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ABSTRACT
The mosquito Aedes albopictus is a vector of dengue, chikungunya, and Zika viruses and
an extremely successful invasive species. This mosquito exhibits high plasticity and an ability for
rapid local adaption, leading to demonstrated variation in behavior among different
environments. Therefore, it is critical to understand how its biology varies by ecological context
in order for control to be effective. To this end, I completed three studies to better understand Ae.
albopictus invasion ecology in populations in New York, USA and Medellín, Colombia. For my
final chapter, I applied my understanding of mosquito ecology to the downstream effects on
disease, looking at the spatial structure of dengue in Medellín, Colombia.
First, I conducted a series of larval surveys for Ae. albopictus across a northern boundary
of its United States range in southern New York to test the degree of larval infestation and
understand how larval abundance and spatial distribution varied across gradients of impervious
surface and household median income. I demonstrated that in one year of our study period, Ae.
albopictus abundance was greater in sites with higher impervious surface, and that in both years
of our surveys, Ae. albopictus larval spatial distribution was more clustered in higher income
sites. Aedes albopictus were more likely to be found in shaded containers with vegetation, but
other container characteristics did not consistently predict the presence of this species,
highlighting the flexibility of Ae. albopictus’ larval habitat.
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After studying the ecology of Ae. albopictus larvae in one invasive population, I
wondered how adult mosquito attraction drives the occurrence of larvae across the landscape.
This is of particular relevance in locations where Ae. albopictus encounters established
populations of Ae. aegypti with whom larval competition can occur. To test how oviposition
attraction might enhance or decrease larval interspecific competition, I completed a series of
mark-release-recapture experiments in the field and semi-field in Medellín, Colombia in a site
where Ae. aegypti has been well established and Ae. albopictus has recently invaded. I set out
experimental ovitraps with either Ae. aegypti or Ae. albopictus larvae at one of two natural larval
densities or, as a control, no larvae. I found that Ae. albopictus were preferentially attracted to
containers with larvae over those without, and that the species and density of larvae in the
containers modulated that attraction.
While completing the larval survey study in New York, I saw that populations continued
to be active well into the fall, beyond the predicted onset of overwintering egg diapause in this
region. To better understand the timing and environmental cues driving diapause behavior, I
tested diapause incidence in the field along Ae. albopictus’ invasive northern US boundary. Our
field results showed that rather than the expected rapid, population-wide switch into diapause
centered on a critical photoperiod in early August, diapause incidence stayed below 100%
through our final collection date and was predicted by temperatures at a two-week lag. We
followed up our field experiment with a laboratory test of populations from New York as well as
a population from North Carolina one from Florida. We found that the New York populations’
diapause incidence responded robustly to temperature, the North Carolina populations had an
inconsistent response to temperature, and the Florida population showed no response to
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temperature. These findings will enable more accurate models and predictions of Ae. albopictus
population growth and expansion.
Finally, in a departure from my previous chapters, I tested how the construction of public
transit infrastructure has altered the spatial structure of dengue infection in Medellín, Colombia.
The public transit system in Medellín has increased between 2008 and 2016. We show that, in
that same time period, dengue incidence was higher in zones of the city that were closer to public
transit and in zones that have the higher rates of metro usage. The spatial distribution of dengue
cases shifted after the construction of each new transit line; zones that became closer to public
transit after new lines opened had an increased density of dengue cases. Finally, lower
socioeconomic status predicted higher dengue rates in the later years of our study period, after
the major expansion of the transit system. We believe this study will help create improved finescale risk maps for dengue that can direct focal mosquito control within the space of a city.
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CHAPTER 1

INTRODUCTION
The mosquito Aedes albopictus is a global disease vector and public health threat. It
transmits dengue, Zika, and chikungunya worldwide – diseases that affect hundreds of millions
of people each year, causing tens of thousands of deaths, high morbidity, and posing an
enormous economic toll. Ae. albopictus is a competent vector of more than 20 diseases in the
laboratory, meaning it is a potential vector of future emerging diseases; as our world becomes
increasingly interconnected, these emerging infections pose a real, ongoing threat to human
health and safety. In addition to its status as disease vector, this mosquito is a major biting pest
and nuisance, reducing quality of life wherever it occurs. Currently, the best tool we have to
combat the arboviruses transmitted by Ae. albopictus is mosquito control.
Unfortunately, control for this species is notoriously challenging. Ae. albopictus oviposits
in an enormous variety of small, man-made and natural containers, meaning its larval habitat can
be cryptic, disperse across the landscape, and occur on private property where it cannot be easily
accessed by public mosquito control, leaving the responsibility for control on the homeowner.
Because it uses a wide variety of small, man-made containers, humans generate its larval habitat
faster than it can be managed, and it is difficult to focus control efforts.
In addition to being difficult to control, Ae. albopictus is an extremely successful invasive
species. Its native range is bordered New Guinea, Madagascar, Beijing, Seoul, and Japan, and
today it has been found on every continent other than Antarctica. The global invasion by Ae.
albopictus was fueled by global shipping in the 1970s and 1980s. Aedes albopictus invaded
Europe beginning in Italy and Albania and quickly expanded through the continent. In the 1980s,
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a tropical strain invaded south America starting in Brazil and expanded outwards. In the United
States, a temperate population established in a tire pile in Texas in 1985 and expanded northward
across the eastern united states, reaching up to New York and Connecticut. There have been
additional introductions through lucky bamboo into the west coast in California.
One reason why Ae. albopictus is such a successful invasive species is because it is
highly ecologically plastic and rapidly adaptive. Huge varieties have been described in a large
suite of behaviors including, but not limited to, host preference, larval habitat, adult habitat,
sugar feeding behavior, mating behavior, adult activity, and thermal constraints. However,
despite the wide range in Ae. albopictus behavior, many of the studies that form the basis of our
understanding for this species have been done in the laboratory on a single strain meant to
represent all populations, and others attempt to extrapolate out from a limited number of data
points or draw conclusions from other mosquito species. Many studies have not been updated
since the 1960s, despite dramatic shifts over time in both the mosquito and the world they live in.
We need to understand how Ae. albopictus biology varies by ecological context in order for
control to be effective. This is especially true for invasive populations who might be responding
to completely novel environments in unexpected ways.
Here I focus on three aspects of Ae. albopictus invasion ecology. I first look at the
abundance, spatial distribution, and larval ecology of invasive populations on a northern
boundary of their invasive US range in New York. I then I look at oviposition attraction to
containers under different con and heterospecific conditions during an ongoing invasion in
Medellín, Colombia to understand behavioral drivers of interspecific competition. Next, I present
adaptations and behavioral variation in overwintering strategies for Ae. albopictus in New York.
Finally, I depart from Ae. albopictus invasion ecology and look at the spatial structure of dengue
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in Medellín, Colombia. Ultimately, this work provides a better understanding of Ae. albopictus
ecology and behavior in the field across a variety of invasive habitats, and it will hopefully
enable more efficient and effective surveillance and control for this mosquito.

3

CHAPTER 2
ZIKA AND CHIKUNGUNYA: MOSQUITO-BORNE VIRUSES IN A CHANGING WORLD*

Summary
The re-emergence and growing burden of mosquito-borne virus infections has incited public fear
and growing research efforts to understand mechanisms of infection associated health outcomes
and better approaches for mosquito vector control. While efforts to develop therapeutics,
vaccines, and novel genetic mosquito control technologies are underway, many important
underlying ecological questions remain that could significantly accelerate our understanding and
ability to predict and prevent transmission. Here, we review current knowledge about
transmission ecology of two recent arbovirus invaders, chikungunya and Zika virus. We
introduce the viruses and mosquito vectors, highlighting viral biology, historical routes of
transmission, and viral mechanisms facilitating rapid global invasion. In addition, we review
factors contributing to vector global invasiveness and transmission efficiency. We conclude with
a discussion of how human-induced biotic and abiotic environmental changes facilitate
mosquito-borne virus transmission; emphasizing critical gaps in understanding. These
knowledge gaps are tremendous; much of our data on basic mosquito ecology in the field
predates 1960 and the mosquitoes themselves, as well as the world they live in, have
substantially changed. A concerted investment in understanding basic ecology of these vectors,
which serve as main drivers of pathogen transmission in both wildlife and human populations, is
now more important than ever.

*

Presented with minor modifications from the originally published article: Shragai, Talya, et al. "Zika and
chikungunya: mosquito-borne viruses in a changing world: Global change and vectors of chikungunya and
Zika." Annals of the New York Academy of Sciences (2017).
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Introduction
Mosquito-borne viruses, a specialized group of arthropod borne viruses or “arboviruses”,
are an emerging threat of significant impact for human health and well-being. Epidemics of
dengue, chikungunya, and Zika are spreading explosively through the Americas creating a public
health crisis that places an estimated 3.9 billion people living within 120 different countries at
risk. This pattern began with the growing distribution of dengue virus (DENV) over the past 30
years, which today infects an estimated 390 million people annually. The more recent invaders,
chikungunya (CHIKV) and Zika virus (ZIKV), are rapidly following suit. CHIKV emerged in
the Americas in 2013 and has caused 1.8 million suspected cases from 44 countries and
territories (www.paho.org) to date. In 2015-16, outbreaks of Zika virus (ZIKV) spread
throughout the Americas, resulting in over 360,000 suspected cases, with likely many more
going unreported.
The growing burden of these infections and the potential spread into new areas has
incited fear and a flurry of research to understand the health outcomes associated with viral
infection, arbovirus epidemiology, and control. There is a current flood of investment towards
the development of therapeutics, vaccines, and novel mosquito control technologies such as
release of sterile males, transgenic mosquitoes, or Wolbachia infected mosquitoes. Yet some
important, underlying ecological questions remain. Why are these viruses escaping transmission
cycles in Africa and Asia? What features of their disease ecology facilitate rapid global spread?
What is the potential for sylvatic reservoirs in regions where these viruses have appeared? Are
temperate regions of the world at risk for seasonal outbreaks?
To address these questions, we need a more concerted investment in understanding basic
ecology of the mosquito vectors, as they serve as primary drivers of pathogen transmission in
both wildlife and human populations. Interestingly, all three of these viral invaders are primarily
5

transmitted by two mosquito species: Aedes aegypti (the yellow fever mosquito) and Aedes
albopictus (the Asian tiger mosquito). These mosquitoes, their hosts, and the pathogens they
transmit associate in a rapidly changing world, and the ecological relationship between them is
sensitive to shifts in habitat, water quantity and quality, and climate. The resulting changes in
vector distribution, abundance, longevity, contact rates with hosts, and vector and host
susceptibility to pathogens can dramatically alter disease transmission. A better understanding of
this shared transmission ecology will not only be crucial for addressing the questions posed
above, but also for implementing and evaluating the effectiveness of any arbovirus control
campaign.
In this review, we highlight current knowledge for the transmission ecology of the two
most recent arbovirus invaders, CHIKV and ZIKV. In the first section, we introduce the viruses
and the mosquito vectors (Ae. aegypti and Ae. albopictus). For the viruses, we focus on viral
biology, historical routes of transmission, and viral mechanisms that facilitate rapid global
invasion. For the vectors, we highlight their history of domestication, the factors that contribute
to their global invasiveness, and the reasons why these mosquitoes are such efficient vectors. The
second section explores how human-induced biotic and abiotic changes to the environment
facilitate arboviral transmission. Finally, the third section highlights critical knowledge gaps and
concludes with a research agenda to aid in filling these gaps.
The viruses and their mosquito vectors

Chikungunya
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Chikungunya is a mosquito-borne febrile disease caused by a positive sense singlestranded RNA alphavirus in the Togaviridae family. Chikungunya mortality is low (less than 1 in
1000, mostly in neonates, the elderly and immunocompromised adults)(Sourisseau et al. 2007,
Robin et al. 2008), but it causes significant morbidity. The name chikungunya is originally from
the Makonde language and means “that which contorts or bends up,” describing the posture of
patients afflicted by symptoms of severe arthritis and joint pain. Approximately 85% of people
infected develop symptoms which include rash, high fever, headache, photophobia and severe
joint pain. A significant percentage (30-40%) of patients will suffer from chronic joint disease
that can last weeks, months or even years after initial infection (Borgherini et al. 2008, Schwartz
and Albert 2010, Weaver et al. 2012) .
While chikungunya-like illness has been documented for centuries (Volk et al. 2010), it
was first recognized as an endemic disease in 1952 in east Africa (Schwartz and Albert 2010).
Shortly thereafter, with the aid of newly developed viral diagnostic tools of the day, CHIKV was
isolated from human sera in Tanzania(Ross 1956) and Ae. aegypti was identified as the main
vector(Powers and Logue 2007). In 2005-2006, CHIKV spread to several islands in the Indian
Ocean, with the French island, La Réunion, experiencing one of the largest outbreaks on record
for the time with approximately 40% of the island’s population infected and 273
deaths(Schwartz and Albert 2010). Interestingly, Ae. albopictus was the predominant vector for
the La Réunion outbreak. Subsequent research demonstrated that this primary vector switch
coincided with selection for a single amino acid change from alanine to valine at position 226 in
the CHIKV E1 envelope glycoprotein (E1-A226V) that increased midgut infection, replication,
dissemination, and transmission in Ae. albopictus (Tsetsarkin and Weaver 2011, Kuo et al.
2012). After the La Réunion outbreak, CHIKV continued to spread and cause large outbreaks. In
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2006-2007, CHIKV reached India with more than 1.5 million estimated cases (Ravi 2006,
Powers and Logue 2007). At the same time, the first locally-acquired cases in temperate regions
occurred, with outbreaks in Italy (Angelini et al. 2007) and France (Grandadam et al. 2011).
These outbreaks, again, were largely driven by Ae. albopictus. In 2013, CHIKV was introduced
to the Caribbean Island system likely via infected travelers and quickly spread throughout the
Americas. Cases of locally acquired CHIKV occurred for the first time in the United States in
Florida (2014) and Texas (2016) (www.cdc.gov). At the time of writing, local CHIKV
transmission has been confirmed in more than 45 countries or territories with over 1.7 million
suspected cases (www.paho.org).

Zika

Zika virus (ZIKV) is another positive sense, single-stranded RNA virus. Unlike the
alphavirus CHIKV, ZIKV belongs to the Flaviviridae family which also includes dengue, yellow
fever, and West Nile viruses (Faye et al. 2014). Symptoms of Zika infection are relatively mild
and include low grade fever, skin rash, conjunctivitis, headache and arthralgia usually lasting up
to one week (Lazear and Diamond 2016); however, 70% of Zika cases will have no symptoms at
all. Despite the high rate of asymptomatic cases, Zika has been declared a public health
emergency of international concern (WHO: 2016b) and is widely feared due to the twenty-fold
increase of microcephaly in newborns, an increase in the probability of pregnancy loss, and brain
and eye abnormalities in infants born from infected mothers. Additionally, there is a 19%
average increase in autoimmune neurological complications (Guillain-Barré syndrome)
associated with Zika infection in Brazil (www.cdc.gov).
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Zika was first detected in 1947 in a sentinel Rhesus monkey from Zika Forest of Uganda
and was isolated from Ae. africanus in 1948 (Dick et al. 1952). The first human cases of Zika
were detected in 1952 during a serological study of Ugandan and Tanzanian residents
(Smithburn 1952), and two years later the first human ZIKV isolate was obtained from a 10-year
old girl in Nigeria (Macnamara 1954). In the following decades, the virus traveled across Africa
and tropical Asia, occasionally causing dengue-like fever outbreaks. During this period, Zika
was not considered a major public health concern with no reported links to microcephaly or other
complications. That changed in 2007 when the first outbreak outside Africa and Asia occurred
on the island of Yap (Duffy et al. 2009). This key epidemiological event was viewed as an
isolated oddity by many scientists at the time, but it was quickly followed by movement of ZIKV
across Oceania and the Pacific islands between 2013 and 2014 (Roth et al. 2014). The next year
Zika was detected in Brazil, and it is currently spreading throughout the Americas
(www.paho.com). Recent research on ZIKV evolution supports the hypothesis that two lineages
of ZIKV diverged into an African group and an Asian group; with the Asian genotype recently
introduced to the Americas(Enfissi et al. 2016).
Similar to CHIKV, ZIKV is thought to be primarily transmitted by Aedes mosquitoes. A
major sylvatic cycle of the virus occurs in Africa involving mostly non-human primates and
Aedes mosquitoes, but some reports of other genera (Mansonia, Anopheles and Culex) have been
suggested (reviewed by (Weaver et al. 2012)). Ae. africanus is considered a major sylvatic vector
and Ae. aegypti a major human vector (reviewed by (Haddow et al. 2012)). Ae. albopictus is an
additional vector of importance in the Americas. Many questions remain regarding the presence
of additional vector species and the epidemiology of sylvatic and urban cycles of ZIKV. One
question of particular interest is the potential for emergence of sylvatic cycles in Asia and the
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Americas involving non-human primates or other animals. Another is the identification of key
vector species involved the zone of emergence from sylvatic to domestic cycles.

Challenges for management and control of chikungunya and Zika infections.

The proportion of the human population infected (prevalence) and number of new cases
(incidence) of people with CHIKV and ZIKV are extremely difficult to quantify and control for a
variety of reasons. First, for both viruses, there are many cases that go undetected. An estimated
15% and 80% of all people infected with CHIKV and ZIKV, respectively, are asymptomatic and
never seek treatment, even though they may still be infectious to biting mosquito vectors (Duffy
et al. 2009). Second, reliable techniques to diagnose infection accurately in symptomatic patients
are limited. The clinical presentation of these diseases are nonspecific and overlap across
CHIKV and ZIKV (as well as with dengue). Without presentation of unique symptoms, it can be
difficult for medical personnel to diagnose illness, especially in resource-poor settings where
expensive testing is not available. Even when an antibody test is administered, neutralizing
antibodies often cross-react with other closely related viruses (e.g. the flaviviruses - dengue,
West Nile, yellow fever, and Zika) leading to inconclusive results. Third, virus evolution can
result in sudden and unpredictable outbreaks. For example, with CHIKV, a mutation in the viral
envelope protein allowed increased midgut infection and dissemination in a new, highly invasive
and abundant mosquito species (Ae. albopictus) (Tsetsarkin and Weaver 2011). Phylogenetic
analysis has confirmed two main Zika lineages, African and Asian(Haddow et al. 2012), with the
latter spreading out of Africa and into the Americas and contributing to both the birth and
neurological disorders (Enfissi et al. 2016) associated with ZIKV infection. Fourth, there are

10

multiple transmission routes. Along with the bite from an infectious mosquito, these arboviruses
can be transmitted maternally, through blood transfusion, and, with Zika, through sexual contact
(CDC, 2016; (Besnard et al. 2014, Musso et al. 2014)). Finally, there currently are no available
therapeutics or licensed vaccines for CHIKV or ZIKV. This leaves public health experts with
only two options - vector control (e.g. insecticides) and public education (e.g. larval source
reduction, personal protection and repellent use) - in the battle against these infections.

Aedes vectors of chikungunya and Zika
The rapid expansion of CHIKV, and now ZIKV, out of Africa has followed the global
spread of two very important mosquito vectors, Ae. aegypti and Ae. albopictus (Charrel et al.
2014). Both mosquitoes are highly invasive and have been transported out of their native ranges
through human migration and trade to occupy global distributions. For current distribution maps
for both of these vectors see Kraemer et al.(Kraemer et al. 2015b). There is sufficient evidence to
suggest that both Ae. aegypti and Ae. albopictus are important vectors for these two arboviruses.

Aedes aegypti
Ae. aegypti originated from an ancestral zoophilic tree hole breeding mosquito in north
Africa, Ae. aegypti formosus (Brown et al. 2014). The arid environment may have selected for
divergence from the generalist sylvatic form into the domestic, anthropophilic/phagic form
(Powell and Tabachnick 2013), as humans created an ideal larval habitat and shelter for these
adult mosquitoes from the harsh environment while providing a constant high-quality blood
source. Migration and trade between the 15th and 19th centuries – particularly the slave trade –
likely spread Ae. aegypti globally (Tabachnick 1991). This species is now well established
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throughout the tropical and sub-tropical regions of the world (Powell and Tabachnick 2013). In
the 1700-1800s, the U.S. Ae. aegypti distribution spanned as far north as Philadelphia and south
west to Louisiana. However, its range has diminished in recent decades most likely due to vector
control campaigns of the 1900s and competition with the more recent invader, Ae. albopictus.
Many aspects of the life history of Ae. aegypti make this mosquito a very efficient vector
of human disease. They feed almost exclusively on human blood (Ponlawat et al. 2005a)and can
exhibit high rates of multiple blood feeding per gonotrophic cycle (Scott et al. 1993, Harrington
et al. 2014). Additionally, Ae. aegypti breeds in man-made containers, rests indoors, and is
diurnally active, all of which translate to high human exposure. Eggs can resist desiccation for up
to 8 months (Cristophers 1960) facilitating its dispersal and survival during dry periods. While
there is no known cold egg diapause that would allow for overwintering for this species, recent
reports cite suspected overwintering populations in the Washington DC region, facilitated by
below ground winter survival (Lima et al. 2016).

Aedes albopictus
Ae. albopictus was originally a zoophilic forest species in Asia and its native range
bordered New Guinea, Madagascar, Beijing, Seoul, and Japan. It first expanded out of this range
to the islands of the Indian and Pacific ocean (Delatte et al. 2009), and in the 1980s it rapidly
moved to Europe, the United States, and Brazil via shipments of used tires and lucky bamboo
plants(Hawley et al. 1989, Medlock et al. 2012, Carvalho et al. 2014) .
Like Ae. aegypti, the life history of Ae. albopictus lends itself to efficient disease
transmission. Ae. albopictus is also a diurnal feeder that often co-occurs with humans and breeds
in artificial containers, although they can also thrive in natural containers such as rain filled
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coconut shells or leaf axils of water holding plants such as bromeliads or tree-holes (Hawley et
al. 1989). Ae. albopictus is an aggressive biter, and while they feed on a wider variety of hosts
than Ae. aegypti, human feeding fidelity in some regions can be high(Ponlawat et al. 2005a,
Richards et al. 2006c, Muñnoz et al. 2011, Kamgang et al. 2012). In addition to resisting
desiccation, Ae. albopictus populations in temperate areas produce diapausing eggs with the
ability to overwinter. Consequently, Ae. albopictus has a larger geographical distribution than
Ae. aegypti, which spans tropical, sub-tropical and temperate habitats and enhances the
possibility of disease transmission in temperate regions of the world. Ae. albopictus has already
been implicated with CHIKV outbreaks in temperate regions, such as Italy (2007 (Rezza et al.
2007)) and France (2010 and 2014)(La Ruche; Dominique Dejour-Salamanca; Monique
Debruyne; 2010, Grandadam et al. 2011, Paty et al. 2014). Furthermore, due to its ability to feed
on a wider diversity of vertebrate hosts, Ae. albopictus could facilitate the establishment of
enzootic arbovirus transmission cycles in the Americas as a bridge vector (e.g. involvement in
spillover of dengue from sylvatic cycles in Asia: (Hanley et al. 2013) (Vasilakis et al. 2011).

Arbovirus transmission in a changing world:

Factors influencing arbovirus transmission are complex, spanning abiotic and biotic
environmental factors, vector biology, viral and host factors (Fig. 1).
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Fig. 1. The complexity of interactions between mosquito vectors, arboviral pathogens and
transmission across environmental drivers.

1. Interactions with the abiotic environment

Climate Change

Climatic factors, particularly temperature, relative humidity, and rainfall patterns, are
strong environmental drivers of vector-borne disease transmission and determine the
environmental suitability or potential for transmission (Martens 1998, Hoshen and Morse 2004,
Lafferty 2009, Yang et al. 2009, Paaijmans et al. 2010, Parham and Michael 2010, PE and E
2010, Tabachnick 2010, Rohr et al. 2011, Rodo et al. 2013). Temperature has clear impacts on
vector-borne diseases through effects on the insect vectors; mosquitoes are ectotherms and their
internal body temperature varies considerably with variation in ambient temperature. Mosquito
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physiology (e.g. immunity)(Murdock et al. 2012, Murdock et al. 2013, Murdock et al. 2014), life
history (e.g. development, survival, reproduction, biting rates) [e.g.(Lyimo et al. 1992, Delatte et
al. 2009, Padmanabha et al. 2012, Ciota et al. 2014)], and arbovirus fitness (e.g. vector
competence and extrinsic incubation periods) (McLean et al. 1974, Kilpatrick et al. 2008,
Johansson et al. 2010, Chan and Johansson 2012, Alto and Bettinardi 2013) are all directly
affected by temperature variation. Future climate change will likely alter the climate conditions
mosquito vectors experience, but it remains unclear how mosquito vectors will respond. The
mosquito and pathogen life history traits that determine transmission exhibit clear non-linear
relationships with temperature (Paaijmans et al. 2009, Mordecai et al. 2013, Liu-Helmersson et
al. 2014). Rather, these traits typically show a parabolic relationship with temperature where
performance is maximized at a thermal optimum, and a thermal minimum / and maximum where
performance of these traits is minimal. There is good evidence to suggest that warming in
currently cool regions of the world has resulted in temperatures closer to the thermal optimums
and therefore increased vector-borne disease transmission (e.g. malaria,(Siraj et al. 2014)).
However, in areas that are already conducive to transmission of mosquito-borne diseases,
warming temperatures might move the environment away from the thermal optimum. Recent
experimental and modeling work suggests that these areas could experience range contractions
rather than range expansions of vector-borne diseases due to this non-linear relationship between
transmission and temperature [65, 69, 70].

Urbanization
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Ae. aegypti and albopictus live with us in the habitat that we create. But this environment
is not uniform, and different land-use establishes a range of habitats that can vary in quality and
suitability for these vectors. Of particular concern for mosquito-borne disease transmission is the
potential for high population densities in urban areas. From 1960 to 2014, the proportion of
people living in urban zones rose from 34 to 54% (WHO GHO data), often resulting in
sprawling, unplanned megacities. LaDeau (LaDeau et al. 2015a) hypothesizes two main effects
of urbanization on mosquito populations: urban heat islands raise mean temperatures and buffer
temperature fluctuations, facilitating faster growth rates and viral replication rates, and the
creation of additional container habitats support immature mosquito life stages. Yet much of the
work cited throughout LaDeau(LaDeau et al. 2015a) used temperatures from laboratory studies
to draw predictions from mathematical models(Alto and Juliano 2001, Pascual et al. 2006, BeckJohnson et al. 2013, Paaijmans et al. 2013). Field studies explicitly testing changes in
environmental variables associated with urbanization such as temperature are required to
mechanistically link urbanization to changes in mosquito population dynamics and transmission
potential.
While urbanization changes habitat and climate, the effect is rarely homogenous
throughout a city(Pincebourde et al. 2016). Temperature, humidity, and the number of breeding
sites vary depending on economic status of landowner or resident, mosquito control, zoning, and
cultural norms. Mosquito hot-spots within a city can be particularly problematic with rapid
increases in urbanization and unplanned growth. These factors may give rise to a lack of
sanitation and infrastructure with little clean water, sewage, or waste management and therefore
abundant mosquito habitat(Knudsen and Slooff 1992).
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Numerous studies have demonstrated that Ae. aegypti prefers urban areas; however, this
trend is less clear for Ae. albopictus. Most studies conducted to date along an urban-rural
gradient have found conflicting results demonstrating highest Ae. albopictus densities across all
habitats: suburban(Barker et al. 2003b, Tsuda et al. 2006a), urban (Bagny et al. 2009b, Bagny
Beilhe et al. 2012) and rural environments (Hornby et al. 1994a, Braks et al. 2003c, Honório et
al. 2009). Only one published study found no correlation between urbanization and Ae.
albopictus abundance (Higa et al. 2010). Unfortunately, interpreting relationships between
mosquito abundance and land use patterns is difficult because researchers often use different
rules to categorize landscapes. Some use percent vegetative cover, human population density, or
a vague “general geography.” Furthermore, quantifying these patterns across inappropriate
scales, where large regions are lumped into different land use classes, may obfuscate clear
patterns because they cover too broad a range of microclimate and available habitats. In order to
refine our understanding of how heterogeneity in urban landscapes impacts mosquito populations
and virus transmission, we recommend that future studies utilize a more carefully defined
classification of land use and economic status, and work at finer scales more appropriate for the
mosquito vector.
With an increasing proportion of the world living in urban environments, we may be
inadvertently creating better habitat for vector species. While in an ideal world, the ability to
motivate and mobilize communities to participate in mosquito control could reduce transmission
in urban environments, this approach requires significant financial resources, well-crafted
educational messaging, and political will.

Water Storage Practices
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Water storage practices driven by drought, infrastructure, and cultural norms may
increase the abundance of Aedes mosquitoes by providing breeding habitat. The age-old practice
of storing rainwater is common throughout tropical regions of the world where populations
encounter a rainy season followed by long, dry seasonal periods with little to no rainfall. Ae.
aegypti larval/pupal surveys in Colombia (Padmanabha et al. 2010) and Peru (Getis et al. 2003)
demonstrate how water storage practices can influence mosquito dynamics. For example, in both
countries, vector population size was determined by how often water storage containers were
emptied, which in turn was determined by climate and the availability of running water. Those
authors found that people living in cities with unreliable plumbing tend to store water long-term,
while those living with reliable plumbing had short-term water storage containers that were
emptied often. In cities with no running water, water storage containers were regularly used,
emptied, and refilled, reducing the probability of mosquitoes completing their life cycle to
adulthood.
A review on drought and vector-borne disease by Brown (Brown et al. 2014) described
how decreased rainfall in Australia led to government policies that encouraged the use of
rainwater tanks for long-term water storage. This resulted in a substantial increase in households
with water tanks (52.6% of households in some areas). While helping people store water over
time, the tanks unintentionally provide an ideal mosquito larval habitat that could enable the
reintroduction of Ae. aegypti from Queensland, Australia into more populated areas such as New
South Wales. Brown (Brown et al. 2014) also reviewed two studies in Yemen and Brazil where
decreased rainfall in regions with little urban infrastructure caused residents to store water. This,
in turn provided habitat for Ae. aegypti and increased risk for dengue and chikungunya.
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Water storage can be a sustainable and economic method to mitigate drought or a lack of
water resources. But good intentions can have unintended consequences. Policies concerning
water storage should be made with vector control in mind. Residents can be encouraged to cover
the opening of containers to minimize access by egg-laying adult females.

2. Interactions with the biotic environment

Human movement

Throughout much of human evolutionary history, humans have introduced exotic species
to new geographic regions. With the relatively recent capability for long distance travel, the
spread of invasive species and pathogens have only increased in frequency and severity.
Globalization has a profound impact on the flow of humans and goods around the globe, with
current transportation patterns in shipping and aviation illustrating a highly connected world. For
both domesticated Aedes species, human transport of man-made containers contaminated with
diapausing eggs and adult mosquitoes has facilitated their dispersal [89]. This is then followed by
short-distance natural dispersal aiding range expansion at smaller scales(Medley et al. 2015).
Once mosquito vectors are present, people traveling from areas with ongoing arbovirus
transmission can import viruses to these regions, as documented by Rezza (Rezza et al. 2007)and
Faria(Faria et al. 2016)with chikungunya to Italy and Zika to Brazil, respectively
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At finer scales, individual biting risk is due more to human movement than to mosquito
movement. Ae. aegypti tends to rest indoors, feed diurnally, does not disperse more than a few
hundred meters (Harrington et al. 2005c) and is distributed spatially in a heterogeneous pattern
across communities(Yoon et al. 2012). Therefore, where and when a host spends their time daily
(their “activity space” ) modulates their individual biting risk and potentially the dynamics of
transmission within a community (Stoddard et al. 2009). Unfortunately, individual activity space
estimates for potential human hosts cannot be easily measured, may infringe on individual
privacy and must be linked with vector activity and feeding patterns (Harrington et al. 2014) in
order to be meaningful.
Human movement will continue to circulate vectors and pathogens. More thorough
screening for vectors and pathogens, especially high risk cargo arriving through global travel and
shipping (or even at point of departure), may reduce the frequency of accidental introductions.
Much more research is needed to understand the fine scale dynamics of human and mosquito
movement and behavior and how abiotic and biotic drivers influence the biology of these
dynamics.

Vertebrate hosts

Opportunities for human blood-feeding for Ae. aegypti and albopictus differ based on
human population density and relative densities of other hosts. What determines how often these
vectors feed on humans? Ae. aegypti is established as a domesticated species with strong
preference for human blood-meals (Christophers 1960a) (Harrington et al. 2001). Ae. albopictus
is traditionally considered a generalist and, in part because of this, a less important vector. This
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theory was based on earlier papers that identified a variety of mammal, bird, and reptilian hosts
in wild captured blood-fed females(Niebylski et al. , Savage et al. 1993). However, Ae.
albopictus can be anthropophagic, especially in urban environments. Humans are often the
primary host, followed by domesticated mammals (Sullivan et al. 1971, Gomes et al. 2003,
Valerio et al. 2010, Tripet et al. 2011, Faraji et al. 2014b, Kek et al. 2014, Sivan et al. 2015). In
the USA, Singapore, Thailand, metropolitan Barcelona, and suburban Cameroon, Ae. albopictus
feed almost exclusively on humans (Ponlawat et al. 2005a, Richards et al. 2006c, Muñnoz et al.
2011, Kamgang et al. 2012, Colless 2016).
Several studies identified a correlation between percent human blood meals and
urbanization. Valerio (Valerio et al. 2010) found that 79-96% of blood meals were human in
urban sites while only 22-55% were human in rural sites. Sivan (Sivan et al. 2015) found that in
urban areas of the Andaman and Nicobar archipelago 90.5 % of blood meals were human.
However, this percent decreased as vegetation increased to 8.7 % in forested areas. Another
study in Singapore found that 83.2% of blood meals from semi-urban and rural areas were
human, but 100% of blood meals were of human origin in urban areas (Kek et al. 2014). In
contrast, one study by Faraji (Faraji et al. 2014b) in New Jersey USA, found the opposite trend,
with higher relative Ae. albopictus blood meals on humans in suburban rather than urban
environments, where proportionally more blood meals were from domestic pets. Few studies
have explored Ae. albopictus feeding patterns on non-human primates, despite the potential
importance of these hosts in sylvatic transmission cycles.
The extent to which Ae. albopictus host feeding represents patterns versus preference is
unclear. Studies that incorporate blood feeding analysis of wild captured mosquitoes with
environmental censuses of available hosts (Ponlawat et al. 2005a, Kilpatrick et al. 2006) could
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capture this information. Clearly, however, Ae. albopictus will feed on humans across its range
and presents a risk for circulation and transmission of chikungunya and Zika viruses.

Inter-specific competition

As Aedes mosquito ranges expand, their habitats overlap with a new set of native species
that present novel competition dynamics. Often, Ae. aegypti and Ae. albopictus encounter each
other in the same larval habitat, resulting in either stable co-existence or competitive
displacement of Ae. aegypti by Ae. albopictus. Competitive displacement likely occurs through
larval resource competition with Ae. albopictus generally outcompeting other species, including
Ae. aegypti (see reviews by Juliano and Lounibos (Juliano and Philip Lounibos 2005) and
Lounibos (Lounibos 2007b)). However, some environments lead to stable co-existence. For
example, in hot, dry climates Ae. albopictus eggs may be more susceptible to desiccation,
returning the competitive advantage to Ae. aegypti (Juliano et al. 2004b). The outcome of larval
competition in the face of abiotic factors is complicated. Murrel and Juliano (Murrell et al. 2008)
demonstrated that the competition winner or even the presence of competition itself depended on
the type of detritus in the larval environment. Competition can also enhance susceptibility of
infection to arboviruses (Alto and Lounibos 2013), although since competition also may shorten
adult longevity (Alto et al. 2015, Bara et al. 2015), the net effect of this interaction on vector
competence remains unclear.
Adult mating competition between these two species also has been described. While
hybridization of the two species has been explored for decades(Leahy MG 1965), few studies
have documented its importance in the field. Nasci, et al. (Nasci et al. 1989) described
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unidirectional cross mating of field strains of male Ae. albopictus with released Ae. aegypti
females in Louisiana effectively sterilizing Ae. aegypti females, and more recent studies have
named this phenomenon “satyrization.” Researchers have now demonstrated that substances
transferred from the Ae. albopictus male accessory gland inhibit or reduce Ae. aegypti female
fecundity (Tripet et al. 2011, Lima et al. 2016) and that this may occur in nature at very low rates
(1.6-3% of field collect females in Florida; (Tripet et al. 2011, Bargielowski et al. 2015)).
However, one study shows satyrization may occur even without successful insemination
(Carrasquilla et al. 2015). More research is required in order to understand if this phenomenon
plays a significant role in the displacement of Ae. aegypti in nature.
Displacement of vectors by another species may increase or decrease transmission risk
for chikungunya and Zika. In the case of chikungunya, changes in vector species may form the
evolutionary pressure for viral adaptation. For this reason, continued surveillance - even of
established populations - is crucial to track shifting distributions. In addition, more research is
necessary to understand when competition will result in displacement. Interactions of Ae.
albopictus with other native and invasive species (e.g. Ae. japonicus in the USA) is not clearly
understood with varied and conflicting results to date (reviewed by Fader et al. (Fader 2016)).
Identifying the most important behavioral, environmental, and genetic mechanisms driving
competition may enable us to better predict range expansion and overlap with native competitors.

3. Geographical variation in transmission potential

Variation in vector competence
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Work in a range of invertebrate-pathogen systems, spanning fruit flies(Lazzaro et al.
2008), daphnia (Vale et al. 2008), and pea aphids(Stacey et al. 2003) shows that regional and
locale-specific conditions are key to understanding disease transmission. Almost always both the
underlying genetics of the specific host-pathogen combination and the local environmental
conditions shape transmission. Existing mechanistic models often use mixed species data to
parameterize transmission models, even though it is well known that important parameters are
species-specific(Mordecai et al. 2013, Johnson et al. 2015). Evidence from a diversity of
systems(David et al. 2003, Traore et al. 2006, Lambrechts et al. 2009, Richter-Boix et al. 2013)
suggests that this assumption may be inappropriate. Different mosquito species, for example,
vary in their ability to transmit disease and also in their life history, all of which will integrate to
differentially impact vectorial capacity. Additionally, transmission potential could vary across
populations within a given vector species due to adaptation to local environments. In the CHIKV
and dengue systems specifically, there is growing evidence that variation in vector competence is
influenced by both genotype x genotype (G x G)(Lambrechts et al. 2009, Vega-Rua et al. 2015),
and even G x G x environment (G x G x E)(Zouache et al. 2014a), interactions. Thus, even a
single species approach to parameterizing transmission models may be inappropriate. Insights
from these studies suggest that the viral mutation conferring increased transmission of CHIKV in
Ae. albopictus may not be successful under all environmental conditions(Zouache et al. 2014a).
Alternatively, Ae. albopictus may become more permissive for Ae. aegypti-adapted CHIKV
strains under certain environmental contexts. Finally, the above studies demonstrate that
relationships constructed between temperature, EIP, and vector competence that were inferred
from other classes of virus or geographically distinct climatic conditions may not be that
informative for assessing arbovirus risk in other regions of the world. While less, in general, is
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known for ZIKV, a recent study demonstrating G x G interactions in Ae. aegypti and Ae.
albopictus populations suggest these factors are likely to be important in this system as
well(Chouin-Carneiro et al. 2016).
The above research suggests that in order to predict relative transmission risk within a
given area, more empirical work is required on local mosquito – virus combinations and under
local environmental conditions. As a first step, more studies could focus on assessing how vector
competence and EIP of CHIKV and ZIKV vary with different combinations of viral isolates and
Ae. aegypti and Ae. albopictus populations collected from the field under a wider range of
environmental conditions. These data could then be used to assess whether understanding this
level of variation improves the transmission risk predictions of current modeling efforts.

Variation in mosquito life history traits

Interpreting how Ae. aegypti and Ae. albopictus respond to change generally assumes
intraspecific similarity. But disparate field populations become genetically distinct. This can
translate to higher fitness in the local environment that increases disease transmission. Revealing
changing population dynamics in specific locations will show how these invasive species
respond to novel environments while characterizing local disease transmission risk.
Diapause in Ae. albopictus only exists in some strains and critical photoperiod (Cpp)
varies in relation to climate and latitude. Two studies exposed mosquitoes from North America
and Japan to photoperiods and temperatures corresponding to different latitudes. Among
Japanese strains, Cpp was adapted to geography. However, the relationship between latitude and
Cpp was three times greater in Japan than in the USA (Pumpuni 1989, Focks et al. 1994b). This
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suggests that US populations originated from a temperate Asian strain, and rapid dispersal
resulted in populations that were not fully adapted to local conditions. Further experiments found
strong clinal variation in diapause within the southern US, confirming ongoing adaptation
(Lounibos 2003). Three studies show that diapause is a locally adapted trait along a latitudinal
cline. Urbanski et al (Urbanski et al. 2012a) repeated Focks’ and Pumpunni’s experiments from
the 1990s and showed that latitude and Cpp are now similarly related in the US and Japan.
Lounibos et al (Lounibos et al. 2011)found that diapause exists within Florida along a cline, and
Leisnheim et al (Leisnham et al. 2011)showed higher egg hatch rate for overwintering US
northern versus southern strains.
Other intraspecific fitness traits investigated include larval growth (Armbruster and Conn
2006, O'Donnell and Armbruster 2009), adult survival (Leisnham et al. 2008), reproduction and
fecundity (Leisnham et al. 2008, O'Donnell and Armbruster 2009)and overwintering survival
(Hawley et al. 1989). The mixed results from this work generally show that fitness varies
between populations but with no clear underlying spatial pattern. For example, larval
development in populations from NJ, TX, and FL did not vary significantly by region. However
high variation within NJ strains overpowered any significance in the differences between regions
(Armbruster and Conn 2006).
Variation in fitness is rarely studied between different geographic strains of Ae. aegypti.
Sota and Mogi (Sota and Mogi 1992)compared egg desiccation resistance and found minimal
differences between strains while Mogi (Mogi et al. 1996) found similar results in adult
desiccation survival. A study on competitive ability against a single population of Ae. albopictus
by geographic origin did not find differences between strains(Leisnham et al. 2008).
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Research on intraspecific variation in life history for Ae. aegypti is almost nonexistent
and for Ae. albopictus have generally been conducted under unrealistic laboratory conditions. It
is unclear how often de novo adaptations occur, which are the most important drivers of
adaptation, or how much gene flow spreads traits between populations. Large-scale population
ecology and genetics studies would help predict adaptation as these species’ ranges expand and
more accurately quantify local disease transmission risk. Future studies should explore these
considerations in more detail, with an effort to understand geographic variation and local
adaptation especially for life history traits most important for estimating R0.

Insecticide resistance
Insecticides are among the most important tools for controlling Zika and chikungunya
vector populations, yet resistance in these mosquitoes is common and reported for every class of
insecticide used. This topic was reviewed by Vontas et al. (Vontas et al. 2012). Resistance to
pyrethroids, DDT, and temephos is widespread among Ae. aegypti and has been detected in Ae.
albopictus populations. The genetic mechanisms of resistance in Ae. aegypti is due to mutations
(sodium channel kdr knockdowns, GABA receptor) and/or over expression of detoxification or
cuticular resistance genes. Studies of the resistance mechanisms in Ae. albopictus are mostly
inconclusive or report negative results. Significantly more data on common resistance
mechanisms in the field , onselective pressures, and on how variation in resistance leads to
mosquito control failures are sorely needed.
Furthermore, what remains somewhat unclear is how insecticide resistance impacts the
ability of the mosquito vector to transmit pathogens(Rivero et al. 2010). Due to variation in the
protective responses to different classes of insecticides in resistant mosquitoes, the physiological
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environment arboviruses experience could be significantly different than from susceptible
mosquitoes and among mosquitoes resistant to different classes of insecticides. This can not only
lead to changes in vector competence and pathogen burdens (e.g. malaria (Alout et al. 2013,
Alout et al. 2014), but also mosquito life history traits relevant for transmission (e.g. larval
development, survival, fecundity, biting rates), mediated through physiological trade-offs with
evolved resistant mechanisms. Thus, increases in insecticide resistance does not necessarily
correspond to proportional increases in transmission, and this currently unmeasured source of
variation could challenge our ability to predict overall transmission potential and the
effectiveness of new mosquito control technologies.

Conclusions/Future research/Unanswered Questions

Important, yet unanswered, questions remain and serve as barriers for a more complete
ecological understanding of the transmission dynamics and vector biology of these invasive
arboviruses (Table 1). These unknowns affect our ability to predict and, ultimately, mitigate the
factors influencing transmission risk and arbovirus emergence globally.
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First, current modeling efforts for future vector distribution and disease transmission are
limited by the low quality and quantity of available data (Zouache et al. 2014b, Vega-Rúa et al.
2015). Even in systems that have been relatively well studied ((e.g. malaria (Plasmodium
falciparum), dengue virus)), key parameters often are estimated from just a few data points, and
are available only for laboratory-adapted vector / pathogen strains(Mordecai et al. 2013). Only
Inadequate understanding of basic mosquito ecology
Inadequate estimates for life history traits and how they vary geographically

Inadequate tools for age grading mosquitoes and tracking movement in the field
Lack of understanding of geographic variation in transmission potential
Lack of understanding of the role of insecticide resistance on ability of mosquitoes to transmit pathogens

Lack of understanding of the role of human movement in dissemination of new viruses
Inadequate coordination of efforts and resources
Lack of surveillance data showing the current distribution and abundance of Aedes vectors in the Americas
Lack of data sharing between private and public sector vector control
Lack of broad-scale use of standardized surveillance methods to generate comparable data

Lack of consideration of socioeconomic and demographic factors in mapping and predicting risk
Misconceptions about the value and importance of investing research resources and effort in basic
mosquito ecology
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recently, did our full realization of the artefactual effects of laboratory adaption on vectors and
pathogens come into sharp focus. Much of our data on basic mosquito ecology in the field
predates 1960, and the mosquitoes themselves, as well as the world they live in, have
substantially changed. Nothing highlights this more than the major distributional shifts in U.S.
mosquito vectors, with Ae. aegypti receding after the introduction of Ae. albopictus in the 1980’s
and the current southward invasion of Ae. japonicus in the U.S. In addition, we do not have
adequate estimates for many of the mosquito life history traits that are important for arbovirus
transmission. For example, we do not have good estimates for mosquito lifespan (progress is
hampered by our ability to age grade mosquitoes in the field), fecundity (which can vary widely
among geographic strains and environmental conditions), duration of gonotrophic cycles and
biting frequency (critical to understanding EIP and transmission risk), propensity to feed on
carbohydrates (such as nectar and honeydew, which can alter EIP drivers), variation in host
blood sources (potentially altering vector fitness estimates), resting behavior and oviposition site
selection (essential for surveillance and targeting control), mating behavior and dispersal
distance across natural landscapes (important for targeting control and understanding risk). As a
result, predictive models often are forced to make ecologically questionable assumptions.
Studying mosquitoes in their natural environment is challenging, but not impossible, and results
can lead to much more rigorous estimates of transmission potential. In addition, open field
studies in conjunction with semi-field set-ups can provide more accurate measures in a more
controlled setting.
Second, while environmental conditions and vector behavior shape the potential
distribution and magnitude of vector-borne diseases, socio-economic and demographic factors
determine the level of human exposure and the realized transmission risk(Gething et al. 2010,
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Béguin et al. 2011). Variation in wealth has been linked to human exposure in multiple vectorborne disease systems across resource wealthy and resource poor nations(LaDeau et al. 2015b,
Parham et al. 2015). This is due, in part, to changes in mosquito breeding habitats around the
home(LaDeau et al. 2013b), land cover(Afrane et al. 2005, Afrane et al. 2006, Afrane et al. 2007,
Afrane et al. 2008, Wong et al. 2015), availability of other food sources(Richards et al. 2006b,
Manda et al. 2007, Faraji et al. 2014a), access to public health infrastructure (e.g. vaccines and
therapeutics)(Bonds et al. 2010), access to education and to intervention strategies such as bed
nets(Eteng et al. 2014, Houngbedji et al. 2015). The proportion of a population of a given age or
sex can also influence exposure to vector-borne disease via age or sex or even pregnancy related
differences in human behavior(Ansell et al. 2002, Eteng et al. 2014, Houngbedji et al. 2015).
Current mapping efforts, which highlight the transmission risk of CHIKV and ZIKV globally,
fail to incorporate these factors(Messina et al. 2016, Nsoesie et al. 2016). Thus, predicting the
risk of CHIKV transmission in novel regions requires understanding the relative importance of,
and interactions among, environmental and genetic determinants of transmission potential and
the socioeconomic and demographic predictors of human exposure.
Third, we do not have adequate data on the current distributions of potential vector
species across much of the world. For example, in the U.S., surveillance and mosquito control
are often patchy, dictated by the unique demands and resources (or lack thereof) of local
communities. This often results in inconsistent trapping methods across geographical regions and
areas that are completely lacking in mosquito abundance data. In regions with no public
mosquito control efforts, mosquito control falls in the purview of the private sector, often
resulting in a lack of publically available records on current intervention strategies.
Consequently, the scientific community and the federal government have very little capacity to
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design efficient intervention programs in response to emerging threats or to assess their
effectiveness in controlling mosquito vectors and arbovirus transmission. To address these gaps,
proactive rather than reactive strategies need to be adopted. Operationalizing a wide-scale
surveillance program that utilizes a diversity of standardized mosquito sampling techniques and
methods would generate high-quality and comparable data on both the presence / absence and
abundance of current mosquito vectors, and would document the arrival and spread of any new
invaders. A centralized database where mosquito abundance, virus isolation, sociodemographic,
and intervention data can be stored and easily accessed in a standardized way would also be
beneficial to integrate with mapping and mechanistic modeling efforts to predict arbovirus
emergence and transmission risk. This all needs to be balanced, though with the protection of
individual and community confidentiality.
Unfortunately, the rewards of investing resources into mosquito surveillance and basic
mosquito ecology are often perceived as relatively unimportant relative to rewards associated
with the development of successful novel vector control tools, drugs, and vaccines. Perhaps it is
time to change this misconception for the benefit of public health. In addition, studies focusing
on these efforts often do not survive the funding review process because they are not
“innovative”. However, we argue here that we cannot assess the effectiveness of these more
funded technologies in mitigating transmission without a solid understanding of the transmission
process, in which mosquitoes and their ecology are integral. We advocate that in response to
current and emerging mosquito-borne threats it is time to begin funding “necessary” field-based
science in order to address the knowledge gaps currently hindering our ability to predict
transmission and enact effective intervention programs.
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CHAPTER 3
AEDES ALBOPICTUS (DIPTERA: CULICIDAE) ON AN INVASIVE EDGE: ABUNDANCE, SPATIAL
DISTRIBUTION, AND HABITAT USAGE OF LARVAE AND PUPAE ACROSS URBAN AND SOCIO-ECONOMIC
ENVIRONMENTAL GRADIENTS*

Summary
The Asian tiger mosquito (Aedes albopictus (Diptera: Culicidae)) is an invasive species of public
health importance that is currently expanding its range in the northeast USA. Effective Ae.
albopictus control depends on a thorough understanding of factors influencing their abundance,
spatial distribution, and habitat preference. We conducted a series of container surveys for Ae.
albopictus larvae/pupae over two years across nine sites in neighborhoods along its invasive
range in southern New York, USA. Selected sites represented a gradient of percent impervious
surface and median household income. Two hypotheses were tested: (1) Ae. albopictus
larval/pupal abundance increases and spatial distribution becomes less clustered as site-level
median income decreases and percent impervious surface increases because of increased larval
habitat quality and availability; and (2) container-level characteristics are predictive of Ae.
albopictus larval/pupal infestation across a range of sites. In 2016, neither median household
income nor impervious surface predicted Ae. albopictus abundance. In 2017, sites with greater
impervious surface were more heavily infested by some measures. In both years, Ae. albopictus
larval/pupal spatial distribution as measured by K-function was more clustered in sites with
greater median household income. Most container characteristics were either not predictive of
*

Presented with minor modifications from the originally published article: Shragai, Talya, and Laura C. Harrington.
"Aedes albopictus (Diptera: culicidae) on an invasive edge: abundance, spatial distribution, and habitat usage of
larvae and pupae across urban and socioeconomic environmental gradients." Journal of medical entomology 56.2
(2019): 472-482.
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Ae. albopictus or varied between years. Based on the variability of predictive container
characteristics, we conclude that identification of key containers is not useful in this region.
However, Ae. albopictus can be non-homogenously distributed or abundant based on income
level and impervious surface. Improved control of immatures should consider these regional
predictors of Ae. albopictus populations.

Introduction.
In the 30 years since its introduction into Texas, the Asian tiger mosquito (Aedes
albopictus (Diptera: Culicidae)) has rapidly moved into the eastern United States. Ae. albopictus
is now invading southern New York State and has become a serious health concern. The public
is at high risk of exposure to Ae. albopictus because this mosquito readily and aggressively bites
humans, adults host-seek diurnally, and females oviposit in peridomestic habitat (Hawley 1988,
Koehler and Castner 1997). In addition to being a serious biting pest, Ae. albopictus transmits at
least 20 viral pathogens including dengue, chikungunya, West Nile, and Zika viruses, making it a
potential risk to public health (Paupy et al. 2009b). Because most regional control of Ae.
albopictus focuses on immature mosquitoes, it is of particular importance to study larval and
pupal ecology. To monitor and control immatures of this species, we need a thorough
understanding of their abundance and distribution across the region.
Ae. albopictus larval and pupal abundance depends on environmental context. Impervious
surface and socioeconomic status are two important environmental measures that affect mosquito
habitat quality through variation in ambient temperature or availability of resting and oviposition
sites (Alirol et al. 2011, Evans and Murdock 2017, Little et al. 2017). While most studies of the
related urban mosquito Ae. aegypti agree that abundance increases with increasing impervious
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surface (Landau and van Leeuwen 2012, Rubio et al. 2013, De Azevedo et al. 2018) and there’s
some evidence that larval habitat increases with decreasing socioeconomic status (De Azevedo et
al. 2018, Walker et al. 2018), this is less clear for Ae. albopictus. A few studies have compared a
limited number of sites of variable levels of urbanization, a measure closely related to
impervious surface, but have produced conflicting results. Comparisons of Ae. albopictus density
have demonstrated that they can be the most abundant in suburban (Barker et al. 2003a, Tsuda et
al. 2006b), urban (Bagny et al. 2009a, Beilhe et al. 2012, Li et al. 2014) and rural (Hornby et al.
1994b, Braks et al. 2003a, Honorio et al. 2009) environments. In part these studies are hard to
compare because urbanization has been defined multiple ways; using a more specific measure
such as impervious surface can help hone in on precise aspects of the environment. From
similarly conflicting studies of socioeconomic status, surveys of limited numbers of sites of
different incomes have found that adults (Unlu et al. 2011) and pupae (LaDeau et al. 2013a) are
more abundant in sites of lower income while other studies have found that larvae and adults are
more abundant in high income sites (Becker et al. 2014) or that there was no variation in density
by income (Dowling et al. 2013). A key limitation of all these studies is that all were conducted
on a limited number of sites of contrasting landscapes instead of those representing a full
gradient of either impervious surface or income, without which it is impossible to analyze using
a regression and therefore difficult to detect true landscape level patterns.
Just as it is important to study abundance by environmental variables, understanding the
spatial distribution of larval positive containers across the landscape can serve as an important
basis for effective action against immature life stages. The related species Ae. aegypti has been
shown to cluster both at the immature and adult stage (Getis et al. 2010). If abatement programs
can identify where containers are most likely to be clustered into hotspots, those locations may
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be targeted for more efficient control. However, only one author to date has analyzed the spatial
structure of Ae. albopictus immature stages, identifying clustering above an expected random
distribution of pupae in residential North Carolina neighborhoods (Richards et al. 2006a,
Richards et al. 2008). Again these studies were conducted in four similar neighborhoods rather
than across an environmental gradient, and it is unknown if this pattern holds in variable
environments.
Another strategy to better target monitoring and control of immature urban mosquitoes is
to identify the most heavily exploited and highly productive container categories (key containers)
in order to focus limited resources. Although this can be successful for Ae. aegypti (Maciel-deFreitas and Lourenco-de-Oliveira 2011), studies of Ae. albopictus have produced unclear results
(Maciel-de-Freitas and Lourenco-de-Oliveira 2011, Bartlett-Healy et al. 2012, Unlu et al. 2013).
To this end, we attempted to complement existing studies to establish what, if any, container
characteristics predict the presence of Ae. albopictus larvae and pupae.
To address these gaps and inconsistencies, we measured abundance, spatial distribution,
and container habitat characteristics of Ae. albopictus larvae/pupae in sites representing full
environmental ranges for southern New York State (Westchester, Rockland, and Suffolk
counties). We conducted two consecutive years of container surveys across the northern invasive
range of Ae. albopictus to identify trends in abundance and spatial patterns of larval/pupal habitat
across gradients of socioeconomic demographics (as measured by household median income at
the residential block level) and percent impervious surface. Although survey date range was
longer in the first year, all data were analyzed within the same date range for comparisons
between the two sampling years. We tested the following hypotheses: (1) that because increased
impervious surface and lower socioeconomic status can be associated with greater and more
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widespread larval habitat availability, as impervious surface increases and as socioeconomic
status decreases, Ae. albopictus larval/pupal abundance will increase and spatial distribution will
become less clustered; and (2) that container-level characteristics that have been previously
identified as important such as the type of container and placement of container in shaded areas
will predict infestation with Ae. albopictus larvae/pupae.

Methods.
Site selection.
Surveys were conducted in nine sites along the established range of Ae. albopictus
invasion in Rockland, Suffolk, and Westchester counties (2017) (Fig. 1). Three sites covering
0.1-0.15 km2 in each of the three counties were selected in consultation with county health
department personnel.
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Figure 1. A map of the nine survey sites in Rockland, Westchester, and Suffolk counties, New
York, USA. Each county highlighted in yellow indicates a surveyed county and each number
indicates a single survey site.

The three counties we selected encompass a range of income levels (Min=$12,875,
Q1=$67,135, Q2=$90,604, Q3=$117762, and Max=$250,001) and impervious surface
(Mean=31.93%, SD=25.56) (See Table 1). We selected nine sites within our three counties that
represented as full and even spread of the ranges as possible that also were 1) classified as
residential by the county, 2) already identified as positive for Ae. albopictus, 3) dense enough for
surveys to be feasibly conducted on foot, and 4) determined as safe by the county health
department. Data from the 2011 National Land Cover Database (2011)a were used to select
residential sites that covered a range of percent impervious surface and data from the 2015
United States Census were consulted to select sites that covered a range of socioeconomic strata
as measured by median household income. Our sample size of sites was comparable sizes used in
other ecological studies measuring changes across landscape gradients (Cox et al. 2007, Grab et
al. 2018).

Table 1. Median household income and percent impervious surface for each site.
Site
Babylon
Central Islip
Harrison-Mamaroneck
New Rochelle
Orangeburg-Tappan
Pearl River
Smithtown

Income
(dollars)
86,707
50,561
118,303
70,954
154,759
82,175
111,614

Impervious
surface (%)
60.14
44.79
33.29
27.35
9.11
11.29
26.58
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Spring Valley
Yonkers

48,274
42,071

30.018
61.80

Larval Surveys.
2016 Surveys:
Data from continuous days were defined as a survey period. Twelve container survey
periods were conducted from 28 April to 17 October 2016. Surveys were conducted every other
week for three to five days, apart from September and October, when sampling was conducted
once per month for two days.
Sites were divided into blocks. Each house on every block was approached; if we gained
permission from the home owner, a survey was performed. This process was conducted until our
target number (40 houses per site) was reached. For several sites, every block was surveyed
without reaching the target number. In this case, adjacent blocks were randomly selected and
added to the study site until 40 houses were surveyed. This process was randomized by assigning
all blocks adjacent to the study site a number and using a random number generator to select one.
After obtaining permission from homeowners through door-to-door interviews, teams of
2-3 trained field personnel surveyed the outdoor areas of each house. Teams identified all waterholding containers suitable for larval development (as defined by ability to hold at least 2 ml of
water) and recorded water volume, water temperature, container category and material, degree of
shading, presence of live and dead plant material, and estimated number of mosquito larvae.
Container category and container material were each divided into commonly found types. For
container category this included bucket, planter, sheeting, tarp, trash, tire, bird bath,
piping/tubing, and toy. Container materials included plastic, metal, rubber, ceramic,
stone/cement, and natural. Both category and material also included an “other” option for
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containers that did not fit into one of the above types. When a container was classified as “other”
the exact container category and/or material was specified. Degree of shading was divided into
fully shaded, partially shaded, and no shade and was based on shading received throughout the
day. The number of larvae was scored as 0, 1, 2, 3, or 4, with scores indicating an estimated 0, 125, 26-50, 51-100, or >100 larvae, respectively.
If larvae and/or pupae were present, the water was gently stirred with a plastic turkey
baster. If there were <25 larvae, all larvae in the container were collected. If >25 larvae present, a
subsample of 25 were collected. All samples were collected with plastic transfer pipettes and
placed in a 50 ml tube with approximately 20 ml of container water.
2017 Surveys:
In the second year, three survey periods were conducted from 21 July to 13 August 2017
within the peak activity period identified in 2016. Because the date range for 2017 differed from
2016, we only compared the two years for data taken within the same dates.
Survey periods were conducted for three days each. Within each site, we first attempted
to survey each house that was previously surveyed in 2016, with the goal of surveying at least 20
houses per site. Each house surveyed in 2016 was approached up to three times, once per survey
period. If by the last survey period all houses had already been approached three times and our
goal had not been reached, we randomly approached new houses until we had surveyed a total of
at least 20. House selection was randomized by assigning each block within a site a number,
using a random number generator to select one, and approaching each house on that block in
sequence from lowest address to highest address number. All other survey procedures were the
same as for 2016 (described above).
Mosquito Identification.
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Because of the high numbers of collected larvae/pupae and relative time needed to
identify each individual larva, we chose to rear all collected larvae/pupae to eclosion and only
then classify adults to species. Different species are known to have different survival rates in
shared containers (Braks et al. 2004) - to ensure that we were not biasing numbers towards any
one species or underestimating numbers, we counted all collected larvae and all identified adults
from each container to calculate mortality rate. On average, mortality rate was 9%, and any
container with greater than 15% mortality was excluded from any analysis for estimated total
numbers. Mosquito larvae and pupae in 50 ml tubes were transferred within 24 hours to a plastic
710 ml food storage container. Collected water was supplemented with de-chlorinated tap water
and one Hikari Gold Cichlid food pellet, mean weight = 0.1781 g (Hikari, Himeji, Japan).
Containers of mosquitoes were held at 23º C until eclosion. Newly eclosed adults were removed
daily with an aspirator and stored at -20º C in plastic petri dishes lined with filter paper. All
adults from each container were identified to species using published keys (Andreadis et al.
2005).
Data analysis.
To enable comparisons between years, for all analyses comparing 2016 and 2017, data
was restricted to the same date range. All data analyses were conducted using R (R Core Team,
Version 3.3.1).
Site Metrics:
Median household income and percent impervious surface for each site was calculated
using ArcMap 10 GIS (ESRI, Redlands, CA) to layer polygons of our survey sites against
corresponding polygons generated from the American Community Survey Median Income Block
Group map (2015) and the National Land Cover Database (2011). For median income, if a site
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spanned multiple block groups, the mean median income weighted by area was calculated. For
percent impervious surface, a 150 m buffer was drawn around each house surveyed. This buffer
size was chosen to correspond to a biologically relevant average dispersal distance for Ae.
albopictus (Niebylski and Craig 1994, Honório et al. 2003, Marini et al. 2010, Medeiros et al.
2017). The mean percent impervious surface was determined within each buffer, and then the
mean of all buffers within a site was calculated. To see the median household income and
percent impervious surface for each site, see Table 1.
Site level degree of infestation:
The degree of Ae. albopictus larval/pupal infestation for each site was analyzed as total
positive containers per containers surveyed, total positive containers per 100 houses surveyed,
and total estimated quantity of Ae. albopictus per site. This measure of total estimated quantity
was taken to account for container productivity. To calculate estimated quantity, we multiplied
the proportion of mosquitoes from a positive container sample identified as Ae. albopictus by the
score indicating the estimated number of total larvae in the original container (1-4). For example,
if 50% of the sample was identified as Ae. albopictus and the original container was given a
score of 3 (50-100 larvae/pupae), the score for the estimated quantity of Ae. albopictus in the
container was calculated to be 1.5. These scores were then summed for each site. The scores
were used rather than the absolute numbers so as not to bias towards either end of the estimated
range.
A linear mixed effects model was used to predict abundance by median household
income and percent impervious surface. Percent positive containers, positive containers per 100
houses surveyed, and total estimated number were used as our dependent variables measuring
abundance. Site-level impervious surface, household median income, year, the interaction
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between impervious surface and year, and the interaction between household median income and
year were used as our fixed variables. Site was included as a random effect. In the regression of
percent positive containers and positive containers per 100 houses surveyed, there was an
outlying observation. We conducted the analysis with and without the outlier, and report both
results.
Site level spatial distribution analysis:
Spatial distribution at the site level was analyzed for both Ae. albopictus positive
containers and estimated number of Ae. albopictus. All spatial analyses were performed using
the spatstats and splancs packages in R (Baddeley and Turner 2005, Rowlingson et al. 2013).
To address the degree to which Ae. albopictus positive containers were clustered within
each of the nine sites, we used a modification of a bivariate K function (Baddeley 2008),
following the methods of Getis et al (2010). This point pattern analysis assigns a binary value
(presence / absence of Ae. albopictus larvae) to each container in a site and determines whether
the spatial distribution of positive containers is random, dispersed, or clustered. First the function
assigns a K-value at each spatial scale from zero to the total area of the site for the entire site
(For an example output of K-values across multiple scales for a single site, see Supp. Fig. 1C).
A complete random distribution is typically then used as the control, and the greater above
random the observed value of K, the greater the degree of clustering. However, because
homeowner availability and permission resulted in a non-random and incomplete distribution of
houses surveyed within each site area (for an example of nonrandom house distribution, see
Supp. Fig. 1A), rather than use a complete random distribution of containers as the control, we
calculated random clustering within the spatial structure of the homes surveyed in each site. For
each site we ran 1000 permutations of random container distributions among the spatial structure
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of the houses we surveyed, using the same number of positive containers as in our sampling data
for each permutation (for an example of a single permutation at one site, see Supp. Fig. 1B). The
mean was taken of these permutations and used as our control function. We then calculated the
degree of clustering at each site by comparing the observed distribution to our calculated control
function – the greater the positive difference between the observed distribution and the
calculated control function, the greater the degree of clustering (Supp. Fig. 1C).

Supplemental Figure 1. : The method for spatial analysis of Ae. albopictus positive containers for
one example site.We first mapped all positive and negative containers (A), with the size of the
dot indicating the number of positive or negative containers sampled at a single address. We then
simulated a complete spatial randomness of containers equal to the number of containers
sampled within the given survey site area (B). Next we calculated the bivariate K function of the
observed positive containers, permutated distribution of bivariate K functions representing
random positive container placements (n=1000) and took the mean of these permutations to
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create our control function (C). Finally, we took the difference between the observed distribution
and the control function at a scale of 150 meters (C).

We next tested whether the degree of spatial clustering was predicted by either percent
impervious surface or household median income using a general linear model, which requires a
single continuous response variable for each site. We reduced our output from the full range of
spatial scales to the degree of clustering at 150 meters to produce a single K-value at a single
scale for each site. Then we calculated the difference between the observed K-value and our
generated control function at that single scale. We chose 150 meters because this is the
established average flight range of adult Ae. albopictus and it was the most pronounced scale at
which clustering occurred across sites.
To address the degree to which estimated quantity of Ae. albopictus immatures were
clustered within a site, we used a marked correlation function, again following the methods of
Getis et al (Getis et al. 2010). This method was performed because we were measuring a
continuous variable (number of immature Ae. albopictus) rather than a categorical variable
(positive/negative container). Like our analysis of Ae. albopictus presence / absence, we
generated a theoretical random distribution of Ae. albopictus larvae using 200 simulation
envelopes against which we compared observed Ae. albopictus distributions within the observed
spatial structure of homes visited. For further explanation of the analysis, see Supp. Fig. 2. From
these distributions, clustering was again calculated at 150 meters using the same method as for
positive containers to represent the effect size of clustering for each site.
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Supplemental Figure 2. The method for spatial analysis of estimated quantity of Ae. albopictus
for one example site. We first mapped the estimated quantity of Ae. albopictus at each address
surveyed (A), with the size of the dot indicating the quantity of Ae. albopictus at a single address.
We then calculated simulation envelopes evaluated at 150 meters to compare observed values of
Ae. albopictus distribution, indicated by the solid black line, against random Ae. albopictus
distribution, indicated by the dotted red line, within the observed house distribution, indicated by
the grey space (B).

A multiple linear regression was performed to test if our two independent variables,
median household income and percent impervious surface, predicted our response variables, the
clustering index of positive containers and estimated number of Ae. albopictus.
Container level analysis:
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This analysis was carried out at the container level. A generalized linear mixed effects
model using a binomial distribution with address, site, and county as nested random effects was
performed to compare our response variable - the presence or absence of Ae. albopictus - to all
container predictor variables (container category, container material, water temperature, water
volume, degree of shading, presence of dead and/or live plants, and sampling date). This model
was fit using the lme4 package in R (Bates et al. 2014). We tested each individual predictor with
a likelihood ratio test comparing the full model to a reduced model omitting that variable. We
then performed posthoc pairwise comparisons using the lsmeans package in R (Lenth 2016).
Water volume was highly skewed towards low-volume containers, and was log
transformed for the analysis. We confirmed that our sample size was adequate to detect
differences by running a power analysis for a multiple regression with six predictors, an
anticipated effect size of f2 of 0.15, statistical power of 0.8, and probability of 0.05.
Results.
Residential Field Sites
For our study, median household income ranged from $42,071 (Yonkers) to $154,759
(Orangeburg-Tappan). Mean impervious surface ranged from 9.12% (Orangeburg-Tappan) and
61.17% (Yonkers) (see supplementary material). Low levels of multicollinearity were present in
our two site level measures (Variance inflation factor = 1.47 for median household income, 1.82
for mean impervious surface).
Numbers of houses and containers surveyed.
In 2016, across the full sampling date range we surveyed 412 houses and 1820
containers. A total of 436 containers (23.95%) had mosquito larvae; 132 (7.30%) were Ae.
albopictus positive (Table 2A). When the results are restricted to the same period as the 2017
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surveys, we surveyed 212 houses and 852 containers. Two hundred twenty-nine (26.88%) of
those containers were larvae/pupae positive, and 102 (12.00%) contained Ae. albopictus (Table
2A). Other species collected were Aedes japonicus, Aedes triseriatus, Culex pipiens/restuans
(Diptera: Culicidae), and Anopheles punctipennis (Diptera: Culicidae). The distribution of
estimated Ae. albopictus per positive container was bimodal; most containers had 1-25
larvae/pupae, few had 25-80 larvae/pupae, and slightly more had >80 larvae/pupae.
In 2017, we surveyed 242 houses and 854 containers and found a much higher proportion
of containers positive both for mosquitoes and for Ae. albopictus. Two hundred ten of houses
surveyed (82.64%) were previously surveyed in 2016, and 32 were only surveyed in 2017. Three
hundred sixteen containers were larvae/pupae positive (37.00%) and 243 were Ae. albopictus
positive (28.45%; Table 2B). Other species collected were Aedes japonicus, Aedes triseriatus,
Culex pipiens/restuans, Toxorhynchites rutilus (Diptera: Culicidae) and Anopheles punctipennis.
The numbers of Ae. albopictus per positive container followed the same distribution as in 2016.

Table 2. Counts of survey results by site, 2016 (A) and 2017 (B). For 2016, the results for the
full date range of surveys are shown first, and the results for surveys restricted to the 2017 survey
dates for comparison between the two years are shown afterwards in parentheses.
A.
Site

Houses

Containers Larvae

surveyed surveyed

positive

Ae.

Percent of Ae. albopictus

albopictus

containers positive

containers positive

Ae.

containers albopictus
positive
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containers per
100 houses
surveyed

Babylon

43 (23)

235 (110)

44 (22)

16 (14)

0.068

37.21 (60.87)

(0.127)
Central Islip

40 (16)

222 (95)

61 (25)

21 (14)

0.095

52.50 (87.50)

(0.147)
Harrison-

45 (13)

190 (38)

58 (9)

9 (3)

Mamaroneck

0.047

20.00 (21.74)

(0.079)

New

46 (26)

195 (82)

50 (31)

18 (15)

Rochelle

0.092

39.13 (57.69)

(0.183)

Orangeburg-

59 (37)

260 (184)

54 (39)

16 (16)

Tappan

0.062

27.11 (43.24)

(0.087)

Pearl River

48 (21)

148 (67)

35 (21)

11 (6)

0.074

22.92 (28.57)

(0.090)
Smithtown

42 (24)

150 (80)

34 (18)

12 (10)

0.080

28.57 (41.67)

(0.125)
Spring

45 (29)

210 (107)

62 (39)

16 (15)

Valley

0.076

35.56 (45.83)

(0.140)

Yonkers

45 (23)

210 (89)

29 (16)

13 (9)

0.062

28.89 (39.13)

(0.101)
Total

412

1820 (852)

436 (229)

132 (102)

(212)

0.073
(0.120)

B.
Site

House

Containe Larvae

Ae.

Percent of

Ae. albopictus

s

rs

albopictus

containers Ae.

positive

positive
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survey

surveyed

ed

containe positive
rs

albopictus

containers per

containers positive

100 houses
surveyed

Babylon

29

120

42

35

0.29

120.69

Central

26

141

48

42

0.30

150.00

20

80

45

36

0.45*

175.00*

27

88

26

23

0.26

88.46

25

80

27

16

0.20

64.00

Pearl River

31

87

30

20

0.23

64.52

Smithtown

28

101

29

24

0.24

85.71

Spring

26

65

26

19

0.29

73.08

30

92

34

28

0.30

93.33

242

854

316

243

0.28

Islip
HarrisonMamarone
ck
New
Rochelle
Orangebur
g-Tappan

Valley
Yonkers
Total

*Outlying
value
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*Outlying value

Site level degree of infestation by impervious surface and household median income
Aedes albopictus larval/pupal abundance as measured by percent positive containers and
by positive containers per 100 houses surveyed had one outlying observation; when this outlier
was removed, there was a significant interaction between year and impervious surface for both
measures (β = 0.00124, P = 0.0401; β = 0.674, P = 0.0412). For 2017, greater impervious surface
led to higher percent positive containers and positive containers per 100 houses surveyed (Fig.
2A and 2B). For 2016, impervious surface had no effect on either measure. When the outlier was
retained, the percent of containers positive and the positive containers per 100 houses surveyed
were not significantly predicted by site-level impervious surface (β = 0.00136, P = 0.367; β =
1.17, P = 0.251). When Aedes albopictus larval/pupal abundance was measured by total
estimated abundance, there was once again a significant interaction between year and impervious
surface (β = 0.700, P =0 .0287); in 2017 sites of higher impervious surface had higher total
estimated abundance (Fig. 2C) but there was no effect for 2016. For full model results, see Table
3.
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Figure 2. Increasing percent impervious surface predicted abundance of Ae. albopictus. In 2017,
increasing percent impervious surface predicted both the number of Ae. albopictus (A) percent
positive containers, (B) positive container per 100 houses surveyed, and (C) total estimated
quantity of Ae. albopictus in each site.

Table 3. Site-level predictors of Ae. albopictus abundance by three measures.

Coeffcient
Intercept
Year
Impervious

Percent pos.
containers
Estimates
p
(CI)
0.16
0.003
(0.09 – 0.22)
0.11
0.113
(0.01 – 0.20)
-0.00
0.859

Pos. containers per 100
houses surveyed
Estimates
p
(CI)
52.18
0.192
(-6.78 – 111.13)
16.96
0.373
(-11.59 – 45.50)
0.22
0.683
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Estimated quantity of
Ae. albopictus
Estimates
p
(CI)
20.44
0.164
(-2.26 – 43.13)
-2.60
0.896
(-34.69 – 29.50)
-0.00
0.984

surface
Income

(-0.00 – 0.00)
-0.42
(-0.91 – 0.06)
0.00124
(-0.08 – 0.002)

Year by
impervious
surface
-0.08
Year by
(-0.77
– 0.61)
income
Random Effects
σ2
0.00
τ00
0.00 Site
ICC
0.08 Site
Observatio 17
ns
Marginal
0.906 / 0.913
R2 /
Conditiona
l R2

0.180
0.040

0.858

(-0.63 – 1.07)
-144.74
(-571.06 – 281.59)
0.67
(0.27 – 1.08)
29.58
(-185.40 – 244.56)

0.595
0.041

0.830

(-0.33 – 0.32)
-58.48
(-222.59 – 105.63)
0.70
(0.24 – 1.16)
71.69
(-160.40 – 303.78)

56.00
461.39 Site
0.89 Site
17

76.67
0.00 Site
0.00 Site
18

0.579 / 0.954

NA

0.569
0.029

0.621

Median household income was not a predictor of Ae. albopictus larval/pupal estimated
total abundance, nor was there any significant interaction by year (β = 0.145, P = 0.621; β = 7.18
e-07, P = 0.621). Median household income was also not predictive of the percent of Ae.
albopictus positive containers in each site or the number of containers per 100 houses surveyed
and there was not a significant interaction by year for either measure (percent positive containers
β = 0.00155, P = 0.405; β = 7.67 e-07, P = 0.405, positive containers per 100 houses surveyed β
= -0.145, P = .595; β = 0.0300, P = 0.830).
Spatial distribution by impervious surface and household median income
We analyzed distribution of Ae. albopictus positive aquatic habitat by median household
income and impervious surface and found that while impervious surface did not predict
abundance, income did predict spatial distribution of Ae. albopictus larvae/pupae.
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Distribution was significantly predicted by median income at a scale of 150 meters.
When the dependent variable was the degree of clustering of positive containers for each site, the
results of the multiple regression indicated that the predictors explained 66.15% of the variance
(R2 = 0.661, F(5, 12) = 3.94, P = 0.0132). The clustering of Ae. albopictus positive containers was
predicted by income with higher degree of clustering of positive containers and estimated
number of Ae. albopictus in higher income sites (β = 8.87 e-8, P = 0.0177). This effect was
stronger in 2016 than 2017, with a significant interaction between year and income (β = -1.073,
P = 0.0366) (Fig. 3A). When the dependent variable was the degree of clustering of estimated
quantity of Ae. albopictus for each site, the predictors explained 44.14% of the variance (R2 =
0.441, F(5, 12) = 5.53, P = 0.0510). There was a borderline significant interaction between year
and income (β =0.0106, P = .0510). For 2017, greater income surface led to greater clustering of
estimated quantity of Ae. albopictus (Fig. 3B). For 2016, income had no effect. Aedes albopictus
larval distribution, as measured by both positive containers (β = -6.32 e-8, P = .346) and
estimated number (β = .0188, P = .494), was not related to impervious surface in either year.

Figure 3. Median household income predicted greater clustering of Ae. albopictus.
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Figure legend: (A) In 2016 positive containers were more highly clustered in sites with higher
median household income and (B) in 2017 estimated quantity of Ae. albopictus were more
highly clustered in sites with higher median household income.

Positive container variables
We looked for container measurements that predicted the presence of Ae. albopictus in
order to identify variables that could focus future control efforts. Together these data show that,
while there were significant variables in both years, the significant measurements varied from
2016 to 2017.
In 2016, water temperature, shading, and plants were significant predictors of positive
containers, while container category, container material, and water volume were not significant
predictors (Table 4). Aedes albopictus were more likely to be found in containers with dead
plants over no plants (coeff. = -1.927, SE = 0.343, z-value = -5.616, P = <0.0001) and with dead
plants over live plants (coeff. = -2.283, SE = 0.845, z-value = -2.702, P =0.00689). In addition,
they were more likely to be found in containers in full shade over those with no shade (coeff. = 2.114, SE = 0.838, z-value = -2.521, P =0.0117) or partial shade (coeff. = -0.649, SE = 0.291, zvalue = -2.232, P = 0.0256). Increasing water temperature increased the likelihood of a container
being Ae. albopictus positive (coeff. = 0.119, SE = 0.0531, z-value = 2.248, P =0.0246).
When number of positive containers was analyzed by container characteristics for 2017,
water temperature, container category, water volume, and plants were significant predictors of
Ae. albopictus presence (Table 4). In contrast to 2016, two container categories - planters and
piping/tubing - significantly predicted the presence of Ae. albopictus (coeff. = 0.871, SE = 0.354,
z-value = 2.461, P =0.0139; coeff. = 1.0690, SE = 0.466, z-value = 2.293, P =0.0219), increasing
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water volume increased the likelihood of a container being positive (coeff. = 0.237, SE = 0.0476,
z-value = 4.974, P <0.0001), increasing water temperature decreased the likelihood of a
container being Ae. albopictus positive, (coeff. = -0.0597, SE = 0.0302, z-value = -1.976, P
=0.0481) and shading was not significant. Similarly, as in 2016, Ae. albopictus were more likely
to be found in containers with dead plants over no plants (coeff. = -0.986, SE = 0.217, z-value = 4.550, P <0.0001), with dead plants over live plants (coeff. = -1.875, SE = 0.590, z-value = 3.180, P = 0.00147), and container material was not significant.

Table 3. Container variables predictive of the presence of Ae. albopictus in 2016 and 2017.
2016
Odds Ratios
(Confidence
Interval)
0.07
(0.01 – 0.30)
1.08
(1.02 – 1.13)
1.07
(0.97 – 1.18)

Coefficient

Intercept
Water Temp
Water Volume

p

0.001
0.005
0.169

2017
Odds Ratios
(Confidence
Interval)
1.39
(0.27 – 7.22)
0.94
(0.89 – 1.00)
1.27
(1.16 – 1.39)

p

0.692
0.048
<0.001

Container Material
Metal
Rubber
Ceramic
Stone
Other

0.92
(0.32 – 2.36)
4.40
(0.69 – 39.13)
1.40
(0.37 – 4.63)
1.62
(0.38 – 6.43)
0.99
(0.20 – 3.74)

0.875

2.03
(0.77 – 5.19)
1.60
(0.51 – 4.69)
0.76
(0.19 – 2.44)

0.142

0.135
0.594
0.495
0.991

1.11
(0.58 – 2.09)
1.50
(0.24 – 12.38)
0.55
(0.19 – 1.55)
1.37
(0.40 – 4.88)
2.56
(0.58 – 13.84)

0.759

2.39
(1.20 – 4.84)
3.43
(0.83 – 17.54)
0.54
(0.11 – 2.11)

0.014

0.674
0.270
0.616
0.231

Container Type
Planter
Tarp
Sheeting
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0.400
0.660

0.102
0.403

Tire
Trash
Toy
Bird bath
Piping/tubing
Other

0.30
(0.03 – 2.08)
0.47
(0.13 – 1.36)
0.87
(0.35 – 1.99)
0.28
(0.03 – 1.51)
1.65
(0.32 – 7.00)
0.60
(0.28 – 1.23)

0.255

0.22
(0.06 – 0.62)
0.65
(0.41 – 1.05)

0.009

0.22
(0.05 – 0.72)
1.20
(0.38 – 3.49)
0.18
(0.10 – 0.32)

0.024

0.197
0.754
0.180
0.515
0.179

0.85
(0.10 – 5.25)
1.41
(0.66 – 3.00)
0.68
(0.30 – 1.48)
0.63
(0.19 – 1.93)
2.91
(1.17 – 7.37)
0.76
(0.42 – 1.36)

0.871

0.56
(0.29 – 1.06)
0.87
(0.57 – 1.33)

0.077

0.15
(0.04 – 0.46)
0.61
(0.30 – 1.22)
0.37
(0.24 – 0.57)

0.001

0.374
0.337
0.431
0.022
0.358

Degree of Shading
No shading
Partial shading

0.077

0.533

Organic Material
Live plants
Live and dead plants
No plants
Observations
Cox & Snell's R2 / Nagelkerke's
R2

554
0.142 / 0.221

0.745
<0.001

0.161
<0.001

529
0.160 / 0.215

Discussion.
Our study describes the abundance and distribution of Ae. albopictus larvae and pupae
along impervious surface and socioeconomic gradients on a northern border of its invasive range.
Uniquely, we covered a full spectrum of sites along landscape gradients with unprecedented
scope and coverage for the Northeast region. Our first hypothesis, that increasing site-level
impervious surface and decreasing household median income would predict higher abundance
and less clustered distribution of Ae. albopictus larval habitat because of increased quality and
availability of larval habitat was partially supported. Our second hypothesis, that Ae. albopictus
positive larval habitat would be predicted by container characteristics that have been previously
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identified as important, such as shading or container type, was not consistently supported enough
to be useful for targeted mosquito control. These results contribute to our knowledge of how
landscape shapes Ae. albopictus distribution and abundance and identifies container
characteristics related to the presence of this species.
Variation year to year
We found the percent containers positive for Ae. albopictus dramatically increased from
the first to second year of this study. Although surveys for 2016 were conducted over an entire
season of adult activity and those in 2017 were completed over three weeks, this trend held even
when comparing data from the same period in both years. For data within the same date range for
both years, the proportion of containers positive for any mosquitoes was greater in 2017 than in
2016. However, the percent rise in the number of Ae. albopictus positive containers was larger
than for mosquito positive containers overall. This suggests that Ae. albopictus did not just
increase because mosquito populations increased, but that they were more successful than other
container species. There is no obvious connection to weather; while we would expect that a
hotter, wetter weather would predict greater mosquito abundance, using data from the NOAA,
Northeast Regional Climate Center at Cornell University, 2017 was both slightly cooler and
slightly drier than 2016 (Supp. Fig. 3). The variation we observed over just two years is not
sufficient to identify long-term patterns, but it highlights the necessity of systematic surveillance
to track long-term population trends over time and more clearly pinpoint the factors driving
changes.
Site level degree of infestation by impervious surface and household median income
We found differences between 2016 and 2017 in the effect of impervious surface on
mosquito abundance; no relationship was found in 2016 and, by some measures, Ae. albopictus
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were more abundant in sites of greater impervious surface in 2017. Impervious surface is an
important environmental factor for urban container breeding mosquitoes like Ae. albopictus.
Densely covered areas with concrete and asphalt can create heat islands and increase the
availability of habitat (Evans and Murdock 2017). It is possible that sites with greater impervious
surface are of greater quality and can support larger Ae. albopictus populations or sustain faster
population growth. It may be that in 2016 other factors limited population size regardless of
impervious surface and abundance was not high enough to detect any patterns across sites, but in
2017 better conditions allowed populations to grow, and they grew larger in the higher-quality,
high impervious surface sites. However, the percent of containers positive for Ae. albopictus was
only significantly predicted by impervious surface when one outlying site was removed, and it is
unclear how this trend would hold when analyzed over a greater number of sites. This further
highlights the needs for more comprehensive surveys over a larger range and number of sites
than was within the scope of this study.
Our results do not support the current literature which typically portrays Ae. albopictus as
a suburban or rural species, especially in locations where their range overlaps with Ae. aegypti
(Braks et al. 2003b, Rey et al. 2006, Reiskind and Lounibos 2013). At least in southern New
York, USA, which is free of Ae. aegypti, our results demonstrate that Ae. albopictus populations
can be higher in sites of high impervious surface. This discrepancy may stem from the fact that
little research has been conducted on Ae. albopictus across its diverse and wide geographic
range, and our results suggest caution when extrapolating results from one region to another.
We did not see a relationship between household median income and overall Ae.
albopictus abundance. Socioeconomic status using median income as a measure has been
correlated with Ae. albopictus infestation. For example, Becker et al. (Becker et al. 2014) and
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LaDeau et al. (LaDeau et al. 2013a) reported different infestation levels between sites of varied
socio-economic status; however, ours is the first study conducted with sufficient sites along a
socio-economic gradient to have enough statistical power to analyze income as a causative
factor. Beyond larval counts, one previous study found more “disused containers” (containers not
in use or regularly dumped or treated by residents) in low-income sites and a higher likelihood of
Ae. albopictus occurrence in these disused containers; concluding that lower-income
neighborhoods are at greater risk for high Ae. albopictus abundance (Dowling et al. 2013). In our
study, we did not detect differences in abundance by household median income, nor did we see
any clear relationship between income and average number of suitable oviposition containers per
site. Although we did not use the used/disused metric of Dowling et al. 2013, we also did not
find that container category and material was a consistent predictor of Ae. albopictus infestation.
Altogether, our results reinforce that control campaigns should equally target sites across income
groups.
Spatial distribution by household median income and impervious surface
However, household median income did explain spatial distribution of larvae/pupae, with
Ae. albopictus positive containers more clustered in higher-income sites in 2016 and overall
abundance more clustered in 2017. These results may be connected to the distribution of the
containers themselves, which were more clustered in higher income sites. Ae. albopictus are
considered poor dispersers with an average flight distance of 50-200 m (Marini et al. 2010), so
even distribution of containers in low-income neighborhoods may facilitate more even dispersal
of gravid females across the landscape. In contrast, in high-income neighborhoods, Ae.
albopictus movement may be restricted to “islands” of clustered oviposition habitat. This is
supported by a study of residential populations in North Carolina that examined the spatial
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distribution of Ae. albopictus positive containers: they showed that pupal “hot spots” in a
suburban neighborhood were aggregated around homes with large numbers of potential
oviposition containers (Richards et al. 2006a). While control campaigns should cover
neighborhoods across the socio-economic spectrum, the specific strategy could be tailored based
on income level. It should be noted that while our sites did represent a gradient of socioeconomic
level, Ae. albopictus populations thrive in US cities outside of the ranges represented here, and it
is unknown how these patterns would hold in those locations. However, given our results,
targeted control of Ae. albopictus hot spots may be more efficient in high-income sites and
widespread control more effective in low-income sites.
In contrast to our results for household income, impervious surface was not a driver of
spatial distribution in any year by any measure.
Container level predictors
Even between two consecutive years of surveys within the same sites of primarily the
same houses, all but one of our container characteristic measures failed to consistently predict
Ae. albopictus larvae from 2016 to 2017. While the presence of dead organic material in
container water positively predicted the presence of Ae. albopictus presence in both years, all
other significant factors were either unique to one year or predictive in opposite directions
between years. This is even true for measures like water volume or shading that have been linked
to Ae. albopictus infestation in the past (Delatte et al. 2008, Unlu et al. 2013). We argue that, at
least for the Northeast US region, oviposition behavior or survival post-oviposition is highly
dependent on environmental factors that vary year-to-year. As a result, focusing on certain
containers is an inviable strategy. It may be more useful instead to identify landscape or
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climatological features that consistently determine Ae. albopictus population dynamics to target
response.
Limitations and general conclusions
Although our multiyear, multisite study is one of the largest conducted to date for Ae.
albopictus in the Northeast region, we still cannot make conclusions about long-term seasonal or
sub-regional trends in our key drivers of interest. Larval surveys are labor intensive, limiting the
number of households that can be covered even with multiple survey teams, and are difficult to
conduct over a large region for multiple years or even months. Thorough sampling of the
landscape is difficult. Within our sites, we were unable to access all homes, and it is unknown if
those that gave us access were biased towards or against those with more or fewer containers.
Although we made every effort to locate all water-holding containers in each property, including
notoriously cryptic habitat such as gutters and corrugated drain pipes, Ae. albopictus infest
inaccessible and hidden habitat, meaning we likely were not able to locate all containers. Our
sample size was robust enough to meet the goals of this study despite these limitations, with
sufficient power to detect significant factors for all measures.
We stress that the results of our larval survey do not necessarily correlate to adult Ae.
albopictus abundance; variable survivorship to adulthood can result in significant decoupling
between larval and adult population sizes, at least for Ae. aegypti (Tun-Lin et al. 1996). This
means that no conclusions can be drawn to quantify biting risk or to recommend control that
targets adult populations. These results can only be used to make recommendations regarding
control targeting immature stages such as dumping or treating containers.
In the long-term, more research is necessary to address these limitations: a systematic,
region-wide approach studying larvae, pupae, and adults will be essential to allow us to gain a
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clear understanding of Ae. albopictus ecology and population dynamics. Unfortunately, current
funding for county and regional programs in the Northeast USA that conduct mosquito
surveillance is insufficient to perform wide-scale sampling. Most counties currently rely on
lower resource-input adult trapping, which is only effective over a short range and therefore a
poor tool for tracking Ae. albopictus.
General comparisons between studies conducted to date are hampered by a lack of
standardization and identifying biologically meaningful differences among studies with
methodological differences is therefore difficult. Discrepancies in resources between counties
compound this issue - adjacent counties with wide gaps in funding produce incomparable data
sets, hindering comparisons across space. We cannot stress enough the importance of greater
communication and standardization between groups with similar objectives to ease and enhance
the interpretation of collected data.
Aedes albopictus vectors are notorious for their high level of plasticity and ability for
rapid local adaptation, meaning that real ecological differences can exist between populations
from different proximate environments (Paupy et al. 2009a). Control of this important vector can
be improved by tailoring efforts based on localized studies, saving time, money, and human
effort. Existing mosquito surveillance and control strategies in the Northeast are not designed to
target this species and distribution data are inconsistent or incomplete. More standardized studies
covering a sufficiently large numbers of sites along landscape gradients are required to identify
causative measures of ecological differences. This is particularly important in southern New
York, USA because it represents a northern boundary of Ae. albopictus expanding range.
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CHAPTER 4
OVIPOSITION SITE ATTRACTION OF AEDES ALBOPICTUS TO SITES WITH CON- AND HETEROSPECIFIC
LARVAE DURING AN ONGOING INVASION IN MEDELLÍN, COLOMBIA*

Summary
Background:
Aedes aegypti and Aedes albopictus are two globally invasive vectors with similar ecological
niches. Encounters between them can result in either competitive exclusion or stable coexistence, but it is unclear what drives these variable outcomes. Larval competition in favor of
Ae. albopictus is a main hypothesis for the competitive exclusion of Ae. aegypti observed in
some regions. However, the role of oviposition preference in determining the degree of
competitive larval interactions in the field is not well understood. In this study, we used a
combination of mark-release-recapture methods with ovitraps in the open field and a semi-field
cage to test whether gravid Ae. albopictus seek oviposition sites in response to the presence,
species, and density of either conspecific or heterospecific Ae. aegypti larvae in the aquatic
habitat. We conducted our study in Medellín, Colombia, where Ae. aegypti is a long-term
resident and Ae. albopictus is a recent invader.

Results:
In open field and semi-field cage experiments, gravid Ae. albopictus showed strong preference
for ovitraps with larvae over those without. They consistently preferred ovitraps with higher

*

Presented with minor modifications from the originally published article: Shragai, Talya, et al. "Oviposition site
attraction of Aedes albopictus to sites with conspecific and heterospecific larvae during an ongoing invasion in
Medellín, Colombia." Parasites & vectors 12.1 (2019): 1-10.
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density conspecific (Ae. albopictus) larvae and low density heterospecific (Ae. aegypti) larvae
over traps with no larvae or high density heterospecific (Ae. aegypti) larvae. In the semi-field
cage experiment, traps with low density Ae. albopictus were not preferred more or less than any
other trap, but in the open field experiment they were preferred over traps without larvae.

Conclusions:
We demonstrate, through open field and semi-field cage experiments, that Ae. albopictus are
more attracted to oviposition sites with larvae and that the combination of species and density of
larvae influence attraction. This demonstrated preference could increase interspecific larval
competition as Ae. albopictus actively seek containers with conspecific and heterospecific larvae.
Any resulting competition with Ae. aegypti may favor one species over the other and alter the
distribution or abundance of both. Because these species vary in vectorial capacity and
insecticide resistance, effects of interspecific competition could ultimately impact arbovirus
transmission rates and the success of vector control efforts.

Introduction

Aedes aegypti and Aedes albopictus mosquitoes are two highly successful invasive
species that transmit the most important arboviruses impacting human health, including dengue,
yellow fever, Zika, and chikungunya. Aedes aegypti has spread throughout the global tropics,
while Ae. albopictus has colonized every continent except Antarctica (Kraemer et al. 2015b).
Aedes albopictus is currently invading Medellín, Colombia, where Ae. aegypti is wellestablished, and both species have recently begun to coexist in some urban regions of Medellin
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(Rúa-Uribe et al. 2011). Both Ae. albopictus and Ae. aegypti deposit their eggs above the water
line in natural and artificial containers, thrive in urban/peri-urban environments, and are readily
anthropophagic (Hawley 1988, Ponlawat and Harrington 2005). Their overlapping ecological
niches result in high encounter rates; interestingly, the results of these interactions vary. In some
cases, species overlap results in competitive replacement of Ae. aegypti by Ae. albopictus
(Juliano 1998, Lounibos 2002), while the reverse can also occur (Chan 1971), and at times these
two species stabilize and coexist (Juliano et al. 2004a).
The long-term outcome of co-occurrence on the distribution and abundance of each
species has significant public health impacts. Aedes aegypti and Ae. albopictus differ in their
feeding behavior (Thavara et al. 2001) and their ability to transmit pathogens and parasites
(Lounibos and Kramer 2016), meaning a shift in species abundance could alter the spread or
intensity of arboviral disease. Aedes aegypti and Ae. albopictus also vary in insecticide resistance
status (Ponlawat et al. 2005b), so efficient control strategies rely on understanding species
distribution. Increased clarification of the ecological drivers behind competitive dynamics will
enable more accurate predictions for the spread of these vectors, which will in turn allow for
better-informed disease mitigation.
There are many hypotheses for why coexistence versus competitive exclusion may occur
(Lounibos 2007a). Larval competition is the most cited and commonly tested theory, and almost
all studies agree that, when forced to share the same aquatic habitat, larval Ae. albopictus
outcompete Ae. aegypti (Juliano 1998), (Barrera 1996). However, because interspecific
encounters don’t always result in competitive exclusion of Ae. aegypti (Chan 1971, Juliano et al.
2004a), other determinants must be at play.
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One understudied factor in larval competition is the role of mosquito oviposition
behavior. In order for larval competition to favor Ae. albopictus over Ae. aegypti, the two species
must first deposit their eggs (oviposit) in the same containers. Mosquitoes do not choose
oviposition sites at random; rather, they respond to multimodal cues to select preferred habitat
(Harrington et al. 2008, Yee et al. 2010, Wasserberg et al. 2013, Davis et al. 2015). If Ae.
albopictus actively seek or avoid oviposition sites based on the presence or absence of Ae.
aegypti or Ae. albopictus larvae, this would increase or decrease the degree of competition.
However, experiments to date have mostly been lab-based (Allan and Kline 1998, Gonzalez et
al. 2016) or observational (Chan 1971, Braks et al. 2003a). There is one published open fieldbased study on how oviposition site preference can affect interspecific larval competition. This
study collected naturally occurring eggs in containers with water used to previously rear varying
levels of pre-existing conspecific and heterospecific larval density (Fader and Juliano 2014), and
found evidence that these factors can drive Ae. albopictus oviposition site usage. However, the
direction of this preference was unclear.
We conducted an experiment to test the hypothesis that Ae. albopictus oviposition site
attraction in Medellin, Colombia is driven by the presence, density, and species of either
conspecific or heterospecific Ae. aegypti larvae in the aquatic habitat. While lab experiments
control for environmental variability, they cannot always be extrapolated to the field, and while
observational studies and natural collections report on true conditions, their design makes it
difficult to pinpoint the ultimate cause of observed patterns. A combination of semi-field cage
trials conducted under natural environmental conditions and open field experiments with labreared cohorts of ovipositing females can maximize experimental control without losing real-
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world applicability. To this end we first tested this hypothesis in the open field using markrelease-recapture, and then replicated the experiment under semi-field cage conditions.

Methods

General methods

Study location

We conducted the semi-field cage experiment on the Universidad de Antioquia campus, 6° 16'
4.97", -75° 34' 7.91" and the open field experiment in Barrio Santa Cruz, Medellín, Antioquia,
Colombia, 6° 17' 44.42", -75° 33' 11.76" (Fig 1). Aedes aegypti has been established in both
neighborhoods over a long period of time while Ae. albopictus was first detected through
systematic city-wide ovitrap surveillance in Barrio Santa Cruz and in Barrio Universidad de
Antioquia in 2011 (Secretaria de Salud Medellín, unpublished data). During the month-long
semi-field cage study and the three month open field study, the average Medellín temperature
was 21.6℃ and the average rainfall was 119mm. Santa Cruz is a dense urban residential
community in the steep hills in the northeast of Medellin, with a population of 430 inhabitants
per hectare. The government of Medellin categorizes 96.6% of the Santa Cruz population as
socioeconomic status 2 and 3.4% as status 1 based on a ranking system of 1-6, with 1 being
lowest (MEDELLIN 2005). Most homes in Santa Cruz are open to the outdoors, without screens.
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Figure 1. Title: Map of field and semi-field cage sites. Legend: Map of Medellin with close up
satelite imagrey showing the location of the field site (top) and semi-field cage site (bottom).

Container survey and selection of release houses

For this experiment to reflect accurate field conditions and to select release houses that were
already positive for both species, we first surveyed naturally occurring larvae in Santa Cruz and
determined the locations of oviposition sites. Although both can thrive indoors and outdoors, Ae.
aegypti preferentially rest, feed, mate, and oviposit inside (Christophers 1960b) while Ae.
albopictus tend to be exophagic and exophilic (Hawley 1988). Different cities have very
different degrees of access to indoor/outdoor habitat and availability of indoor/outdoor
oviposition sites, and this largely determines if larval habitat is located inside or outside the
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house, as in Moore et al (Moore et al. 1978). After obtaining permission from homeowners
through door-to-door interviews, trained field personnel surveyed the indoor and outdoor areas
of each house. Teams identified all water-holding containers suitable for larval development
(defined by ability to hold at least 2 ml of water and residents reported that they did not regularly
clean and change the water) and recorded container location (indoor or outdoor) and presence or
absence of mosquito larvae/pupae. Larval/pupal collection and species identification was as
described in Shragai et al. (Shragai and Harrington 2019).
We conducted the experimental release studies at three houses within Santa Cruz that
were selected based on the following criteria: 1) full consent of the homeowner(s) was given, 2)
each contained outdoor space on the property, and 3) each was found to have natural populations
of both Ae. aegypti and Ae. albopictus, detected both as larvae and adults. Before each release,
each home and all adjacent homes were thoroughly cleared of any potential oviposition sites.

Permissions and safety considerations

All experimental procedures were approved by the Secretaría de Salud, Alcaldía de Medellín
(Medellín Secretary of Health) and reviewed and determined exempt by Cornell University’s
Institutional Review Board (IRB). After obtaining approvals, we explained the project and
obtained consent from residents in the study community. Mark-release-recapture studies for
Aedes mosquitoes generally remove more mosquitoes from the environment than are released,
decreasing the overall risk of disease transmission (Benedict et al. 2018). However, numerous
safety measures were taken to further minimize human risk. We explained and provided written
documentation of all experimental procedures to participating residents and provided information
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about how to decrease Aedes larval habitat, minimize biting risk, and recognize the symptoms of
dengue, Zika, and chikungunya. Residents could end their participation in the project at any time.
In addition, we committed to halting all experiments if there was a reported arboviral case in the
neighborhood. Residents were further provided with mosquito repellent (OFF 30%, SC Johnson,
Racine, WI) and an electric insect racket (Black Flag, Madison, WI). All participating residences
were thoroughly checked and cleared of any water-holding container that could serve as larval
habitat.

Mosquitoes and oviposition traps preparation

Aedes albopictus used in the study were low generation (F6-F8) adults from a colony established
with field-collected larvae in Medellin, Antioquia, Colombia. Aedes aegypti used in the ovitraps
were similar low generation (F6-F8) Wolbachia negative larvae from a colony established from
Acacías, Meta, Colombia. These were known to be Wolbachia negative because no Wolbachia
releases have been conducted in Meta, Colombia. We did not release Aedes aegypti in this study.
All mosquitoes were hatched and reared as described previously (Alfonso-Parra et al.
(2016). Released females were offered a blood meal (from TS) on days five and six posteclosion, and all visibly engorged females were transferred to a separate cage provided with
water, 10% sucrose ad libitum, and a daily human blood meal for five days until fully gravid.
One day post hatch and four days pre-release, first instar larvae were placed in the
experimental ovitraps. The ovitraps were filled with 3.7 L of tap water at least 24 h prior to the
addition of larvae to allow chlorine to dissipate. Experimental ovitraps contained two ground
Hikari Gold Cichlid food pellets (mean weight = 3.56 g/pellet) (Hikari, Himeju, Japan) and one
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of two levels of larval density low density (20 larvae, density = 1larva per 185ml) or high density
(100 larvae, density =1 larva per 37 ml) of Ae. aegypti or Ae. albopictus. This nutrition level was
chosen to be in surplus for both density treatments in order to equalize larval development rates
and isolate preference based on signals received from healthy, non-stressed larvae.

Trap design and experimental conditions

Gravid females were recaptured using modified sticky ovitraps (Fig. 2c). Ovitraps were
constructed from 11.4 L black plastic buckets. The buckets were covered with mesh to ensure
that no mosquitoes could escape if they eclosed in the trap and to prevent any mosquitoes from
successfully laying eggs in the traps and potentially affecting semiochemicals in the oviposition
water. A 1.9 L clear plastic food storage container with a 7.6 cm hole cut into the center bottom
was fitted upside down on top of the bucket, and the sides of the plastic container were lined
with clear plastic sheeting coated in Tangle Trap (Scotts Miracle-Gro, Marysville, OH). A 0.4 L
black plastic cup with the bottom removed was fitted into the hole in the clear plastic container.
Each experimental block included four ovitraps representing each larval density/ species
combination and two control ovitraps that contained water and fish food but no larvae.

Open field experiment
To test if Ae. albopictus attraction to oviposition sites is driven by the presence, density, and
species of either conspecific or heterospecific Ae. aegypti larvae in an open field environment,
we conducted a series of mark-release-recaptures using sticky ovitraps seeded with varying
densities and species of larvae.
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Mark-release-recapture

We marked mosquitoes on the day of release with DayGlo (DayGlo Color, Cleveland, OH)
fluorescent dust following the methods of Edman et al. (Edman et al. 1998), and Harrington et al.
(Harrington et al. 2005b), and others (Fig. 2). This method does not affect the fitness of the
mosquitoes; most mosquitoes are marked for life (Harrington, unpublished data). We used a
different color dust for each release site to quickly differentiate location of origin.
We conducted eight rounds of releases between 12 June and 8 August 2018. Mosquitoes
were transferred to 473ml plastic cups for transportation to the release sites. Gravid females were
released in the late afternoon (3pm-5pm), adjacent to ovitraps. Between 25 and 45 females were
released in each of three houses in each round as described above.
Gravid females were recaptured using the sticky ovitraps described in the general
methods, using the same experimental species and density conditions. Based on the results from
the container survey, ovitraps were placed in the backyard of each release house in the location
best representing natural Ae. albopictus larval habitat in urban residential Medellín. Ovitraps
were checked every 24 hours for four days starting 24 hours after release. All captured
mosquitoes were examined in the field to record species, sex, and presence/absence of
fluorescent dust, and mosquitoes were then removed and discarded.

Semi-field cage experiment
To test if Ae. albopictus attraction to oviposition sites is driven by the presence, density, and
species of either conspecific or heterospecific Ae. aegypti larvae under more highly controlled
conditions, we replicated our open field experiment in a semi-field cage.
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Semi-field cage

The semi-field cage consisted of a 3.0 × 4.5 × 1.9 m (w × l × h) tent cage (Fig. 2a) made of white
PVC coated polyester mesh, reinforced at angles and seams with white canvas tarp and
supported by an aluminum frame. The cage was accessed using a front zipper door. The floor of
the cage was made of white plastic for easy visualization of mosquitoes. The cage was placed
under full tree cover to protect it from direct sunlight. The following items were placed inside the
cage to provide refugia for mosquitoes (Fig. 2b and c): two potted plants (Beaucarnea sp., and
Hibiscus sp.), four dry plastic buckets resting sideways, and a black cloth. Plants were watered as
needed and leaves were misted daily to provide drinking water for released mosquitoes.
Ovitraps were placed in a circle around the center of the semi-field cage. The order of
ovitraps was kept the same throughout the experiment, but the position was rotated one place
clockwise between each replicate to identify any positional bias.
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Figure 2. Title: Set-up of the semi-field cage. Legend: 2 a) Field cage exterior b) Field cage
interior, showing close-up view of buckets with cloth c) Field cage interior, showing placement
of ovitraps and resting sites: buckets with cloth and plants

Release-recapture

We conducted four different releases between 19 January and 19 February 2019. Females were
released in the afternoon (1pm-4pm), in the center of the semi-field cage. Between 22 and 62
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females were released in each replicate. Mosquitoes that did not voluntarily fly from their
container when the lid was opened and the side tapped were transported back to the laboratory
and were not counted in the total number released. A point temperature reading both inside and
outside the semi-field cage was taken when the mosquitoes were released and on each recapture
day to ensure that temperatures inside the cage accurately reflected environmental conditions.
Ovitraps were checked every 24 hr for two days starting 24 hr after release. All captured
mosquitoes were removed and discarded. Any remaining uncaptured mosquitoes were killed
with an electric racket at the end of each replicate (Black Flag, Madison, WI).

Data analysis

The open field data and semi-field cage data were analyzed individually using separate models.
For both, we used a generalized linear mixed model using Poisson distributions to analyze the
effects of ovitrap treatment on Ae. albopictus recapture. Date of release and ovitrap ID were
included as random factors and for the open field experiment, house of release was included as a
blocking factor. The number of Ae. albopictus recaptured over the experiment was used as the
dependent variable, and four forms of fixed effects structures were used: larvae/no larvae,
species, density, and each of the five species-density combinations. For our response variable,
the number recaptured for all days in each trap of each release replicate was totaled. Further
pairwise analysis was conducted by calculating the estimated marginal means and performing all
pairwise comparisons. All analysis was conducted in R (R Core Team, Version 3.5.2), using the
lme4 and emmeans packages (30, 31).
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Although we collected wild, non-marked Ae. albopictus in the open field study, we did
not include an analysis of these mosquitoes because the sample size (35 total) was too low to
detect statistical differences.

Results

Open field experiment

Container survey

Only 9.68% of houses surveyed had at least one positive container (Table 1). Overall, 83.17% of
305 containers surveyed were negative and 16.83% were positive. 72.55% of the positive
containers were positive for Ae. aegypti alone, 19.61% were positive for Ae. aegypti and Ae.
albopictus, and 7.84% were positive for Ae. albopictus alone. Almost all containers identified in
the survey, including those both positive and negative for larvae, were located indoors.

Table 1 Title: Container survey results. Table shows containers and houses negative and positive
for Ae. aegypti and Ae. albopictus. Results are divided into containers and houses with containers
located indoors and outdoors.

Containers Surveyed

Indoors
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Houses Surveyed

Positive, Ae. aegypti 8

2

Positive, Ae. albopictus 0

0

Positive, Ae. aegypti & albopictus 0

0

Negative 19

370

Total 27

372

Outdoors
Positive, Ae. aegypti 29
Positive, Ae. albopictus 4
Positive, Ae. aegypti & albopictus 10

Total

28
2
4

Negative 233

338

Total 276

372

303

372

Mark-release-recapture

The overall recapture rate was 12.85% and total number recaptured was 115, which are numbers
consistent with or higher than other studies using similar trapping methods (Maciel-De-Freitas et
al. 2007, Marini et al. 2010). The number of marked Ae. albopictus recaptured in oviposition
containers was affected by the presence of larvae in the ovitraps with significantly more Ae.
albopictus recaptured in traps with larvae of either species than in traps with no larvae (P <
0.0001, SE = 0.357). Significantly more Ae. albopictus were recaptured in traps with Ae.
albopictus larvae at high densities (p=0.0006, SE = 0.0806) and in containers with Ae. aegypti
larvae at low density (P =0.0014, SE = 0.0875) than in the no larvae control traps (Fig. 3). The
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number of Ae. albopictus recaptured in traps with high density Ae. aegypti was not significantly
different than traps with any species/density combination (low density Ae. aegypti: P =0.686, SE
= 0.608, low density Ae. albopictus: P =0.594, SE = 0.578) nor than the control traps (P =0.156,
SE = 0.082) (Fig. 3). The number recaptured in ovitraps with low density Ae. albopictus was
significantly higher than in the traps with no mosquito larvae (P =0.0008, SE = 0.082) (Fig. 3).
All other variables were non-significant.

Figure 3. Title: Results of open field experiment showing marked-released-recaptured Ae.
albopictus. Legend: Mean recapture rates per day ± 95% confidence intervals are reverse
transformed from the estimated marginal means of our Poisson distributed generalized mixed
model. Significantly different treatments are indicated by letters. More Ae. albopictus were
recaptured in traps with 100 Ae. albopictus, 20 Ae. aegypti, and 20 Ae. albopictus than in traps
with no larvae (p=0.0006, SE = 0.0806, P =0.0014, SE = 0.0875, P =0.0008, SE = 0.082). The
number of Ae. albopictus recaptured in traps with 100 Ae. aegypti was not significantly different
than traps with any species/density combination or the control traps.
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Semi-field cage experiment

We recaptured a total of 117 females, for a recapture rate of 78.52%. The number of Ae.
albopictus recaptured in oviposition containers was affected by the presence of larvae in the
ovitraps (P =0.0260, SE = 0.403). Just as in the open field experiment, significantly more Ae.
albopictus were recaptured in containers with Ae. albopictus at high densities (p=0.0349, SE =
0.127) and in containers with Ae. aegypti larvae at low densities (P =0.0161, SE = 0.115) than in
the control traps with no larvae (Fig. 4). Again, the number of Ae. albopictus recaptured in traps
with high density Ae. aegypti was not significantly different than in traps with any
species/density combination (low density Ae. aegypti: P =0.186, SE = 0.168, low density Ae.
albopictus: P =0.982, SE = 0.384, high density Ae. albopictus: p=0.282, SE=0.187) or than in
the control traps (P =0.986, SE = 0.365) (Fig. 4). In this experiment, the number recaptured in
the trap with low density Ae. albopictus was also not significantly different than in the control (P
=0.775, SE = 0.267) or the preferred traps (high density Ae. albopictus: P =0.598, SE = 0.871,
low density Ae. aegypti: p=0.453, SE = 0.954) (Fig. 4). All other variables were non-significant.
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Figure 4. Title: Results of semi-field experiment showing released-recaptured Ae. albopictus.
Legend: Mean recapture rates per day ± 95% confidence intervals are reverse transformed from
the estimated marginal means of our Poisson distributed generalized mixed model. Significantly
different treatments are indicated by letters. More Ae. albopictus were recaptured in traps with
100 Ae. albopictus and 20 Ae. aegypti than in traps with no larvae (p=0.0349, SE = 0.127, P
=0.0161, SE = 0.115). The number of Ae. albopictus recaptured in traps with 100 Ae. aegypti
and 20 Ae. albopictus was not significantly different than traps with any species/density
combination or the control traps.

Discussion
This study addresses female Ae. albopictus oviposition choices that may lead to larval
competition with Ae. aegypti. We tested attraction to ovitraps containing either conspecific
larvae or heterospecific Ae. aegypti larvae at two levels of density in both the open field and a
semi-field cage. We showed that Ae. albopictus preferentially seek oviposition sites that contain
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larvae over those that do not, and that the combination of species and density of larvae in the
container influenced oviposition site choice; those with high densities of conspecific larvae or
low densities of heterospecific larvae were most attractive. Our results support previous
laboratory studies and show that this behavior is relevant in the field.
Our semi-field cage and open field experiments demonstrate that Ae. albopictus
preferentially seek oviposition sites that contain larvae over those that do not. These results are
corroborated by previous laboratory studies demonstrating that Ae. albopictus preferentially
oviposit in sites that already contain larvae (Gubler 1971, Yap et al. 1995, Allan and Kline 1998,
Yoshioka et al. 2012). This attraction is thought to be because the presence of conspecific larvae
can indicate high quality habitat; in Ae. aegypti it has been hypothesized to signal adequate food
and infrequent desiccation (Wong et al. 2011). We chose to use a consistent initial amount of
larval nutrition (mean weight = 3.56 g per trap) rather than a set amount per larvae in the trap,
which means that over the course of each replicate the nutrition was differentially depleted by
larvae in each experimental treatment. However, if oviposition attraction was solely based on
nutrient levels, we would expect the treatments with more larvae to be less attractive. We did not
see this effect, further supporting our conclusion that presence of larvae themselves are
producing cues that influence gravid female oviposition site selection.
We recaptured more gravid Ae. albopictus females in ovitraps with 100 Ae. albopictus
than in traps with no larvae in both the open field experiment and the semi-field cage
experiment., Mosquitoes should seek oviposition sites that optimize offspring fitness, which is a
balance between ensuring sufficient resources and minimizing detrimental competition.
Although conspecific larvae can signal sight productivity, very high larval density lengthens
development time and decreases adult mosquito size, thereby reducing fitness (Yoshioka et al.
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2012). Therefore, attraction to conspecific larvae has been theorized to be hump-shaped density
dependent, with attraction increasing with greater numbers of larvae until a critical maximum,
after which density is too high, and attraction declines. In an open field study of Ae. albopictus
oviposition site preference based on just conspecific larvae, preference increases with increasing
numbers of larvae in the container until 130 larvae/0.37 L water, and decreased if larval density
was greater (Wasserberg et al. 2014). This result is consistent with our findings that 100
conspecific larvae / 3.7 L, a density level well before the critical maximum, was more attractive
to Ae. albopictus adults than containers with no larvae.
More Ae. albopictus were recaptured in traps with 20 Ae. aegypti than with no larvae, but
Ae. albopictus showed no preference for containers with 100 Ae. aegypti compared to larvae-free
containers. There is an overlap in preferred larval environment for Ae. aegypti and Ae.
albopictus, so the presence of heterospecific larvae may still be used to detect high quality
habitat, as is the case in other mosquito systems (McDaniel et al. 1979, Maire and Langis 1985,
Zahiri et al. 1997). We suggest that, while heterospecific larvae may be attractive, the density
tolerance threshold might be lower and dependent on existing resource levels. In our study, it
may be that the combination of low numbers of heterospecific larvae with high resource surplus
was attractive, but they had an intermediary preference towards containers with a greater number
of Ae. aegypti larvae and a lesser surplus of nutrients. However, the results from previous studies
are sparse and inconsistent. One laboratory study showed that Ae. albopictus prefers to oviposit
in water used to rear Ae. aegypti (Allan and Kline 1998). A field study found that Ae. albopictus
preferred water that had never contained larvae over water used to rear Ae. aegypti under nonstressful nutrient conditions (Fader and Juliano 2014). Another laboratory study (Gonzalez et al.
2016) found no attraction to “low” and “mid” (10 or 100 larvae/60ml water) densities of Ae.
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aegypti larvae and strong preferential oviposition to “high” (500 larvae/60ml water) densities
compared to an ovicup with no larvae, but mid and high densities in this paper are far above
those observed in the field.
The stark contrast between these three studies may be due to their methodological
differences or to genetic variation between strains used. Each of these protocols varied in the
larval densities tested, the use of water containing larvae versus strained larval rearing water, and
if they were conducted in the laboratory versus in the field. It is also of note that all the previous
studies used sieved water previously used for rearing larvae or placed washed larvae in clean
water, which also contrasts with our methodology. Alternatively, the different results could be
due to genetic variation between the mosquito strains. These species can undergo rapid local
adaptation, and strain variation has been shown to be responsible for behavioral differences such
as escape response to pesticides [40, 41], mating behavior [42, 43], and larval alarm reactions
[44]. Furthermore, the interspecific competitive ability of Ae. aegypti against Ae. albopictus at
the adult stage has been shown to vary by location. Strains of Ae. aegypti with previous exposure
to Ae. albopictus are less susceptible to satyrization than those with minimal interspecific
exposure [45]. It may be that susceptibility to larval competition varies by strain as well, which
could consequently impact oviposition choice by strain. Future research could test a range of
mosquito strains, and vary larval densities and resource levels to pinpoint their respective effects
on oviposition preference.
It is unclear why there was a significant preference for traps containing 20 Ae. albopictus
over the traps with no larvae in the open field experiment, but no significant preference for or
against this treatment in the semi-field cage experiment. If our results were to support the theory
that attraction to conspecific larvae increases as the density increases until 130 larvae/.37 L, we
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would expect our 100 Ae. albopictus treatment to be most attractive, our 20 Ae. albopictus
treatment to be intermediately attractive, and our control to be least attractive. This was, in fact,
the case in the semi-field cage, but not in the open field. This may be because other
environmental cues were present in the open field setting, or because of an undetected effect of
the bucket used.
The highly significant preference for containers with larvae with our sample size
indicates that this preference is strong, and the similarity of the open field and semi-field cage
findings further corroborate our conclusions. Our results contradict one previous field study
which found an idiosyncratic preference of Ae. albopictus for ovicups with con- and heterospecific larvae (Fader and Juliano 2014). This discrepancy may be due to methodological
variation. While we used 5-day old larvae in the ovitraps, they raised mosquitoes to eclosion and
used sieved rearing water. These approaches reflect equally appropriate but different field
conditions. Furthermore, their experimental containers were open-air, and they used total eggs
laid as their response. Attraction to semiochemicals by mosquitoes often occurs over longdistances, but any gustatory or tactile oviposition cues require contact with the water [46, 47].
Our ovitrap design did not permit females to touch water, and so our results only reflect
preference for cues detected at a range. Further experimentation should compare these cues and
their effect on active oviposition.
Aedes aegypti were not released in this study. The World Mosquito Program is currently
releasing Wolbachia-positive Ae. aegypti in Medellin and maintains a proprietary right on these
mosquitoes. In order to conduct field trials with Ae. aegypti, researchers must use Medellinorigin Ae. aegypti that are confirmed negative for Wolbachia, and we were unable to create a
compliant laboratory colony within our time frame.
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Conclusions
The invasion of Medellin, Colombia by Ae. albopictus is a recent and ongoing phenomenon. Any
resulting competition with Ae. aegypti could preferentially favor one species over the other and
alter the distribution or abundance of both species. This in turn could have implications on the
spread of arboviral disease. Medellin is still predominantly inhabited by Ae. aegypti, and larval
populations are low enough that that ovipositing females can select between containers with or
without other larvae. Because oviposition site-seeking Ae. albopictus actively are attracted to
those with both conspecific and heterospecific mosquitoes, larval competition should be
exacerbated as Ae. albopictus continues to invade. Further studies are needed to understand the
impact of interspecific larval competition on the fitness of both species and to understand in
more detail how ecological context modifies the outcome of oviposition behavior and
interspecific competition.
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CHAPTER 5
ON THE EDGE OF UNCERTAINTY: HOW INVASIVE AEDES ALBOPICTUS MOSQUITOES RESPOND TO
VARIABLE TEMPERATURE CUES UNDER TRADITIONAL DIAPAUSE CONDITIONS.*

Summary
The mosquito Aedes albopictus is the world’s most widespread and rapidly invading vector
species. Just 30 years since a single introduction in Texas, it has exploded across the United
States. Currently, southern New York represents a northern boundary of their US range.
Temperate Ae. albopictus overwinter through egg diapause; adult females lay diapausing eggs
primarily in response to decreasing photoperiod and supported by decreasing temperatures.
Laboratory studies have shown that beyond a threshold photoperiod, diapause incidence rapidly
reaches 100%. This photoperiod has adapted along a large-scale latitudinal cline, with more
northern populations entering diapause earlier in the season. However, diapause is poorly
characterized in the field and across finer-scale geographic ranges. We first tested the hypothesis
that diapause phenology in the field would vary between proximate cities in southern New York
based on each site’s local microclimate. We collected from ovitraps weekly between August and
November and tested the percent of each collection in diapause. We found as photoperiod
decreased, diapause incidence increased. However, rather than rapidly reach 100% in the fall as
expected, diapause incidence never reached 100% and fluctuated up and down in correlation
with temperature; diapause incidence increased as mean temperatures at a two-week lag
decreased.

*
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We then followed up our field test with a laboratory experiment where we reared Ae.
albopictus originating from our field sites at a range of temperatures and photoperiods and tested
for diapause incidence. For comparison, we also tested two more southern US populations: one
from Raleigh North Carolina, near the middle of their US range, and one from Gainesville,
Florida, near the south of their US range and in a location where diapause has been shown to be
reduced. The results for the New York population corroborated our results from the field:
diapause was below 100% at a photoperiod representing early November, and diapause was
lower at higher temperatures across multiple photoperiods. In contrast to the New York
population, the population from North Carolina did not response to temperature under as many
photoperiod conditions and showed a directionally inconsistent response to temperature, and the
population from Florida showed no response to temperature. Finally, we tested diapause
response of individual mosquitoes at a single photoperiod and found that all populations
exhibited high individual variation. These results suggest that Ae. albopictus in this region at the
edge of its US range are not taking a traditional diapause response and are responding to multiple
environmental cues. They also show that for all populations tested, diapause is a trait with high
individual variation which could enable rapid adaptation. While the mechanisms driving our
observed response are still unknown, this knowledge is critical for understanding current
transmission risk, to model future Ae. albopictus invasions, and to predict population dynamics
under a changing climate.

Introduction.
Invasive mosquitoes pose one of the world’s fastest-growing public health challenges. In
particular, the burden of arboviruses transmitted primarily by invasive Aedes mosquitoes is
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increasing at an unprecedented rate. Dengue is the world’s most rapidly spreading mosquitoborne disease, infecting an estimated 390 million people yearly (Guzman and Harris 2015), and
in the past decade Zika and Chikungunya each swept across entire continents in the space of a
single year (Shragai et al. 2017). Because there are no widespread, commercially available
vaccines or targeted treatments for most of these infections, our primary method of reducing
human illness due to these arboviruses continues to be mosquito control.
Successful control is contingent on a thorough biological understanding of the
mosquitoes themselves and how they interact with their environment. Unfortunately, we face
large knowledge gaps of basic mosquito ecology (Shragai et al. 2017). Much of our data is
outdated, extrapolated from laboratory studies on single populations, or both. This issue is
further complicated for invasive species because they are highly prone to adaptation and genetic
intermixing (Prentis et al. 2008). The world has changed substantially in the past decades and
invasive mosquitoes have colonized new territory across the world, but there is little work done
to understand how they have changed in response.
This is particularly true for the invasive Asian tiger mosquito, Aedes albopictus. This
mosquito is one of the world’s most successful invasive species, and its expansion is still
ongoing (Kraemer et al. 2015). Aedes albopictus is of particular concern because it is an
important vector species responsible for transmitting dengue, Zika, and Chikungunya worldwide
(Bonizzoni et al. 2013). It is also competent for more than 20 viruses in the laboratory, making it
a putative vector of emerging pathogens (Bonizzoni et al. 2013). This mosquito thrives in both
tropical and temperate environments and displays great plasticity in habitat, host preference, and
behavior (Hawley 1988) meaning its global range is enormous. Aedes albopictus is native to
eastern Asia but in the 1980’s, populations established in Brazil and Texas, followed by Italy in
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the 1990s (Bonizzoni et al. 2013). Since the 1990s, its range has rapidly expanded across Europe,
South America, and eastern North America. This mosquito is now represented on every
continent except Antarctica (Kraemer et al. 2015). In the United States Ae. albopictus’ northern
boundary runs through southern New York and Connecticut; further northern expansion is
limited by cold winter temperatures. There is evidence that this species has adapted to
environments beyond those encountered within its native range, because native niche distribution
models fail to predict entire regions where it has established (Medley 2010). However, the
mechanisms by which Ae. albopictus is thriving in novel environments remain unclear and, for
the most part, untested.
One trait for Ae. albopictus that has adapted post-invasion is the over-winter diapause
response (Denlinger and Armbruster 2014, Armbruster 2016). Temperate populations of Ae.
albopictus survive winter through facultative egg diapause (Hawley 1988). Diapausing eggs are
laid in late summer/autumn with increased tolerance to cold and desiccation and will resist
hatching stimuli until the spring (Denlinger and Armbruster 2014). Cues to lay diapause eggs are
experienced by adult females; when daylight reaches a critical photoperiod in the transition from
summer to fall, females are triggered to switch into diapause (Hawley 1988, Focks et al. 1994,
Lacour et al. 2015). Diapause incidence is zero early in the season, and quickly rises to 100%
centered on a critical photoperiod - the point at which diapause incidence is 50% - in autumn.
Judging the timing and incidence of diapause is a delicate act; going into diapause earlier than
necessary means forgoing additional generations, while entering diapause too late risks offspring
mortality. Substantial work has shown that the critical photoperiod that signals diapause has
rapidly adapted across Ae. albopictus’ invasive US range, evolving to enter diapause earlier at
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more northern latitudes (Focks et al. 1994, Urbanski et al. 2012). This adaptation is, in fact, still
ongoing (Armbruster et al., in prep).
However, diapause is not only cued by photoperiod. Integrating as much environmental
information as possible can be adaptive in order to pinpoint the diapause phenology with the
greatest fitness benefit, and other environmental cues such as nutrition and temperature have
been shown to modulate the response to photoperiod (Pumpuni et al. 1992, Jia et al. 2016).
Primarily relying on predictive cues such as photoperiod and adjusting based on immediate
environmental cues like temperature to make phenological decisions is common for other
diapausing mosquitoes (Anderson 1968, Parker 1986, Denlinger and Armbruster 2014), in other
insect systems (Hoy 1975, Spieth and Sauer 1991), and in other seasonal organisms such as birds
(Meijer et al. 1999, Visser et al. 2009). This phenological strategy allows species to respond to
adverse climate well in advance of its arrival and then fine tune timing to local, year-specific
conditions in order to maximize their fitness (Visser et al. 2010).
Despite the widespread importance of environmental cues other than photoperiod in a
wide variety of systems, only one study from the early 1990s has examined these effects in Ae.
albopictus (Pumpuni et al. 1992) and no study has examined their role in the field. Furthermore,
all but two studies (Lacour et al. 2015, Xia et al. 2018) on Ae. albopictus diapause have
determined incidence and critical photoperiod in the laboratory setting, no study has tested
populations along the edge of their invasive natural range, and the last published range-wide test
of diapause incidence in the laboratory was conducted more than ten years ago (Urbanski et al.
2012). Characterizing diapause in the field and including environmental predictors other than
photoperiod, particularly along the edge of their range, is critical for understanding how these
species are responding to their environments and to predict and prevent further expansion.
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We tested diapause incidence in the field for an edge population of Ae. albopictus along
the northern boundary of their US range in New York with concurrent microclimate measures at
our test sites. Based on published laboratory tests of diapause entry for Ae. albopictus in the
United States, we expected to see diapause incidence increase as photoperiod decreased; we
predicted that diapause would be at 50% in mid-August (late summer) and reach 100% by midSeptember (early autumn). Instead, we found that diapause incidence remained well below 100%
until the end of October and fluctuated up and down in response to mean temperature. We then
tested diapause response for New York Ae. albopictus in the laboratory at five temperatures and
four photoperiods. For comparison, we included two additional Ae. albopictus populations from
1) Raleigh, North Carolina, near the middle of their eastern US range, and 2) Gainesville,
Florida, a location from the far south of their eastern US range where diapause incidence has
been shown to be reduced. We found that for the New York population, diapause incidence
depended on both temperature and photoperiod in a direction consistent with our field results.
For the North Carolina population, temperature affected the diapause response, but under fewer
photoperiod treatments and with a direction of response that was less consistent. In the Florida
population, diapause incidence was reduced with no observed response to temperature.

Materials and Methods.
Field Experiment
Site and house selection
Sites were the same nine New York sites used for the 2016-2017 container survey (Table 1) in
Shragai and Harrington (2018) (Chapter 3 above) – for more detail on site selection, refer to the
rationale described there. All sites were classified as suburban residential.
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Table 1. Site names and county location with coordinates of the center point of each site.
County

Site Name

Latitude

Longitude

Westchester New Rochelle

40.935451

-73.795301

Westchester Yonkers

40.915673

-73.892031

Westchester Harrison- Mamaroneck

40.965723 -73.7336568

Rockland

Pearl River

41.066629

-74.019048

Rockland

Spring Valley

41.1117029

-74.038123

Rockland

Orangeburg-Tappan

41.0306169 -73.9331019

Suffolk

Babylon

40.693429

-73.341008

Suffolk

Central Islip

40.782639

-73.182891

Suffolk

Smithtown

40.8481804 -73.1985357

We selected houses from addresses sampled by Shragai and Harrington (2018) (Chapter 3 above)
that were confirmed positive for the presence of immature Ae. albopictus and that were at least
150 m apart. Positive addresses were approached in each site starting from those with the highest
number of positive containers. If permission was not obtained or if the two houses were less than
150 m apart, the address with the next highest number of positive containers was approached.
We incentivized homeowners to participate through offer of a gift card to be put towards
supplies for mosquito control and personal protection. Homeowners received all information
about the study and a statement ensuring their privacy – only site center point coordinates are
shown here.
Egg collection
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A modified solid black 7.57 L plastic container (U-line, Pleasant Prairie, WI, n=36) was used for
natural egg collection. We filled the bottom 2/3 full with tap water and eight fish food pellets
(Hikari Himeji, Japan). We drilled holes above the water line to prevent flooding. White nonperforated paper towel (Uline, Pleasant Prairie, WI) was attached to inner top 1/3 of the bucket
with three hair jaw clips (Conair, Stamford, CT) to serve as the oviposition substrate. We placed
traps beneath shading or cover to prevent further entry of organic material or water. Each ovitrap
was fitted with a data logger, either an iButton (Maxim Integrated, San Jose, CA) or a Hoboware
(Onset, Bourne, MA), placed on the top inside of the bucket and set to record temperature every
30 min. Two ovitraps were placed per yard, one on shaded vegetation and a second on shaded
pavement. All ovitraps were assigned and labeled with a unique identification code (e.g. Spring
Valley – 50 Cherry – Trap #1) and photographed. The location was recorded with the global
positioning system data recorded automatically with the photograph.
We conducted the experiment over two years, deploying ovitraps between August 25th and
October 29th, 2017 and August 20th and October 29th, 2018. In both years, no collection was
conducted the week of October 22nd. Traps were placed, collected, and reset with fresh
oviposition paper, and water replenished with eight pellets of crushed fish food diet on a weekly
basis. After collection, oviposition papers were packed in plastic bags and shipped to our
Cornell laboratory where they were dried and stored under high humidity.
Diapause assay
We first counted all viable, hatched, and visibly desiccated eggs on each oviposition paper. To
test if eggs were in diapause, all oviposition papers were hatched under a vacuum twice as
described previously Alfonso-Parra et al. (2014). To further maximize hatching of non-
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diapausing eggs, oviposition papers were maintained in water for 48 hrs after vacuum hatching.
The total number of hatched larvae was counted after each hatching event. Larvae were then
reared to eclosion and the number of Ae. albopictus adults were counted.
Data analysis
The number of eggs in diapause was calculated as the number of viable eggs on the
oviposition paper - the number of hatched Ae. albopictus. This is consistent with other diapause
studies for this species (Pumpuni et al. 1992, Focks et al. 1994). Other Aedes spp. eggs were
collected (Ae. triseriatus, Ae. japonicus), and only those hatches that resulted in at least 90% Ae.
albopictus were included in the analysis. Temperature was averaged between the two data
loggers at each house for each site.
The relationship between diapause incidence, week of the year, and temperature was
analyzed in R 3.6.1 (2019-07-05) with a generalized linear fixed effect model with a binomial
distribution using the lme4 package (Bates et al. 2014). We used week of the year leading up to
the collection day. We tested nine candidate models using three measures of temperature at three
lag periods. Our three temperature measures tested were: 1) mean minimum temperature, 2)
mean maximum temperature, 3) mean temperature. Our three time lags were one-week, twoweek, and three-week. We selected the model with using mean temperature two-weeks preceding
collection as the best fit model based on its AIC score. Our response variable was the number of
eggs determined to be in diapause weighted by the total number of viable-appearing eggs per
house on each collection date. Our fixed effects were the mean temperature at a two-week lag,
the week of the year, and the interactions of these terms. Week of the year was analyzed as a
categorical variable to enable pairwise comparisons between weeks. We included random effects
of site and year.
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Laboratory Experiment
Mosquitoes
We used four F2-F5 generation New York populations from our field sites for the laboratory
portion of this study, one F5-F7 generation population from Gainesville, Florida (29.6516, 82.3248), and one outbred F5-F8 generation population from eggs originally collected in Raleigh
(35.7796, -78.6382), Greenville (35.6127, -77.3664), and Greensboro (36.0726, -79.7920 ) North
Carolina. The New York populations were sourced from Central Islip, Smithtown, Babylon, and
Yonkers (see coordinates in Table 1). To create the New York strains, F0 eggs from each of the
two houses per site were collected over three different dates in 2018 and were hatched and reared
together for two successive generations. All mosquitoes were hatched and reared as described
above.
Experimental treatments
Each biological replicate was a collective hatch of one population. After hatching, 25-50 larvae
per population were reared and maintained in one of five temperature and humidity-controlled
incubators set at 17°C, 19°C, 21°, 24°C, and 28°C (+/- .5. °C) All had 85% (+/- 3%) humidity.
Temperature and humidity was monitored using Hobo Onset data loggers (Onset, Bourne, MA).
Experimental temperatures were selected to represent the range of mean temperatures observed
in our sites over the course of the field study (recorded from data loggers in microhabitats as
described above). Mid, late and peak diapause season experimental conditions as well as an
unambiguous short daylight condition were established as follows:
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1. mid-length daylight assay was set to 13L:11D photoperiod corresponding to the hours of
daylight in New York on September 3
2. short daylight assay was set to 10.5L:13.5D which corresponds to diapause conditions in
New York on November 2
3. long daylight assay was set to 14.5L:9.5D which corresponds to July 26 in New York
4. unambiguous short daylight assay was set to 8L:16D, which is the standard light cycle
used to induce diapause for Ae. albopictus in most published laboratory studies and is the
photoperiod that will induce 100% diapause for insect populations that are able to reach
100% diapause incidence.
For the unambiguous short-light assay, we tested each population at 19°C, 21°, 24°C, and
28°C and 85% humidity. The 17°C treatment was dropped from our analysis because females
held at that temperature failed to lay sufficient numbers of eggs for data analysis. Between
two and nine biological replicates were run for each population at each temperature and
photoperiod combination, with a replicate defined as a pool of mosquitoes from a single
population hatched and tested collectively under a light and temperature treatment. For the
purposes of this studies and due to equipment constraints, to logistical constraints, incubators
were maintained at the same temperature throughout the experiment and we could not
measure possible inter-incubator effects.
Diapause assay
For our mid-length daylight assay, adult females and their clutches were processed
individually, and for the late season, long daylight, and unambiguous short assays, adults and
their clutches were processed collectively per population. After eclosion all mosquitoes were
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given 7-10 d to mature and mate, followed by a human blood meal. For the mid-length daylight
assay, ten blood-fed females were then transferred to individual cups with an oviposition
substrate as in (Alfonso-Parra et al. 2014). For the short daylight, long daylight, and
unambiguous short daylight assays, mosquitoes were maintained collectively, and an oviposition
substrate was added to the container. Oviposition papers were checked each day starting three
days post-blood feeding. For the mid-length daylight assay, oviposition papers were dried and
stored. Individual adult females were frozen and discarded on the first day eggs were observed,
or she was removed from the study if she died before laying eggs. For short daylight, long
daylight, and unambiguous short daylight assays, oviposition papers were dried and stored, and
all adult mosquitoes were frozen and discarded three days after the first eggs were observed. The
number of viable, hatched, and visibly desiccated eggs on each oviposition paper were counted,
eggs were allowed to embryonate for 8-10 days, and then all oviposition papers were vacuum
hatched twice, with 72-hour dry period between each round of hatching. To further maximize
hatching of non-diapausing eggs, oviposition papers were maintained in water for 48 hours post
vacuum hatching. The total number of hatched larvae was counted after each hatch. After two
rounds of hatching, all eggs on all papers were dissected to identify if non-hatched eggs
contained viable larvae. All eggs not containing pharate larvae were counted and subtracted from
the total egg count.
Data analysis
The effect of our experimental treatments on diapause rate was analyzed as generalized
linear fixed effect models with a binomial distribution using the lme4 package (Bates et al. 2014)
and post-hoc pairwise comparisons were evaluated with the estimated marginal means using the
emmeans package (Lenth 2018). We analyzed each population individually for the following
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reasons: 1) there was insufficient data to combine New York, North Carolina, and Florida
populations of Ae. albopictus into a single model including all temperature and light treatments,
and 2) the photoperiods tested represent different points along the diapause entry curve for these
populations based on pre-existing local adaptation of critical photoperiod. The results of the
models for each state could then be compared.
For all models, our response variable was the number of larvae hatched minus the
number of eggs dissected not containing pharate larvae weighted by the total number of viable
eggs per treatment-replicate. We chose to use the number of hatched larvae minus dissected nonviable eggs as our response variable for two reasons. First, this measure more closely matches
our methods for the field experiment and allows for more direct comparison between the
laboratory and field results. Second, a small number of eggs were inevitably lost across two
rounds of vacuum hatching, and so measuring dissected pharate larvae could lead to an
underestimation of diapause. We believe that using hatched larvae is a less ambiguous measure
that is not as prone to egg loss and human error.
Our fixed effects were the temperature, the light cycle, the population, and the
interactions of these terms and we included an observation level random effect. For the model
analyzing the New York population, site was first included as a fixed effect. Because the fixed
effect of site was not significant, site was then included as a random effect. The random effect of
site was zero, so site was removed from the model. Light cycle and temperature were analyzed as
categorical variables. Treatments at 17°C failed to blood feed and lay eggs at sufficient rates to
include for analysis, so they were excluded from the model.
Because the mid-length daylight assay adults were processed individually, for the model
comparing all light cycles we aggregated the mid-length daylight individuals by replicate to
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standardize between treatments. We also analyzed the mid-length daylight assay as individuals in
a separate binomial generalized linear mixed model with a fixed effect of temperature and an
observation level random effect. All data were analyzed in R 3.6.1 (2019-07-05).
Results.
Field Experiment
Observed temperatures
Temperatures in the field varied between site, week, and year (Figure 1). Temperatures generally
decreased between the first weeks of collection, which was week 33 (beginning August 18th) in
2018 and week 35 (August 30th) in 2017, and the last week of collection on week 44 (October
28th). However, the decrease was not linear in either 2017 or 2018. In 2017 temperatures ranged
from 12.26°C on week 42 (October 14th) to 22.6°C on week 39 (September 23rd). The coldest
recorded temperature in 2018 was 5.61°C on week 43 (October 21st) and the hottest recorded
temperature was 26.0°C on week 33 (August 18th).
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Figure 1. Mean temperature by week for all sites. Each point represents the mean
temperature in the preceding seven days at a single home. Points are colored by residence.
Results from 2017 shown in the left panel and results from 2018 shown in the right panel.
Diapause incidence and diapause incidence models
Diapause incidence for four selected sites by week is presented in Figure 2 and main effect
model results are shown in Table 2. Diapause incidence rose between the first and fourth weeks
of collection, and then oscillated up and down, never fully reaching 100%. We collected eggs at
more than half of the traps until October 7th in both years – on this date, mean diapause incidence
was 48%. We collected eggs in at least one trap until our last collection date the week of October
29th where mean diapause incidence was 46%. Diapause was significantly predicted by
photoperiod, mean temperature at a two-week lag, and their interaction for all weeks except the
final two-weeks of sampling (See Table 2, Figures 2 and 3). There was a non-zero random effect
of site.
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Figure 2. Ae. albopictus diapause incidence by week in the field for all sites, data pooled for
both 2017 and 2018. Points represent a single week’s collection at one site, while boxplots
summarize the data for all sites from each week. Significantly different weeks are indicated
by letters.
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Figure 3. Field results: the relationship between mean temperature at a two-week lag and
proportion of field-collected Ae. albopictus eggs in diapause. Data for all sites is shown as
faded grey, while data for a single week’s collection at a selected site is indicated by the
points in bold color. Data is shown for the four sites with the strongest response to
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temperature: A) Babylon, B) Yonkers, C) Central Islip, and D) Smithtown with data from
2017 and 2018 pooled.

Table 2. Model results analyzing field data from 2017 and 2018 showing main effects.

Random effects:
Groups
Site
Year

Name

Variance

Std.Dev.

(Intercept)

0.09303

0.305

(Intercept)

0.03455

0.1859

Degrees of
Freedom

Standard Error

F-Value

p-value

9

2.597

135.018

< 0.0001

1

2.601

537.914

< 0.0001

9

2.585

64.813

< 0.0001

Number of obs:
130, groups:
Site, 9; Year, 2

Fixed Effects:
Week
Mean
temperature,
two-week lag
Week:Mean
temperature,
two-week lag

Laboratory Experiment
Diapause incidence models
For New York populations, full results of the pairwise comparisons between temperature
treatments at each photoperiod treatment are shown in Figure 4.
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Under the unambiguous short 8L:16D light cycle, diapause incidence was between 85%
and 100% with no effect of temperature.
Under the short 10.5L:13.5D light cycle, diapause incidence was higher at higher
temperatures. Diapause was higher at 19°C than 28°C (z= -2.152, SE=0.766, p=0.0314) and
21°C than 28°C (z= -2.114, SE=0.759, p=0.0345) and higher at 19°C than at 24°C (z= --2.505,
SE=0.756, p=0.0122) and 21°C than at 24°C (z= --2.468, SE=0.749, p=0.0136).
Under the mid-length 13L:11D light cycle, diapause incidence was higher at 19°C than at
24°C and marginally significantly higher at 19°C than at 28°C (z= -2.0003, SE=0.488, p=0.0402;
z= -2.007, SE=0.511, p=0.0527).
Under the long daylight 14.5L:9.5D cycle diapause was higher at 19°C than at 28°C,
21°C than at 28°C, and 24°C than at 28°C (z= -2.862, SE=0.836, p=0.0042; z= -2.533,
SE=0.884, p=0.0113; z= -2.236, SE=0.884, p= 0.0253).
Notably, at both 24°C and 28°C degrees there was no significant difference in diapause
incidence between 13L:11D and 10.5L:13.5D light cycles, which represent more than two
calendar months of difference in the field (z= 0.126, SE=0.691, p=0.899; z= -0.239, SE=0.728,
p=0.811).
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Figure 4. Diapause incidence by temperature and light cycle for New York Ae. albopictus.
Each point indicates a single replicate of the eggs of 25-50 pooled mosquitoes. Panels show
light cycle treatment. Significantly different results within each light treatment are
indicated by letters.
The results of the pairwise comparisons of the pairwise comparisons between temperature
treatments at each photoperiod treatment for North Carolina are shown in Figure 5. Under the
unambiguous short 8L:16D light cycle, diapause incidence was between 80% and 100% and
there were no significant differences by temperature treatment.
Under the short-length (10.5L:13:5D) daylight, diapause was lower at 24°C than at 21°C
(z=-2.654, SE=0.747 p=0.008), lower at 28°C than at 21°C (z= -0.0322, SE=0.766, p=0.0322), at
19°C than at 24°C or 28°C (z= --3.237, SE= 0.623, p=0.0012; z= -2.596, SE=0.644, p=0.0094).
The short daylight treatment had an outlying replicate at 19°C, which has been included in this
analysis.
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Under the mid-length 13L:11D light cycle, there were no significant differences by
temperature. At 28°C - but not 24°C - there was no significant difference in diapause incidence
between 13L:11D and 10.5L:13.5D light cycles, which represent more than two calendar months
of difference in the field (z=1.203, SE=0.667, p=0.543). Contrary to expected, diapause
incidence was higher under the 13L:11D light cycle than under the 10.5L:13.5D light cycle at
24°C (z=2.799, SE=0.600, p=0.0051).
Under the long daylight 14.5L:9.5D cycle diapause was lower at 28°C than at 21°C and
marginally significantly lower at 28°C than at 24°C degrees (z= -2.975, SE=0.907, p=0.0029; z=
-1.866, SE=0.908, p=0.0620).

Figure 5. Diapause by temperature and light cycle for North Carolina Ae. albopictus. Each
point indicates a single replicate of the eggs of 25-50 pooled mosquitoes. Panels show light
cycle treatment. Significantly different results within each light treatment are indicated by
letters.
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The results of the pairwise comparisons between temperature treatments at each
photoperiod treatment is shown for the Florida population in Figure 6. For Florida, diapause
incidence increased with fewer hours of light, but was lower than New York and North Carolina
under the unambiguous short 8L:16D light cycle, not reaching 100% at any temperature. There
was no significant effect of temperature at any light cycle regime.

Figure 6. Diapause by temperature and light cycle for Florida Ae. albopictus. Points
indicate a single replicate of the eggs of 25-50 pooled mosquitoes. Panels show light cycle
treatments. No temperature treatment was significantly different within each photoperiod
treatment.
Individual-level diapause incidence
For the mid-length daylight light cycle assay (13L:11D), diapause incidence was evaluated for
eggs from each individual female clutch (Figure 7). While there was the same significant effect
of temperature on the mean rate of diapause for New York for some pairwise comparisons (for
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19°C compared to 24°C Estimate=0.600, SE=0.308, p=0.0500; for 19°C compared to 28°C
Estimate=0.927, SE=0.310, p=0.0028; all other pairwise comparisons not significant), variation
between individual females was high across all temperatures. We did see a significant difference
by temperature for the North Carolina mosquitoes that was not detectable when analyzed
collectively; here, those held at 19°C and 21°C went into diapause at lower rates than those held
at 24°C or 28°C (19°C to 24°C: Est= -1.028, SE=0.283, p=0.0003; 19°C to 28°C: Est= -0.844,
SE=0.285, p=0.0031; 21°C to 24°C: Est= -1.205, SE=0.234, p<0.0001; 21°C to 28°C: Est= 1.021, SE=0.239, p<0.0001). There was no significant effect of temperature for Florida females.
Overall variance for New York Ae. albopictus was Var=0.111, for North Carolina was
Var=0.0968, and for Florida was Var=0.0625.

Figure 7. Diapause incidence by temperature for the egg clutches of individual females held
under the mid-length 13L:11D light cycle. Each point represents the clutch of an individual
female, and box plots summarize data. Colors indicate temperature treatment and letters
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indicate significantly different groups. Panels are divided into North Carolina, Florida, and
New York populations.
Discussion
In this study, we tested Ae. albopictus diapause incidence in the field in New York along
the northern edge of their invasive US range. We then tested diapause incidence in the laboratory
for New York Ae. albopictus, as well as for a Florida and North Carolina population, across a
range of photoperiods and temperatures. Contrary to how diapause response has been reported
previously, we found that diapause entry in the field never reached 100% through the fall, and
we saw a robust response to temperature. In the laboratory, New York Ae. albopictus diapause
response depended on an interaction of temperature and photoperiod. North Carolina Ae.
albopictus responded to temperature as well, although under fewer treatments than New York
populations and in an inconsistent direction, and Florida Ae. albopictus showed an overall
reduced diapause response with no response to temperature. Finally, we tested diapause
incidence individually under a single light cycle in the laboratory and showed that for all
populations, there was large variation between females in the diapause response. These results
represent 1) the first field test of diapause for an invasive population in the US 2) the first field
test of diapause to include accurate microclimate conditions and to combine field and laboratory
testing of diapause using both photoperiod and temperature.
Based on previously published studies, we predicted that about 50% of the eggs from our
first field collection on August 20th would be in diapause, and that a month later, diapause
incidence would be near 100%. There are very few published field tests of diapause – the authors
are aware of just two (Lacour et al. 2015, Xia et al. 2018)– but both of those studies describe
diapause incidence reaching close to 100% within a month of the critical photoperiod. Contrary
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to those previous findings, we collected eggs at a high rate in both years until October 7th, about
six to eight weeks beyond the predicted critical photoperiod, and the eggs we collected through
November 1st never reached 100% diapause incidence. Although this response has not been
reported in the published literature, Ae. albopictus populations across Italy may show a similar
response, with diapause increasing to around 50% in the fall, but never reaching 100% by the last
egg collection (A. Dellatorre, Pers. Comm.). One possible explanation for this observed result
may be that continued introduction of Ae. albopictus into New York has led to a genetic
admixture. There is evidence that Ae. albopictus of mixed tropical-temperate origin have reduced
diapause incidence, and perhaps an alternate genetic combination is affecting the New York
diapause response in unexpected ways. We recommend further experiments on the global
population genetics of Ae. albopictus using a range of established and newly developed
techniques to better correlate behavioral differences to genetic background.
In both the lab and field, diapause for New York populations of Ae. albopictus responded
to temperature. In our field experiment, we saw that diapause increased as mean temperature
decreased at a two-week lag, and in our laboratory experiment, we found that diapause was
lower at higher temperatures. It should be noted that in the field, we summarized temperature as
the mean, and in the laboratory, we tested at a single, non-fluctuating temperature. Doing so
simplifies a complicated measure; there is a wealth of literature describing how temperature
complexly affects mosquito behavior and physiology, many of which are summarized in
Mordecai et al. (2019). These simplifications allowed us to easily summarize data and make
comparisons between our laboratory and field results, but we cannot accurately pinpoint the full
suite of temperature variables driving this response. Our field results showing that mean
temperature best predicted diapause at a two-week lag is consistent with the lag between
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environmental measures and observed behavior in other studies for both Ae. albopictus and other
mosquito species (Myer et al. 2017, Richards et al. 2017, Xia et al. 2018). This results is likely
due to the egg development period where the mother is receptive to environmental cues.
Modulating diapause based on temperature allows for plasticity based on year-specific or local
conditions and is common across insects, for example (Hairston Jr and Kearns 1995, Goehring
and Oberhauser 2002) and other seasonal organisms such as (Okuzawa et al. 1989, Silverin and
Viebke 1994, Yan and Wallace 1998). For Ae. albopictus, there is just a single laboratory study
showing that, when held at 28°C, mosquitoes from multiple populations will not lay diapausing
eggs even under an artificially short light cycle, and those held at 26°C will go into diapause at
lower rates than those held at 21°C (Pumpuni 1992). Our results highlight the ability of Ae.
albopictus to not only survive winter along its invasive edge by timing diapause by photoperiod,
but to further adjust the diapause response to immediate conditions using temperature cues.
In our laboratory tests, we included Ae. albopictus from North Carolina and Florida in
order to compare the diapause response between these southern populations and the New York
population. Diapause response to temperature was evident at the greatest number of temperature
and photoperiod treatments and most consistently in New York Ae. albopictus. North Carolina
Ae. albopictus showed less of a response to temperature, and the Florida Ae. albopictus tested
showed no response to temperature at any light cycle. When analyzed individually at the midlength 13L:11D light cycle, it was possible to detect a difference in diapause incidence by
temperature for North Carolina Ae. albopictus that was not detectable when analyzed
collectively. However, the reaction to temperature found was opposite the expected direction as
expected; individuals held at warmer temperatures went into diapause at higher rates. Again, this
unexpected response is not without precedent. Based on the single other study analyzing
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temperature and diapause for this species (Pumpuni 1989), some populations entered diapause at
higher rates when held at warmer temperatures at some photoperiods. This weaker and less
directionally consistent response to temperature in our North Carolina mosquitoes and lack of
response to temperature for Florida mosquitoes may indicate that temperature is not utilized as a
diapause cue for these populations.
One caveat to our comparative results is that the light cycles represented different dates at
the different latitudes of origin for these three populations, and that based on pre-existing local
diapause phenology adaptation, we would expect these populations to be at different points in the
diapause response curve for the photoperiods tested. It is therefore difficult to draw exact
comparisons or conclusions, and more tests at a larger range of light cycles would be helpful to
more completely understand Ae. albopictus sensitivity to temperature for each population.
However, the photoperiods tested do cover the full range of experienced light cycles at the origin
for each population, and so we are confident that we are capturing the response to light and
temperature across the full seasonal spectrum.
Local differentiation on the timescale for which Ae. albopictus have been established in
New York is certainly feasible – populations of Wyeomyia smithii mosquitoes adapted their
diapause phenology in response to climate change in just 20 years (Bradshaw and Holzapfel
2001) and the critical photoperiod for Ae. albopictus locally adapted across their invasive US
range in 20 years (Urbanski et al. 2012) – and so it is possible that the response to temperature
in New York populations of Ae. albopictus is adaptive. Seasonal behavior is predicted to be more
sensitive to immediate rather than predictive cues if conditions are such that year-to-year
flexibility is important (Crean and Marshall 2009). In addition, favoring plasticity in response to
environmental variation has been shown to be favored for range-edge populations in other
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systems (Eckhart et al. 2004). Because adult populations in New York do not eclose in the
spring until mid-June to early July (Shragai, unpublished data), entering diapause at the predicted
mid-August would leave a narrow window of activity each summer, and temperatures often
remain sufficiently high through the fall in southern New York to complete another generation. It
may be that regionally, flexibility in response to sufficiently warm temperatures is important in
southern New York to extend the active season as long as possible.
When the diapause incidence was tested per individual female at the mid-length light
cycle, we found large variation across the mean. Diapause incidence has only been tested
individually for this species in one published thesis (Pumpuni 1992), which found similarly high
levels of variation at light cycles between 13 and 14 hours. First, this suggests that variation in
diapause response is at the level of the individual – a single female can lay a clutch of eggs in
varying degrees of diapause. Therefore, diapause is not a binary “on-off” trait, but rather a state
that exists across a spectrum. Second, this high level of variation could be one reason why Ae.
albopictus is such a successful invasive species. There is evidence that invasive populations in
unpredictable or new environments increase variation in their offspring to enhance mean fitness
as a form of bet hedging; perhaps the high level of diapause incidence observed has enabled the
diapause response in US Ae. albopictus populations to rapidly locally adapt and ensure survival
in unpredictable environments.
Previous studies have consistently shown that the timing of critical photoperiod locally
adapts in Ae. albopictus by latitude. Based on our results, it is not just critical photoperiod that
varies between populations, but also diapause incidence in the field through the fall and the
degree to which light and temperature are utilized as cues. Diapause incidence in southern New
York populations failed to reach 100% in the field throughout the fall, and in both in real-time in
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the field and in the laboratory, we showed that females integrate multiple environmental cues to
make diapause decisions. Furthermore, the three populations of Ae. albopictus tested in the
laboratory integrated light and temperature to different degrees and in different directions. It is
unclear by what mechanism or for what adaptive reason New York Ae. albopictus developed the
observed diapause response, but regardless of how it developed, these populations are thriving in
one of the most harsh and unpredictable regions they have colonized. Our results confirm that
vector species can and do behave differently in new environments or as the environment changes
around them. More importantly, these results suggest that the nature of those changes can be
unpredictable. As urbanization causes rapid landscape shifts, climate change increases
environmental stochasticity, and increasing globalization drives continued population
introductions, invasive mosquitoes will continue to change in response. To accurately predict
where invasive vectors such as Ae. albopictus are likely to expand and thrive and to apply
appropriate control, we need to refocus our efforts to more completely understand how their
ecology and behavior will adapt.
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CHAPTER 6
PUBLIC TRANSIT DEVELOPMENT ALTERS DENGUE VIRUS SPATIAL STRUCTURE IN MEDELLÍN,
COLOMBIA*

Summary
Dengue and other mosquito-borne arboviruses are a growing threat in the Americas. It is known
that urbanization and human movement patterns affect the spatial dynamics and magnitude of
dengue outbreaks. However, it has been difficult to understand the precise effects of growing
transit infrastructure on dengue outbreaks because of a lack of relevant and sufficiently finescaled data. We analyzed nine years of address-level dengue case hospital data in Medellin,
Colombia between 2008 and 2016, a period of significant growth in public transit infrastructure.
We correlate changes in the spatial spread and magnitude of localized outbreaks to
socioeconomic status and to changes in accessibility and usage of public transit options. We
show here that in locations that are closer to public transportation and where there was an
increase in people utilizing public transit, there was a significantly greater incidence of dengue.
The relationship between socioeconomic status changed over time; at the beginning of the study
period, socioeconomic status did not predict dengue risk, but by the end of the study period,
lower socioeconomic status predicted higher dengue risk. Finally, we use a Gettis-Ord G* local
hotspot analysis to show that the clustering of dengue increased in locations where the distance
to public transit lines decreased. These results suggest that an increase in public transit options
can affect the spread of mosquito-borne arboviruses, and therefore it is necessary to increase
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funding and effort towards disease mitigation and mosquito control concurrently with increased
funding towards urban infrastructure.

Introduction.

Dengue is the most important and fastest growing arboviral disease world-wide. An
estimated 50-100 million people are affected each year (1), and between 1990 and 2020, global
burden more than doubled each decade (2). There is no widespread commercially available
vaccine for dengue, and so mitigation primarily relies on mosquito control (3). Mosquito control
resources are limited, and overuse of insecticides causes resistance, forcing many public health
programs to target their control efforts in time and space towards areas with an elevated risk of
dengue infection. If dengue outbreaks can be identified in the very early stages, efforts can be
well-targeted, significantly reducing infection rates (4). If risk cannot be predicted, control
becomes reactive rather than preventative, which can lead to a failure to reduce dengue infection
(4). This importance of early detections has incentivized efforts towards creating accurate
dengue outbreak models and risk maps.
Despite the strong incentive, dengue risk mapping has achieved variable success (5).
Dengue is spatially explicit and highly dependent on the environment and the immunological
profile of the human population, both of which are continuously in flux. Therefore, dengue
transmission shifts dynamically across space and time, complicating the ability to determine
reliable predictors. Spatial scale is also a complicating factor. For example, weather is often a
primary predictor in dengue models, yet these parameters are often only measured on a
homogenous, city-wide scale.
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Socioeconomic measures have been among the most common predictors of finer-scale
heterogeneity in dengue risk (5). Low socioeconomic status (SES) can correlate to elevated
dengue incidence because these environments often have many risk factors for dengue, including
high human density, low screen/air conditioning usage, and poor housing infrastructure. These
factors may facilitate access of mosquito vectors to human hosts and lead to high mosquito
populations. However, the results of empirical studies directly assessing the association between
poverty and dengue risk are inconsistent; a review of these studies found no clear established
relationship (6). The correlation between SES and dengue may stem from specific environmental
or demographic factors sometimes associated with SES or from interactions with other drivers.
Human mobility has gained increasing recognition as a driver of fine-scale dengue risk.
The primary vector of dengue, Aedes aegypti, is a short-distance flier (7), and so the diffusion
and spatial variability of dengue across both short and long distances is mediated by human
movement (8). Within a single city, human social networks and daily movement have been
shown to predict clusters of dengue infections (9), and in one study, control via tracing social
contacts of infected people effectively reduced dengue (10). In another study, distance to a metro
station predicted the clustering of dengue cases over two epidemic years in Singapore (11),
suggesting that dengue can be tied to hubs of human transport within the space of a city.
While both human mobility and socioeconomic status separately can explain spatial
patterns of dengue cases, it is unknown how these factors interact. However, socioeconomic
status and daily human movement are deeply interconnected (12-15). The means of daily
movement patterns in particular are dictated by socioeconomic status; low socioeconomic status
groups are more likely to use mass transit (Pew Research Center 2016, Governing 2014). In fact,
building public transit infrastructure is one well-recognized method to increase job and education
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opportunities for low socioeconomic status communities via increased short-range mobility (16,
17). We explore here how public transportation designed to mobilize low socioeconomic status
groups impacts spatial patterns of arboviral disease.
We analyzed dengue cases in Medellín, Colombia during an eight-year period of rapid
development of the city’s Metro system. We explored how the construction of public transit
infrastructure targeted towards low socioeconomic status regions and the resulting changes in
human mobility affected the fine-scale spatial distribution of dengue incidence. Medellín is a
perfect test-case to understand the impacts of growing urban infrastructure and public transit on
dengue because 1) seasonality is limited, with a stable climate year-round, minimizing noise
from climatic drivers of dengue transmission (18); 2) Medellín has undergone a period of rapid
infrastructure growth, including the construction of new public transit lines. This allows for
comparison of the spatial structure of dengue before and after the addition of each new line; 3)
Medellín has collected probable dengue case records since 2008, and each case is recorded to the
patient’s home address, enabling analysis at a fine spatial scale; 4) Medellín surveyed city-wide
human mobility patterns in 2005, 2011, and 2016 so we can quantify the use of public transit
systems across space to understand its impact on dengue.
Medellín is flat in the center where its commercial zone is located and surrounded by
steep, residential mountains. Historically, low socioeconomic status residents of mountainous
parts of the city had extremely limited mobility (19-21). Many residents of the high-elevation,
high-socioeconomic status regions can travel by personal vehicle or taxi, but for residents of low
socioeconomic status regions without the same resources, accessing a job in the industrial center
would have required finding a means to traverse up to 600 meters in elevation gain. For
comparison, this is equivalent to the elevation gain on an average day climbing Mount Everest.
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The Medellín Metro system was inaugurated in 1994 with a goal of providing mobility to low
socioeconomic status residents of mountainous regions (19-21). The metro system has expanded
between 1994 and 2016 and has become more accessible and more utilized by larger portions of
the city.
Medellín has a year-round tropical climate with average temperatures between 21°C and
25°C (18), and Ae. aegypti has been established across the city for decades (22). Medellín is
endemic for all four dengue serotypes (23). There have been two epidemic years between 2008
and 2017 - one in 2010 with 17,131 reported cases of which 9,118 were laboratory confirmed
Medellín cases (BOLETIN SIVIGILA MEDELLÍN Número 3, Año 2010. Semana 43) and a
second in 2016 with 18,185 autochthonous reported cases, of which 59.9% were laboratory
tested, resulting in 7,650 confirmed cases (SIVIGILA boletin 2016). In endemic years, there
have been between 300 and 6,000 reported cases (unpublished data, Medellín Secretaria de
Salud). Dengue has been a notifiable disease in Colombia since 2008, and in Medellín, all cases
diagnosed by a physician that meet the WHO case definition are reported as probable dengue
cases along with each patient’s demographic information and home address (Medellín Secretaria
de Salud, personal communication).
We conducted a retrospective statistical and geospatial analysis of dengue cases in
Medellín between 2008 and 2016 to understand the effects of socioeconomic status, the
construction of public transit infrastructure, and resulting changes in human mobility on finescale spatial heterogeneity in dengue risk. We show that regions of the city that are closer to
public transit lines and that have a higher percentage of public transit ridership had higher
dengue incidence, and that dengue hotspots appear and sustain around newly constructed public
transit lines. We show that in Medellín, the relationship between socioeconomic status and
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reported dengue incidence strengthened over time, and that dengue incidence for those living in
low socioeconomic status, mountainous regions of the city increased with public transit
development. These results may allow finer targeting of control operations and highlight the
necessity of investment in control and public health services concurrently with transportation
infrastructure.

Results.

All analyses were conducted at the spatial level of “SIT zone” (zonas del Sistema
Integrado de Transporte), a zoning metric used by the Area Metropolitana de Medellín. Mean
elevation of each zone and mean socioeconomic status of each zone are shown in Figs 1A and
1B. Over the course of the study period (2008 -2016), the number of reported dengue cases
analyzed varied between 469 and 16,000 cases per year. In 2008, the metro system consisted of
two main lines and two connected gondola (Metrocable) lines (see figure 2A). New lines were
added in 2012, 2013, 2015, and 2016, reducing the distance to the closest metro line for each
zone over time (see Figs 2B-D). Across the two years that public transportation was surveyed
during the study period (2011 and 2016), the number of respondents using public transportation
more than doubled from a median of 5.283% (max=50.00%, min=0.00%) of respondents per
zone to a median of 11.364% (max= 43.750%, min= 0.00%) of respondents per zone.
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Fig 1. Maps of the transport zones of Medellín showing A) mean socioeconomic status per
zone. Socioeconomic status is measured as “estrato,” a scale from 1 (lowest) to 6 (highest).
B) mean elevation per zone, measured in meters. Blank zones are zones for which there was
no data available.
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Fig 2. Public transportation lines available in Medellin, Colombia in each year of the study
period where new lines were added. Colors are by line. EE abbreviates “Escaleras
Electricas.” Supplementary bus lines (Rutas alimentadoras) are shown in black. A) 2008,
two metro lines, Lines A and B, and two gondola (Metrocable) lines, Lines J and K. B) 2011,
Metroplus Linea 1. The Metroplus is a bus line with dedicated constructed lanes and stops
that connects directly with the metro. C) December 28, 2011 Escaleras electricas added. The
escaleras electricas are a system of public transit escelators. They have also become a
tourist attraction. D) 2013, Metroplus Linea 2 and Rutas Alimentadoras addded. The
Metroplus Linea 2 runs along the same route as the Linea 1 but more than doubles the
capacity of the Metroplus system. The Rutas Alimentadoras are bus lines operated by the
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city that feed into the metro and Metroplus systems and do not run on dedicated lanes. E)
2016, a Tranvia line and a Metrocable line, Line H added. The tranvia is a monorail line.

Model of dengue incidence 2008-2016 results
We analyzed how distance to the nearest metro line and all one-, two-, and three-way
interactions between socioeconomic status, elevation, and year affected dengue incidence.
SIT zones that were closer to public transportation had significantly higher dengue
incidence than SIT zones that were farther away from public transit (Estimate = -0.160, p<.0001,
Fig 3).

Fig 3. The relationship between zone center-point distance to the nearest public transit line
and dengue incidence (log). Each point shows one zone in one year. Zones in years with
zero dengue cases are shown along the bottom. Zones that are closer to public
transportation lines have higher rates of dengue.
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In the early years of the study period from (2008 to 2012), dengue incidence was not
influenced by socioeconomic status, but in later years (2013 to 2016), zones with lower
socioeconomic status had higher dengue incidence (Estimate=0.164, p=0.0436; Estimate= 0.348, p<.0001; Estimate= -0.315, p<.0001; Estimate= -0.569, p<.0001; Estimate= -0.232,
p=0.000455 (Fig 4).

Fig 4. The relationship between socioeconomic status, measured as estrato, and dengue
incidence (log) in 2013-2016. Each point represents one zone in one year. Zones in years
with zero dengue cases are shown along the bottom as half points. Zones that are lower
socioeconomic status have higher rates of dengue in A) 2013, B) 2014, C) 2015, and D) 2016,
years after which public transit was developed. This relationship was not significant in
earlier years in the study period.
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Elevation alone per year sporadically predicted dengue incidence. Zones with higher
elevation had significantly lower incidence of dengue in 2009, 2013, and 2015 (Estimate = 0.312, p=0.000602; Estimate= -0.260, p<.0001; Estimate= -0.436, p<.0001; Estimate= -0.205,
p=0.00673). However, there was no significant effect of elevation on dengue incidence in 2011,
2012, 2014, or 2016.
The effect of elevation depended on socioeconomic status and this effect strengthened
over time. In 2010, high elevation predicted lower dengue incidence in low socioeconomic
zones, but in later years, this relationship switched. As more public transit infrastructure was
built (2014, 2015, and 2016), higher elevation conferred greater dengue risk in low
socioeconomic zones. A significant interaction between socioeconomic status and elevation was
detected in 2010, 2014, and 2015, and was marginally significant in 2016 (Estimate= -0.131,
p=0.0457; Estimate= -0.148, p=0.0424; Estimate= -0.236, p=0.000919; Estimate= -0.119,
p=0.0736) (Fig 5). No influence of these interacting factors on dengue incidence was detected for
other years (2008, 2009, 2011, 2012, 2013).
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Fig 5. The interaction between elevation and socioeconomic status predicts dengue
incidence in 2010, 2014, 2015, and 2016. Each point represents one zone. Pink points show
zones with a socioeconomic estrato of below 3, while green points show zones with a
socioeconomic estrato of above 3. A) In 2010, high elevation predicted lower dengue
incidence in low socioeconomic zones. In B) 2014, C) 2015, and D) 2016 higher elevation
conferred greater dengue risk in low socioeconomic zones.

Model of dengue incidence with public transit usage, 2011 and 2016
Because public transportation usage was only surveyed in two years across the study
period (2011 and 2016), we did not include it in our previous model. Instead, we analyzed the
relationship between dengue incidence and our previous predictor variables including public
transportation usage in 2011 and 2016 individually. 2011 and 2016 were two highly distinct
years of dengue infection rates: 2016 was an epidemic year with 13,411 analyzed cases, while
2011 was a post-epidemic year with 516 analyzed cases. In 2011, neither distance to public
transit nor metro usage significantly predicted dengue rates. In 2016, distance to public transit,
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the proportion usage public transit, and their interaction were all significant (Est= -0.126365,
p<0.0001; Est= 0.0458, p<0.0001; Est= 0.245, p<0.0001) (Fig 6).

Fig 6. The relationship between proportion of survey respondents per zone using public
transit and dengue incidence (log in 2016 Each point represents one zone. Zones with zero
dengue cases in 2016 are shown as half points along the bottom. Public transit usage data
are only available for 2011 and 2016, and so were only analyzed for these years.

To test if distance to public transportation affected dengue cases via physical changes to
the landscape due to construction activity, we analyzed the interaction between public transit
usage and distance to public transit in 2016. For this analysis, we measured distance excluding
the supplementary bus routes, which required no construction and affected no direct change on
the landscape. The main effect of both distance and proportion using the metro were both
significant: zones that were closer to public transit and zones that used metro more had higher
rates of dengue (Est= -0.123, SE= 0.009, p<0.0001; Est=0.048, SE=0.0103, p<0.0001). The
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interaction between metro usage and distance to public transportation was also significant
(Est=0.0403, SE= 0.0115, p=0.00047). As distance from the metro increased, dengue incidence
strongly decreased, but this relationship weakened as metro usage increased (Fig 7). Therefore,
passengers that lived in zones far away from a metro line but still used the metro at high rates
lost the protective effect of distance on dengue incidence.

Fig 7. Interaction plot showing predicted number of dengue cases by distance from the
nearest public transit line at set levels of proportion using public transit. Lines show
predictions and shaded areas show corresponding 95% confidence intervals.

Gettis Ord G* over time results
The hypothesis we tested was that the number of reported cases increased in zones where
public transportation options increased. However, an alternate possibility is that the relationship
between public transit distance and dengue incidence strengthened over time because public
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transit was built in zones with previously high dengue rates. To test this alternate hypothesis, we
calculated the spatial distribution of cases in each year using a local G* estimate and evaluated if
the concentration of cases in each zone was different before and after changes in that zone’s
distance to public transportation.
Zones that became closer to public transportation lines through construction of new lines
had a significant increase in the number of dengue case clusters, as measured by G* estimate,
following the change in distance (Table 2). The bigger the change in distance, the bigger the
change in the clustering of dengue. This effect was strongest two years after a change in distance
to the nearest public transit line but was also significant in each following individual year for
between one and four years as well as across all following years. Maps showing the G* estimates
and available public transportation lines for each year are presented in Fig 8.

Table 2. The results of models analyzing the relationship between change in distance to
public transportation and change in the degree of clustering of dengue per zone. Models
tested the difference in the G* estimate before distance to public transit change and after.
Models tested this effect for all years following a change in distance, and in 1-4 years
following a change in distance.
Model

Estimate

Std. Error

df

t value

p value

Average of all years after
-0.505
change in distance

0.070 168.036

-7.219 1.73e-11 ***

0.070 163.344

-7.381 7.55e-12 ***

0.078 187.237

-8.437 8.67e-15 ***

Four years after change in
-0.513
distance
Three years after change in

-0.657
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distance
Two years after change in
-0.803
distance

0.100 261.221

-8.064 2.67e-14 ***

0.128 318.143

-4.212 3.3e-05 ***

One year after change in
-0.538
distance
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Fig 8. Dengue clusters along pubic transportation lines. Maps are shown for each year from
2008 to 2016 as panels in order from left to right and top to bottom. The color of each zone
shows the Getis-Ord G* value. A G* statistic above 1.9 is considered a significant hot spot
of cases, and below -1.9 is considered a significant cold spot.
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Discussion.

Dengue is a globally distributed urban disease with high endemicity in some of the
world’s most rapidly growing and changing urban landscapes, presenting significant challenges
for public health efforts. The primary vector of dengue, Aedes aegypti is a container breeder and
thrives in areas of dense human population and unplanned urbanization. Understanding the
spatial ecology of dengue transmission is necessary to develop efficient outbreak responses.
While predictive temporal or large-scale spatial modeling for dengue outbreaks is important knowing when or in which general region an epidemic will likely occur can enable control
preparedness - most control programs operate on focal points within a city, and so knowing
where to concentrate finite resources on a smaller scale is equally critical. Dengue’s spread and
distribution is highly dependent on environmental forces that influence hosts and vectors as well
as patterns of mobility. In this study, we analyzed how growing public transportation
infrastructure and the demographics of human movement shapes spatial patterns of reported
dengue incidence.
Our work provides evidence that for the population of Medellín, Colombia, living in
regions with low socioeconomic status alone does not elevate dengue risk. However, the
combination of low socioeconomic status and high population mobility enabled by public
transportation predicted greater dengue incidence. Furthermore, dengue clustered around new
public transit lines soon after their opening for public use and then sustained higher clustering in
the following years. We believe that this increase is not due to physical changes to the landscape
or increased vector habitats resulting from the existence of new metro lines; we found that it was
not just proximity to public transit that predicted dengue incidence; zones that were farther away
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from public transit but had higher rates of ridership were at higher risk than those that were
equally far away but used public transportation less.
We hypothesize that in Medellín, restricted mobility in low socioeconomic status zones
of the city where public transportation is not available acts as a natural semi “quarantine”,
preventing dengue from spreading far from each index case. When public transit is made
available, both long and short distance movement of viremic people within the city increases,
and dengue diffuses farther and faster. This effect is exacerbated by the fact that in low
socioeconomic zones of Medellín, human density is high, window screens and indoor air
conditioning is rare, and there is extensive available habitat for the dengue vector Ae. aegypti, as
documented by Azoh Barry (24) and Medellín Secretaria de Salud (pers comm). In the case of
Medellín, mobility is uniquely limited by the steep geography of the city. In other cities, mobility
in some sectors might be similarly restricted by different mechanisms such as poor road
infrastructure, physical distance, social or political norms regarding where people from different
backgrounds spend time, or job availability. While the mechanism may be different, the end
result of changes leading to increased human movement might be the same.
While our work shows a clear relationship between public transportation systems,
socioeconomic status, and reported dengue incidence, it is not possible to directly identify the
underlying mechanisms. It is possible that in regions with limited mobility, dengue is
underreported due to an inaccessibility of medical facilities. Non-severe dengue presents
similarly to other febrile diseases that are generally recognized to be self-resolving and nonthreatening, and so the incentive to make a difficult trip to a health facility might be low. As
public transportation options are built up, more people with dengue might use medical services
and case incidence might appear to increase. Ae. aegypti is a day-time biter and while
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transmission is likely occurring during the day, it is unknown where the majority of infective
bites take place. It is unclear if dengue is increasing due to more infective bites at work, at home
via visiting/being visited by long or short distance homes visits, or in other sites. More research
is needed to clarify where dengue transmission takes place.
While analysis including percent using public transportation showed a significant
relationship with dengue incidence in 2016, no significant relationship was found in 2011. We
believe this may be due to the fact that 2011 and 2016 were two highly distinct years of dengue
infection rates: 2016 was an epidemic year with 13,411 analyzed cases, while 2011 was a postepidemic year with 516 analyzed cases. With such a low number of dengue cases in a city of
close to 2 million people, drawing significant conclusions is difficult. This analysis should be
continued to be carried out for epidemic and endemic years beyond 2016 to further understand
how these patterns depend on total dengue rates.
As cities develop, new infrastructure can have unintended consequences on human
health. One such consequence might be on the spatial structure of arboviral disease. However,
we stress that the conclusion from this study should not be to limit public transit development.
The construction of public transportation is one of the most widely recognized methods that
governments can use to reliably improve people’s economic conditions. In Medellín, as in other
cities, these systems have provided access to jobs, education, public services, and social
networks for millions of people. Rather, these findings highlight the necessity of providing
adequate public health services and investing in well-targeted dengue surveillance and outbreak
response concurrently with investment to increase human mobility.

Methods.
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Data:
All data was processed and analyzed using R (R Core Team, Version 3.8.2).

Dengue data.
Dengue case data were collected by the Alcadia de Medellín, Secretaria de Salud. All
public and private hospitals and other health facilities reported cases of patients presenting with
dengue symptoms according to WHO guidelines. All case data were de-identified and
aggregated to the SIT Zone level.

Human movement and demographic data.
Human public transit usage and movement data were collected by the Area
Metropolitana de Medellín for 50-200 respondents per SIT Zone. These surveys were conducted
in 2005, 2011, and 2016. Survey respondents reported the start and end locations, purpose for
travel, and mode of travel for all movement over the last 24 hrs from the time the survey was
administered. Respondents and also reported basic demographic data including household
Estrato, which was averaged per SIT zone to estimate zone socioeconomic status. “Estrato”
measures socioeconomic status on a scale from 1 (lowest) to 6 (highest). This system is used by
the government of Colombia to allocate public services and subsidies (Law 142, 1994).

Public transportation line data.
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Data on the location of Medellín public transit lines was downloaded as shape files from
the geodata-Medellín open data portal (https://geoMedellín-mMedellín.opendata.arcgis.com/datasets/corredores-para-transporte-de-pasajeros) and subset for
each year to the set of transit lines that was available in that year. Data on the opening date of
each Medellín public transit line was taken from the Medellín metro website
(www.Medellinmetro.gov.co).

Population data.
Because census data at the zone level were not available for this study and only exists for
2005 and 2018, we used population estimates for each year downloaded from the WorldPop
project and aggregated by SIT zone. The accuracy of WorldPop estimates were checked against
available census data for 2005 and 2018 at the comuna level and found to be sufficiently
accurate.

Data analysis:

Quantifying public transit usage and distance from nearest transit line
To quantify public transit usage, we determined if each respondent reported using the
metro, metroplus, or ruta alimentadora (supplementary bus route system) in the last 24 hours.
We then calculated the percent of respondents using the public transit system at least once for
each SIT zone.
To quantify the distance to the nearest public transit line, we calculated the distance from
the center point of each zone to the closest metro, metroplus, tranvia, metrocable, or escalera
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electrica. This was recalculated on the opening day of each transit line that was added over the
course of the study to include the new line.

Modeling dengue incidence
Dengue incidence per year at the level of the SIT zone was modeled using a Poisson
distributed generalized linear mixed effects model. Several candidate models were tested, and the
model with the best fit was selected by AIC. Our fixed effects were elevation, year,
socioeconomic status, and all two- and three-way interactions between these factors; and
proportion of people using the public transit system, distance from public transit, and their
interactions. SIT zone was included as a random effect to account for repeated measures across
years. The model contained a log offset of population per zone per year. Year was analyzed as a
categorical variable to avoid smoothing epidemic years. All continuous variables were scaled to
enable comparison of effect size.
Because public transit usage was a static measurement taken over just two of the study
years, we constructed two additional models of dengue incidence in 2011 and 2016 including the
percent of people using public transportation as an additional fixed effect. Models for 2011 and
2016 were not combined because of the drastic difference in the number of dengue cases in each
year (2011 was a post-epidemic year with 527 analyzed cases, 2016 was an epidemic year with
15,479 analyzed cases). We used generalized linear models with a Poisson distribution. Our
response variable was the number of reported dengue cases in each zone, and our fixed effects
were the percent of people using public transportation, distance to the nearest metro line; and
socioeconomic status, elevation, and their interaction. Population per zone per year was included
as a log offset. All continuous variables were scaled to enable comparison of effect size.
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To test if physical changes to the landscape via the construction of metro lines is the
mechanism by which dengue wa affected, we analyzed the interaction of public transportation
usage and distance to the nearest public transportation line. In this analysis, we excluded the
supplementary bus routes from our measure of distance because those routes required no
construction; the city simply contracted buses to ride on existing streets and to stop at existing
corners with no physical “bus stop”. We only conducted this analysis in 2016, the year for which
public transit usage was surveyed and both public transit usage and distance significantly
predicted dengue incidence. We analyzed dengue incidence per SIT zone as a generalized linear
model with a log offset of population. Our fixed effects were the percent of people using public
transportation, distance to the nearest metro line, their interaction; and socioeconomic status,
elevation, and their interaction. All continuous variables were scaled to enable comparison of
effect size.

Spatial analysis: Gettis Ord G* over time results
Using a linear mixed effects model with a random effect of SIT zone, we tested if
changes in each zone’s distance to the nearest public transit line predicted changes the spatial
concentration of cases in that zone.
For our predictor variable, we calculated the difference in the distance to the nearest
public transportation line between each year and the previous year. If that value was negative, it
meant that distance decreased, or that the zone became closer to public transportation. We only
evaluated zones in years where the change in distance was not equal to zero. For our response
variable, the spatial clustering of dengue per year was assessed with the Getis-Ord G* local
clustering method. The G* estimate is used to locate specific areas of high and low values and
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that also have neighbors with high (or low) values in the outcome of interest. This method
allowed us to compare the spatial distribution between years while accounting for the different
number of total cases per year. For each zone in each year that distance to transit changed, we
calculated the difference between the average G* estimate for all following years and the average
G* estimate for all preceding years. If the difference was positive, that meant that the clustering
of cases in that zone increased.
We also wanted to test if changes in the clustering of cases resulting from newly built
public transit was a short-term effect or if it sustained over time. To this end, we again used a
generalized linear mixed effects model with a random effect of SIT zone to test if changes in the
distance to the nearest public transportation line between each year and the previous year
predicted the difference between the average G* estimate for all preceding years and the average
G* estimate in: 1) the following year, 2) the two following years, 3) the three following years,
and 4) the four following years. We could then compare the strength of the effect in each
individual year and the mean of all following years.
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CHAPTER 7

RESEARCH SUMMARY AND FUTURE DIRECTIONS

Research summary
The objective of this dissertation was to provide a greater understanding of Ae. albopictus
ecology and behavior in invasive environments. To accomplish this, I have (a) described how
immature Ae. albopictus occur across landscape gradients along the northern boundary of their
invasive United States range; (b) studied oviposition attraction in a site where Ae. aegypti is long
established and Ae. albopictus is more recently invasive; and (c) characterized the atypical
overwintering diapause behavior of invasive populations of Ae. albopictus in New York state. I
then took my knowledge of Aedes biology and applied it to the downstream effects on disease to
study how fine scale spatial patterns of dengue change with the construction of public transit
infrastructure.
While Ae. albopictus larval surveys have been conducted in other locations, they had
never been completed regionally in New York and they are rarely replicated across years.
Because the behavior and ecology of Ae. albopictus is particularly flexible based on
environment, it is important to conduct local studies rather than generalize across space.
Furthermore, while other studies had compared Ae. albopictus larval occurrence in sites that
varied by socioeconomic status or various measures of urbanization, none had covered a full
gradient of these measures, making their conclusions less precise. I found that Ae. albopictus
abundance was greater in higher impervious surface sites in one study year, and that spatial
distribution was more clustered in higher income sites in both study years. I found that
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vegetations and shading positively predicted the presence of Ae. albopictus larvae, but that all
other container characteristics Ire unreliable predictors.
To then understand the adult behavior that leads to observed patterns of larval
occurrence, I tested oviposition attraction of Ae. albopictus to oviposition sites containing either
Ae. albopictus or Ae. aegypti larvae at one of two larval densities or containing no larvae. This
study was conducted in Medellín, Colombia, where Ae. aegypti has been established for decades
and Ae. albopictus is more recently invasive. It was of particular importance to better understand
oviposition attraction to containers with con- or heterospecific larvae, because larval interspecific
competition can have large consequences for the populations of either species. I found
preferential attraction by Ae. albopictus for containers with larvae over those without, and a
reduced attraction for containers with a high density of Ae. aegypti larvae as compared to
containers with all other tested larval conditions.
We then returned to New York where I had noticed during our larval surveys that Ae.
albopictus populations remained active in the fall, well beyond the predicted entry date for
overwintering egg diapause. I tested diapause entry in New York over two years in the fall, and
found that rather than a traditional, population wide switch into diapause centered on a critical
photoperiod and following a sigmoidal curve, diapause tracked both daylight and temperature at
a two Iek lag, staying well below 100% into November. I then followed this up with a laboratory
experiment, where I tested diapause incidence of New York Ae. albopictus as well as North
Carolina and Florida Ae. albopictus at different combinations of light cycle and temperature. I
found that for New York Ae. albopictus, diapause incidence was close to 100% under an
unambiguous short light cycle at all temperatures, and for all field realistic light cycles diapause
incidence decreased as temperature increased. North Carolina Ae. albopictus had an inconsistent
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response to temperature across light cycles, and Florida Ae. albopictus showed no response to
temperatures across light cycles. I also found that when tested individually, clutches held under
the same light and temperature treatments showed high variation in diapause incidence, and this
was true for Ae. albopictus originating in New York, North Carolina, and Florida. These results
are novel, testing diapause in the field for the first time in the United States, and are the first to
show a field-relevant response to temperature for diapause behavior of this species.
Finally, I studied the fine-scale spatial dynamics and environmental predictors of dengue
cases in Medellín, Colombia before and after the expansion of the city’s public transit system. I
found that the relationship between elevation, socioeconomic status, and their interaction on
dengue incidence changed before and after the construction of public transit. Most notably, low
socioeconomic status did not predict higher dengue rates before the metro system expanded but
did predict it afterwards. I showed that closer distance to the nearest transit line predicted higher
dengue rates across all study years, and in 2016 but not 2011, higher percent metro ridership
predicted higher dengue rates. I finally tested the spatial distribution of dengue cases in each
zone before and after changes in distance to the nearest transit line, after found that the clustering
of cases in a zone increased after distance decreased.

Future directions

Can differential control and surveillance methods have different efficacy in neighborhoods with
varying levels of median household income?
Control and surveillance of Ae. albopictus has historically posed a great operational
challenge. Controlling adults with insecticide is at best a short-term solution as they are quickly

180

replaced by eclosing pupae and finding or managing immatures is labor intensive and difficult
when aquatic habitats are cryptic, dispersed, or occur on private property. I found in our larval
survey that the spatial distribution of immatures varied in our study sites by household median
income. Sites with greater income had more clustered distributions, while sites with lower
income had more disperse distributions. This result could potentially help focus control methods
– perhaps in high income sites it would be possible to conduct focal control on hotspots.
As a follow up to our survey, I piloted one method of enhanced surveillance to locate
container clusters using drone imagery processed by a machine learning algorithm. This process
successfully located points of container and larval concentration that could act as potential
control targets. As a next step, this drone/machine learning methodology could be tested in
conjunction with focal control on identified hotspots to evaluate if this is a viable tool for
improved Ae. albopictus management.

What is the oviposition site attraction in the field and semi-field of Ae. aegypti for oviposition
sites of varying larval species and density conditions?
For our study testing oviposition attraction of Ae. albopictus to containers under con- and
heterospecific larval conditions, I attempted to better understand how oviposition behaviors
impact larval competition between Ae. albopictus and Ae. aegypti. However, I notably only
tested the behavior of Ae. albopictus. Since Ae. aegypti occur at much higher abundance in
Medellín, Colombia, larval interspecific competition is likely to be highly driven by the
attraction of Ae. aegypti to oviposition sites, and to fully understand the role of oviposition
attraction in larval competition, it would be important to test both species. Unfortunately,
because of ongoing Wolbachia Ae. aegypti released being conducted in Medellín by the World
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Mosquito Program, I Ire unable to release Ae. aegypti. The World Mosquito Program maintains a
proprietary right on Wolbachia releases in the city, and because I Ire unable to create a compliant
Wolbachia negative strain in the time frame of our study, I Ire unable to test Ae. aegypti.
However, this next step would provide a more complete understanding of the oviposition
attraction dynamics of both species in sites of coexistence.

Does the differential attraction to oviposition sites representing varying larval species and larval
density conditions translate to differential oviposition site preference?
Our study on oviposition attraction was distinct from a test of oviposition preference.
Because adults entering the trap Ire captured before they had the opportunity to oviposit, I Ire
only able to test their initial attraction to that container, not their ultimate decision whether or not
to oviposit in it. Furthermore, because the ovitraps prevented access by the adults to the water
containing our larval treatment, I Ire only able to test attraction to volatile olfactory cues emitting
from the water. It is known that oviposition choice by mosquitoes is driven by a suite of longand short-range cues, including tactile and gustatory cues, and the downstream decision to
oviposit is based on the combined input from all those stimuli. Our experimental design was
limited by safety concerns – netting access to the larval water was necessary to ensure that any
mosquitoes that eclosed from our traps Ire not released into the environment. Further
experiments could test other sensory oviposition attraction modalities or test actual oviposition
preference to understand what drives the choice to oviposit in one container over another.

What is the mechanism driving the observed New York Ae. albopictus diapause behavior, and is
the observed behavior adaptive?
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In both the laboratory and the field, I observed an atypical diapause response Ae.
albopictus in populations from New York state. Other laboratory and field studies have
demonstrated a sigmoidal shaped entry curve into diapause, centered around a critical
photoperiod, while I observed that diapause fluctuated up and down in response to temperature,
both in the laboratory and the field. Follow-up studies are necessary to untangle the mechanisms
behind the response I observed.
We have formed two hypotheses to explain our observed results: 1) Other studies have
shown that temperature/tropical admixture can affect diapause, reducing its incidence at all light
cycles. It may be that Ae. albopictus in New York are a genetic admixture of tropical and
temperate origins, which is affecting their diapause response. 2) One other study showed that
different populations of Ae. albopictus had differential diapause responses when held at 21, 26,
and 28 °C. Perhaps the diapause response I saw in New York is an adaptive strategy; increased
response to temperature cues may be beneficial to extend their active period in the late summer
and early fall. To test the first hypothesis, population genetics analysis could be conducted on
both New York populations and tropical and temperate outgroups. To test the second hypothesis,
a mechanistic modeling approach could be taken, feeding a population growth model our
observed New York Iather patterns and a variety of diapause strategies to compare which
strategy leads to the greatest population growth.

Does diapause of Ae. albopictus vary in strength or depth by temperature and light treatments?
One limitation of our diapause study is that for our analysis, diapause was treated as a
binary response. Either an egg was considered in diapause, or out. This was a necessary
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simplification I made in order to feasibly test the effects of temperature and light cycle on
diapause, and is the approach used by every other diapause study for this species that the authors
here are aware of. However, there is evidence that diapause is not a binary response. Rather,
diapause more likely occurs along a gradient, with some eggs more deeply in diapause and less
receptive to hatching stimuli than others. For our experiments I gave the eggs an extremely
strong hatching stimuli – two rounds of hatching with a vacuum with 48 hours submerged in
water. I think it would be interesting to repeat these experiments using hatching stimuli of
varying strengths. For example – do you see the same response to light and temperature with
lighter hatching stimuli of 24 hours submerged and no vacuum? Diapause is a highly complex
trait that is often treated as simple - populations are modeled as out of diapause or in, an egg is
scored as out of diapause or in – and a more thorough understanding of diapause dynamics
would lead to a better understanding of overwintering behavior and more accurate models of Ae.
albopictus growth and expansion.

What are the primary locations of infectious dengue mosquito bites in Medellín, Colombia?
Our study of the impacts of public transit infrastructure on dengue in Medellín, Colombia
revealed higher reported incidence in zones of the city that used public transit more and that Ire
closer to public transit lines. A next step would be to unravel the mechanisms behind this. One
important remaining question is whether dengue might increase in zones where public transit is
more accessible because more people are traveling out to other locations where they are
receiving infectious bites, or if perhaps more infectious people are traveling in, bringing dengue
to those zones. One way to begin to answer this question is to test where the majority of
infectious bites are received, and where the most important sites of transmission are. This could
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be conducted by collecting and testing mosquitoes for virus at these various locations. Previous
studies have implicated homes as the most important sites for dengue transmission, but the
majority of studies have only tested in homes. I propose testing in other potential sites of
transmission, including schools, work-places, and public spaces as a first step to pinpoint sites
with greater numbers of infectious mosquitoes.

Does mosquito control focused around public transit infrastructure effectively reduce dengue
infections?
The golden standard to test the effects of environmental conditions on disease incidence
is a randomized controlled trial. On a large scale, however, this is rarely economically and
logistically feasible, and so I approximate as best I can through careful analysis of observational
data. However, while finding large-scale patterns is most feasible through observational data, our
results could be corroborated through a follow-up experimental test. I propose a large-scale
randomized trial testing dengue infection rates, conducted in sites near and far from public
transit, with a subset of those sites in locations where a new public transit line is set to open. This
experiment could use active dengue infection surveillance of a cohort to test if participants in
sites closer to public transit are more likely to become infected with dengue, and if sites that
become closer to public transit after a new line is opened are more likely to become infected
afterwards. While conducting large-scale randomized controlled trials on cohorts is logistically
difficult, these studies are necessary to draw firm conclusions about the causation behind
observed correlations.
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