AE 0.250
20190620 CX 0.083 20190203 AE 0.083
20190621 CX 0.417 20190205 AE 0.583
20190622 CX 0.333 20190207 AE 0.250
20190623 CX 0.083 20190208 AE 0.000
20190624 CX 0.833 20190210 AE 0.167
20190625 CX 0.417 20190211 AE 0.167
20190626 CX 0.333 20190212 AE 0.250
20190627 CX 0.833 20190213 AE 0.167
20190628 CX 0.167 20190214 AE 0.250
20190629 CX 0.750 20190215 AE 0.333
20190630 CX 0.083 20190216 AE 0.583
20190701 CX 0.583 20190309 AE 0.250
20190702 CX 0.667 20190308 AE 0.333
20190703 CX 0.417 20190318 AE 0.500
20190716 CX 0.333 20190310 AE 0.333
20190717 CX 0.500 20190313 AE 0.167
20190718 CX 0.417 20190314 AE 0.750
20190719 CX 0.167 20190315 AE 0.417
20190720 CX 0.000 20190320 AE 0.333
20190721 CX 0.583 20190424 AE 0.417
20190722 CX 0.583 20190415 AE 0.250
20190724 CX 0.250 20190416 AE 0.333
20190725 CX 0.083 20190419 AE 0.417
20190727 CX 0.583 20190423 AE 0.250
20190729 CX 0.500 20190425 AE 0.667
20190730 CX 0.583 20190708 AE 0.333
20190801 CX 0.333 20190710 AE 0.083
20190802 CX 0.417 20190713 AE 0.667
20190123 AE 0.583 20190714 AE 0.333
20190224 AE 0.583 20190715 AE 0.583
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Appendix A3. Occurrence data of Toxorhynchites rutilus (Chapter 3). The total number
of records used to create ecological niche models was 165.

Species Latitude Longitude
Toxorhynchites rutilus 27.7361 -81.6159
Toxorhynchites rutilus 27.8836 -81.8299
Toxorhynchites rutilus 27.9531 -81.6928
Toxorhynchites rutilus 28.8106 -81.4258
Toxorhynchites rutilus 28.8106 -81.4258
Toxorhynchites rutilus 28.8106 -81.4258
Toxorhynchites rutilus 29.4851 -97.4503
Toxorhynchites rutilus 29.6009 -98.4876
Toxorhynchites rutilus 29.8516 -97.6951
Toxorhynchites rutilus 29.8573 -95.3930
Toxorhynchites rutilus 29.8573 -95.3930
Toxorhynchites rutilus 29.8573 -95.3930
Toxorhynchites rutilus 29.8573 -95.3930
Toxorhynchites rutilus 29.9236 -95.5238
Toxorhynchites rutilus 30.0290 -95.2999
Toxorhynchites rutilus 30.0911 -97.1717
Toxorhynchites rutilus 30.1038 -98.4255
Toxorhynchites rutilus 30.1038 -98.4259
Toxorhynchites rutilus 30.1665 -95.7631
Toxorhynchites rutilus 30.1868 -93.2457
Toxorhynchites rutilus 30.2065 -92.0642
Toxorhynchites rutilus 30.2348 -97.6411
Toxorhynchites rutilus 30.2376 -85.6314
Toxorhynchites rutilus 30.2395 -97.6913
Toxorhynchites rutilus 30.2395 -97.6913
Toxorhynchites rutilus 30.2418 -97.6987
Toxorhynchites rutilus 30.2473 -97.6941
Toxorhynchites rutilus 30.2656 -98.4000
Toxorhynchites rutilus 30.2779 -97.7040
Toxorhynchites rutilus 30.2780 -97.7039
Toxorhynchites rutilus 30.2780 -97.7041
Toxorhynchites rutilus 30.2780 -97.7041
Toxorhynchites rutilus 30.3101 -97.7043
Toxorhynchites rutilus 30.3128 -97.6985
Toxorhynchites rutilus 30.4061 -88.8019
Toxorhynchites rutilus 30.4263 -91.0390
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Appendix A3 (continued). Occurrence data of Toxorhynchites rutilus (Chapter 3).

Species Latitude Longitude
Toxorhynchites rutilus 30.5440 -91.0932
Toxorhynchites rutilus 30.6659 -86.5942
Toxorhynchites rutilus 30.6811 -97.6361
Toxorhynchites rutilus 30.6846 -88.1966
Toxorhynchites rutilus 30.6846 -88.1966
Toxorhynchites rutilus 30.9133 -81.6420
Toxorhynchites rutilus 32.0422 -84.2043
Toxorhynchites rutilus 32.2502 -86.0888
Toxorhynchites rutilus 32.3114 -97.0149
Toxorhynchites rutilus 32.3114 -97.0149
Toxorhynchites rutilus 32.3116 -97.0160
Toxorhynchites rutilus 32.3116 -97.0161
Toxorhynchites rutilus 32.3118 -97.0159
Toxorhynchites rutilus 32.3118 -97.0160
Toxorhynchites rutilus 32.3118 -97.0159
Toxorhynchites rutilus 32.3119 -97.0161
Toxorhynchites rutilus 32.3122 -97.0149
Toxorhynchites rutilus 32.5659 -97.1481
Toxorhynchites rutilus 32.5772 -03.8824
Toxorhynchites rutilus 32.7670 -96.7784
Toxorhynchites rutilus 32.7720 -97.2913
Toxorhynchites rutilus 32.7720 -97.2913
Toxorhynchites rutilus 32.7745 -97.3746
Toxorhynchites rutilus 32.7746 -97.3747
Toxorhynchites rutilus 32.8586 -97.4737
Toxorhynchites rutilus 32.8591 -84.4863
Toxorhynchites rutilus 32.9551 -96.9325
Toxorhynchites rutilus 33.0837 -94.3576
Toxorhynchites rutilus 33.4327 -86.7060
Toxorhynchites rutilus 33.5500 -81.6330
Toxorhynchites rutilus 33.6577 -93.6087
Toxorhynchites rutilus 33.7707 -84.2263
Toxorhynchites rutilus 33.7900 -84.4682
Toxorhynchites rutilus 34.7211 -96.6927
Toxorhynchites rutilus 34.8854 -82.7234
Toxorhynchites rutilus 34.8926 -82.3721
Toxorhynchites rutilus 34.9527 -80.8311
Toxorhynchites rutilus 35.1970 -94.2750
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Appendix A3 (continued). Occurrence data of Toxorhynchites rutilus (Chapter 3).

Species Latitude Longitude
Toxorhynchites rutilus 35.2064 -97.3231
Toxorhynchites rutilus 35.2118 -97.5019
Toxorhynchites rutilus 35.2865 -83.1306
Toxorhynchites rutilus 35.3546 -76.9696
Toxorhynchites rutilus 35.3623 -80.9184
Toxorhynchites rutilus 35.5133 -93.3266
Toxorhynchites rutilus 35.5444 -82.3710
Toxorhynchites rutilus 35.6258 -79.3096
Toxorhynchites rutilus 35.6469 -95.9646
Toxorhynchites rutilus 35.6469 -95.9646
Toxorhynchites rutilus 35.7050 -79.2515
Toxorhynchites rutilus 35.7787 -78.8201
Toxorhynchites rutilus 35.7898 -78.6506
Toxorhynchites rutilus 35.8283 -90.6304
Toxorhynchites rutilus 35.8434 -86.4172
Toxorhynchites rutilus 36.0362 -79.8399
Toxorhynchites rutilus 36.0366 -78.8779
Toxorhynchites rutilus 36.0366 -78.8779
Toxorhynchites rutilus 36.0366 -78.8779
Toxorhynchites rutilus 36.0366 -78.8779
Toxorhynchites rutilus 36.0695 -94.1731
Toxorhynchites rutilus 36.0791 -79.7887
Toxorhynchites rutilus 36.0791 -79.7887
Toxorhynchites rutilus 36.0926 -85.8107
Toxorhynchites rutilus 36.1691 -86.7848
Toxorhynchites rutilus 36.6206 -79.9807
Toxorhynchites rutilus 36.8529 -75.9780
Toxorhynchites rutilus 36.8554 -89.9417
Toxorhynchites rutilus 36.9956 -86.4236
Toxorhynchites rutilus 37.0689 -97.0406
Toxorhynchites rutilus 37.2779 -87.2114
Toxorhynchites rutilus 37.3762 -88.9304
Toxorhynchites rutilus 37.3839 -89.6849
Toxorhynchites rutilus 37.4172 -88.5424
Toxorhynchites rutilus 37.4524 -77.5847
Toxorhynchites rutilus 37.7664 -84.6219
Toxorhynchites rutilus 38.2009 -84.8733
Toxorhynchites rutilus 38.2665 -77.1808
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Appendix A3 (continued). Occurrence data of Toxorhynchites rutilus (Chapter 3).

Species Latitude Longitude
Toxorhynchites rutilus 38.4121 -78.2770
Toxorhynchites rutilus 38.4320 -88.4321
Toxorhynchites rutilus 38.4320 -88.4321
Toxorhynchites rutilus 38.6654 -77.2332
Toxorhynchites rutilus 38.8010 -77.5552
Toxorhynchites rutilus 38.8259 -76.8473
Toxorhynchites rutilus 38.8331 -77.3369
Toxorhynchites rutilus 38.8337 -77.2761
Toxorhynchites rutilus 38.8405 -77.1280
Toxorhynchites rutilus 38.8839 -94.8223
Toxorhynchites rutilus 38.9412 -77.3661
Toxorhynchites rutilus 38.9665 -77.0526
Toxorhynchites rutilus 38.9717 -95.2350
Toxorhynchites rutilus 39.0072 -94.3425
Toxorhynchites rutilus 39.0072 -94.3425
Toxorhynchites rutilus 39.0072 -94.3425
Toxorhynchites rutilus 39.0072 -94.3425
Toxorhynchites rutilus 39.1189 -84.4158
Toxorhynchites rutilus 39.1374 -77.2031
Toxorhynchites rutilus 39.1485 -84.5146
Toxorhynchites rutilus 39.1969 -84.5442
Toxorhynchites rutilus 39.2523 -76.9244
Toxorhynchites rutilus 39.3284 -75.1216
Toxorhynchites rutilus 39.5058 -80.2434
Toxorhynchites rutilus 39.8024 -74.9613
Toxorhynchites rutilus 39.8024 -74.9613
Toxorhynchites rutilus 39.8024 -74.9613
Toxorhynchites rutilus 39.9740 -75.7497
Toxorhynchites rutilus 40.0420 -76.2502
Toxorhynchites rutilus 40.0571 -75.0948
Toxorhynchites rutilus 40.0722 -82.8775
Toxorhynchites rutilus 40.1309 -80.2416
Toxorhynchites rutilus 40.2825 -74.7037
Toxorhynchites rutilus 40.2825 -74.7037
Toxorhynchites rutilus 40.2825 -74.7037
Toxorhynchites rutilus 40.2825 -74.7037
Toxorhynchites rutilus 40.3369 -75.1071
Toxorhynchites rutilus 40.6142 -75.5906
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Appendix A3 (continued). Occurrence data of Toxorhynchites rutilus (Chapter 3).

Species Latitude Longitude
Toxorhynchites rutilus 40.6142 -75.5906
Toxorhynchites rutilus 40.6599 -74.3087
Toxorhynchites rutilus 40.7297 -73.5894
Toxorhynchites rutilus 40.7484 -74.3232
Toxorhynchites rutilus 40.8515 -76.7099
Toxorhynchites rutilus 40.8686 -73.8781
Toxorhynchites rutilus 40.8687 -73.8781
Toxorhynchites rutilus 40.9436 -72.6922
Toxorhynchites rutilus 41.3195 -73.9887
Toxorhynchites rutilus 41.5018 -81.4853
Toxorhynchites rutilus 41.6790 -95.3089
Toxorhynchites rutilus 41.9872 -70.7419
Toxorhynchites rutilus 42.3871 -71.1471
Toxorhynchites rutilus 42.4461 -71.4755
Toxorhynchites rutilus 42.4795 -71.3965
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Appendix A4. Scores of variable combinations with the greatest effect on model gain
(Chapter 3). AIC (Akaike information criterion), AlCc (corrected Akaike information
criterion), BIC (Bayesian information criterion), AUC (are under the curve) scores were

all used in model selection.

Model variables AIC score  AlCcscore BICscore AUC score
Biol10, Biol2, Biol5 2603.725 2608.211 2645.908 0.961
Elev, Biol, Biol2, Biol5 2608.405 2615.783 2661.836  0.962
Bio9, Biol0, Biol2, Biol5 2602.460 2617.085 2675.577  0.965
Elev, Biol0, Biol2, Biol5 2611.756 2619.135 2665.188 0.961
Bio10, Biol4, Biol5 2614.203 2620.031 2662.010 0.960
Elev, Bio9, Biol0, Biol5 2612.978 2620.356 2666.409  0.961
Elev, Biol0, Biol4, Biol5 2616.076 2622.653 2666.696  0.960
Biol, Biol2, Biol5 2613.646 2622.795 2672.702 0.961
Bio9, Biol0, Biol4, Biol5 2609.890 2623.292 2680.195 0.963
Elev, Bio5, Biol4, Biol5 2619.519 2623.408 2658.889  0.958
Bio5, Biol2, Biol5 2620.762 2623.599 2654.508  0.957
Elev, Bio9, Biol0, Biol4, Biol5 2610.459 2626.375 2686.388  0.964
Bio9, Biol0, Biol5 2623.154 2626.494 2659.713  0.958
Biol, Biol4, Biol5 2620.047 2626.624 2670.666  0.959
Elev, Bio9, Biol0, Biol2, Biol5 2608.432 2628.649 2692.798  0.966
Elev, Biol, Biol4, Biol5 2621.021 2629.257 2677.265 0.960
Bio5, Biol4, Biol5 2625.527 2630.659 2670.522  0.958
Bio10, Biol5, Biol7 2623.822 2632.971 2682.878  0.959
Bio9, Biol0, Biol5, Biol7 2616.809 2634.086 2695.550 0.963
Elev, Biol0, Biol5, Biol7 2625.624 2635.744 2687.492  0.959
Bio5, Biol5, Biol7 2630.044 2636.621 2680.664  0.958
Elev, Bio5, Biol2, Biol5 2629.398 2636.776 2682.829  0.958
Bio9, Biol0, Biol4 2629.768 2640.920 2694.448  0.959
Biol, Biol5, Biol7 2629.970 2641.122 2694.650 0.959
Bio9, Biol0, Biol2 2632.155 2642.275 2694.023  0.958
Biol0, Biol4 2638.327 2642.813 2680.510 0.955
Elev, Bio5, Biol5, Biol7 2634.080 2643.229 2693.136  0.958
Bio5, Biol4 2642.695 2645.532 2676.441  0.953
Bio9, Biol0, Biol7 2634.508 2645.660 2699.188  0.958
Biol0, Biols 2644.982 2647.818 2678.728  0.956
Biol, Biol4 2643.142 2648.274 2688.137  0.953
Biol0, Biol7 2643.991 2648.477 2686.174  0.954
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Appendix A4 (continued). Model scores of variable combinations (Chapter 3).

Model variables AIC score  AlCcscore BICscore AUC score
Elev, Bio9, Biol0, Biol4 2631.305 2648.581 2710.046  0.961
Elev, Biol, Biol5, Biol7 2634.751 2650.667 2710.680  0.960
Bio5, Biol7 2649.017 2652.906 2688.388  0.952
Elev, Biol0, Biol4 2646.017 2654.252 2702.260 0.956
Elev, Biol0, Biol5 2647.117 2655.353 2703.361 0.956
Elev, Biol0, Biol7 2649.984 2657.363 2703.416  0.956
Biol, Biol7 2651.260 2657.837 2701.879  0.952
Elev, Biol, Biol7 2650.150 2658.385 2706.394  0.953
Elev, Bio9, Biol0 2653.903 2663.052 2712.959  0.956
Biol, Biol5 2658.585 2663.071 2700.768  0.953
Elev, Biol, Biol4 2652.374 2663.525 2717.054  0.953
Elev, Bio9, Biol0, Biol7 2642.908 2664.710 2730.086  0.960
Elev, Bio5, Biol5 2658.338 2664.915 2708.958  0.953
Elev, Bio9, Biol0, Biol5, Biol7 2632.366 2665.448 2736.417 0.964
Biol, Biol2 2659.328 2665.905 2709.947  0.949
Elev, Biol, Biol5 2655.464 2667.708 2722.956  0.955
Elev, Bio5, Biol4 2657.649 2667.769 2719.517 0.954
Biol0, Biol2 2660.665 2668.043 2714.096  0.950
Elev, Bio5, Biol7 2659.257 2668.406 2718.313  0.954
Elev, Biol, Biol2 2662.501 2674.746 2729.993  0.952
Bio5, Biol2 2677.630 2683.458 2725.437 0.944
Elev, Bio9, Biol2 2682.096 2687.925 2729.904  0.948
Elev, Bio9, Biol4 2683.632 2689.461 2731.439  0.946
Bio9, Biol2, Biol5 2687.757 2692.243 2729.940 0.946
Elev, Bio9, Biol7 2686.630 2692.458 2734.437  0.946
Elev, Biol0, Biol2 2677.278 2695.988 2758.831  0.952
Elev, Biol 2693.363 2696.702 2729.921 0.941
Elev, Bio9, Biol2, Biol5 2684.870 2699.495 2757.986  0.952
Elev, Bio9, Biol5 2691.313 2699.549 2747557  0.947
Elev, Bio9, Biol4, Biol5 2687.990 2700.235 2755.483  0.951
Bio5, Biol5 2699.216 2702.556 2735.775  0.947
Elev, Bio5, Biol2 2687.042 2704.319 2765.783  0.950
Bio9, Biol2 2707.683 2711.023 2744.242 0.936
Elev, Bio9, Biol5, Biol7 2696.264 2712.180 2772.193  0.950
Elev, Bio9, Biol0, Biol2 2665.486 2716.255 2789.222 0.961
Elev, Biol0 2713.462 2719.290 2761.269  0.942
Elev, Bio9 2716.129 2720.018 2755.500 0.939
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Appendix A4 (continued). Model scores of variable combinations (Chapter 3).

Model variables AIC score  AlCcscore BICscore AUC score
Bio9, Biol4 2727.519 2732.651 2772514 0.934
Bio9, Biol5, Biol7 2725.059 2735.179 2786.927 0.943
Bio9, Biol4, Biol5 2727.508 2739.753 2795.000 0.944
Bio9, Biol7 2733.570 2740.147 2784.189  0.932
Bio9, Biol0 2772.446 2776.335 2811.816  0.924
Elev, Bio5 2757.081 2780.548 2847.071  0.937
Bio9, Biol5 2783.994 2787.334 2820.552  0.922
Biol 2790.320 2791.294 2810.006 0.916
Biol0 2793.943 2794.456 2808.004  0.904
Elev, Biol7 2798.230 2804.059 2846.038 0.915
Biol2, Biols 2809.043 2813.529 2851.226  0.908
Biol5, Biol7 2810.067 2814.553 2852.250 0.916
Biol2 2815.155 2816.418 2837.652  0.900
Biol7 2816.551 2817.276 2833.425 0.904
Elev, Biol4, Biol5 2635.120 2821.796 2884.640 0.925
Biol4, Biolb5 2803.086 2822.041 2857.523 0.912
Biol4 2818.152 2823.523 2839.672  0.900
Elev, Biol5, Biol7 2822.799 2826.788 2893.312  0.929
Elev, Biol4 2803.322 2829.072 2885.974  0.915
Elev, Biol2, Biol5 2815.670 2851.056 2923.141  0.926
Elev, Biol2 2813.466 2851.688 2920.257 0.918
Elev, Biol5 2824.643 2864.536 2910.589  0.900
Bio5 2857.157 2865.301 2881.450 0.864
Bio9 2864.577 2880.357 2906.515 0.871
Biol5 2878.393 2920.466 2934.014 0.854
Elev 2919.954 3044.075 3097.604  0.794
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