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Abstract:

Little is known about the landscape ecologyedles albopictus with regards to urban
heat islands or the distribution Gtilicoides midges on Oklahoma White-tailed deer
farms. The hypotheses were that higher temperattu@ban heat islands would lead to
accelerated larval development and reduced ov&ralofA. albopictus mosquitoes
compared to their suburban and rural counterpants thatCulicoides sonorensis would

be the most commonly collected midge species assocwith Oklahoma deer farms.
Mosquitoes were placed into this landscape gradiecdntainers of our design and we
employed two methodologies to collect midges: ostlsampling using a drop net and a
CO, baited suction trap. No zone based effects wetexctizl onA. albopictus larval
development but there were significant impacts eigtt of males and females, wing
length of males and females, days to pupationroffes, and days to eclosion from
density based effects. Days to pupation of femexésbited a weak zone*density effect.
There was no significant difference in temperahetveen zones so we found that urban
heat islands do not impact the larval developmedtgrowth ofA. albopictus.

Culicoides guttipennis was the most commonly collected midge in drop taps suction
traps leading to the rejection of the hypothesiglgds commonly collected on these
operations preferred to feed on cattle rather iWaite-tailed deer or sheep when offered
free choice in a host preference study. Anothatystaund that ultraviolet traps collected
a wider range of species and a greater numberagesioverall when compared to
incandescent or traps without a light source. Thequito study needs to be replicated
over a longer period of time with greater competitpressure and more sites per zone to
verify the validity of findings. The midge studyguires spatiotemporal replicates as it
was conducted over a single field season at oaasd is thereby limited in scope. These
studies may lay the foundation for future resea&ftbrts in these areas by other graduate
students and further expand the limited knowledgéese important pests of medical
veterinary entomology.
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CHAPTER |

INTRODUCTION - MOSQUITOES AND URBAN HEAT ISLANDS

Mosquitoes are a common problem around the wordideae vectors of a vast assortment
of diseases. Like many other insect pests, theyeaslosely associated with man, especially in
urban and suburban environments due to their if®ty. The impacts of global warming and
climate change are of tremendous concern for thégmihealth. One potential impact on public
health is a change in infectious disease transomgkrough alterations in arthropod vector
distribution, abundance, or life-history charadtes. Increased temperature may lead to
potential habitat extension, accelerated developohenng the larval and pupal stage, enhanced
population growth, and various impacts on adulratizristics of mosquitoes and other vectors
pertinent to disease transmission, such as exdrinsubation period. The extrinsic incubation
period is the amount of time from vector uptake glathogen until the vector is rendered
infectious (Davis 1932). In an attempt to focus ddie far reaching aspects of climate change
on mosquitoes, we will be focusing on the localjzatthropogenic source of climate change that
is the urban heat island. An urban heat islandrégion located in a metropolitan area with a
higher temperature, generally both surface andtan the surrounding suburban and rural zones.
Urban heat islands may develop from the conversigrass and soil to concrete and asphalt via
urbanization, thereby increasing the amount of Baed in a surface that is later radiated back
into the environment. Organisms sensitive to taatpee, especially small ectotherms such as
insects, may therefore be affected differentlyrimam areas relative to cooler suburban and rural

surroundings.



Ectotherms are more strongly impacted by environateshifts in temperature than
endotherms due to their reliance on external teatpers to modulate their internal temperature.
While an endotherm’s development is usually driggrtaloric intake, ectotherms may grow
more rapidly or slowly based on temperature. This Ied to the concept of degree days for
insects, whereby their physiological age and deprekmt is determined by temperature above a
certain critical threshold and not solely by thegage of time. Reliance of temperature to drive
metabolic functions also allows these organisnedfast their nutrient consumption according to
demands placed on the body; this is a plastic piatBnhnon-linear response.

The influence of temperature and certain life lstoaits in mosquitoes predispose them
to act as efficient disease vectors. Similar totrmesects, a rise in temperature will accelerate
larval development in mosquitoes. Faster growtlidda a shorter generation time, which may
allow a population to grow more rapidly and have@ased density. Population enlargement will
then lead to greater vectorial capacity, for whadormula has been developed in order to predict
the efficiency of potential disease transmissioa negion.

Vectorial capacity can be used to measure therhigsgn rate of a potential disease by a
population of vectors by analyzing the vector cotapee, host biting rate, density of vectors,
extrinsic incubation period of a pathogen, anddhiéy survival of the vector. An increase in
temperature caused by climate change or an urkatridgh@nd can impact several of these factors,
notably density of vectors and extrinsic incubafeniod of a pathogen. The density of the vector
may be increased by accelerated larval developheading to faster population growth and more
individuals eclosing simultaneously or over an et time period. The extrinsic incubation
period varies based on the pathogen and can hendéd by temperature. At higher
temperatures, extrinsic incubation period can deced due to faster development of the
pathogen. Accelerated pathogen growth enables tagmdmission cycles and often facilitates the

occurrence of disease outbreaks, including arbsegand protozoans like malaria.



Arbovirus is an acronym farthropodborne virus. This includes such viral diseases as
West Nile virus (WNV), dengue virus, yellow fevarus, and many others. While many
mosquitoes can transmit these virugesles albopictus (Skuse), the Asian tiger mosquito, is
especially well known for the spread of dengues/and chikungunya virus. Viruses are
transmitted by female mosquitoes that ingest thesvirom an infected individual, human or
animal, during a blood meal and then it replicatefde the mosquito, escapes the midgut, and
migrates to the salivary glands. Once a virus thésalivary glands, a subsequent bite from the
mosquito to a susceptible host transmits the vilsoviruses are responsible for millions of
infections every year in both developed and dewetppations, with many resulting in serious
illness or death. It is the intent of this resedtedt by better understanding the landscape ecology
of A. albopictus and the impacts of temperature in urban areatsatevelopment that strides can
be made towards better control of this pest andligeases it transmits. My hypothesis is that
temperature in the field can drive developmen\.ddlbopictus and that temperature is
determined, in part, by the level of urbanizatisreaesult of urban heat islands. Temperature
will also affect other variables related to devehemt, such as weight and wing length, in an
urbanized field setting.

We will examine the impact of urban heat island$aowal development and population
performance oA. albopictus, the Asian tiger mosquito, in Oklahoma City, Oka dapture the
effect of the urban heat island on larval growtd davelopment, replicates will be placed in
urban, suburban, and rural environments. Populg@gsformance will be examined by
calculating an estimated population growth paraniéitdte rate of increase,) using wing
length and weight of mosquitoes reared with tweaminaspecifics. Other larvae will be reared
solitarily to detect differences caused by comfmetiversus those ascribed to other conditions
(e.g. temperature). Abiotic conditions of temperatand relative humidity will be captured at

each site.



The objective of this study is to document theuefice of urban heat islands and man-
made climate change on vector population performamd individual growth response of
mosquitoes. We hypothesize that mosquitoes rearad urban heat island will experience faster
development due to the increased temperature.atoslerated development should result in

smaller mosquitoes than their suburban and rutahtesparts.



CHAPTER Il

REVIEW OF LITERATURE - MOSQUITOES AND URBAN HEAT ISANDS

Urban Heat Islands — General Background and their @erall Impacts

An urban heat island (UHI) is a localized, anthrggraic effect on a metropolitan area
resulting in elevated temperatures relative tostiveounding area. Buildings located within a
space as small as one city block can begin thergeore of heat island effects (Landsberg 1970).
While the formation of UHIs is expected to increasthe future, they are not a recent occurrence
and have been acknowledged for almost 200 yeassinténsity of a UHI is not only related to
the size of the developed area, but it is also ectadl to a city’s population, building height and
density, and the amount of asphalt and concreteptéLevinska 1987). As these numbers
increase, so does the UHI intensity (Mitchell 19@Bmperature, humidity, cloudiness, solar
radiation, visibility, rainfall, and wind speed athve well studied dissimilarities between rural
and urban environments (Clarke 1972). Human-medliateractions with the environment can
also lead to strengthening of the UHI effect bytliekease from power stations, automobiles and
other motorized forms of transportation, as weliaconditioning units (Memon et al., 2008).
The strength of a UHI can be varied based on tfaeters and may even radiate out towards the
contiguous suburbs. Human populations worldwidegapgving with an anticipated 56.62% of
the world’s populace to reside in urban areas byytar 2025, a 6.16% increase from 2010
(United Nations 2009). As more and more individuats/e into cityscapes, the increasing
population will lead to the expansion of the citiyther into the surrounding countryside, and

more congested housing in developing nations m&y e the formation or strengthening of



UHIs. Urban heat islands have since been recordadd, temperate, and arctic regions
worldwide, demonstrating their prevalence throughmman society and that they are not
restricted to certain latitudes and longitudes éBa®t al., 2008).

The first scientist credited with having recogniididis was an English meteorologist named
Luke Howard who, in 1818, noted a distinct diffarertbetween London’s climate and that of the
surrounding rural areas. Howard did not coin tmmterban heat island, but he did describe the
phenomenon. The term was introduced 140 years latem Gordon Manley first used it in a
paper about snowfall frequency in England (Manl@g8). Other scientists realized the effects of
urban heat islands over the mid to late 1800stHmyt viewed them more as a source of error that
was altering their climatological data rather tlagran occurrence to be studied (Meyer 1991).

The intensity of an UHI in these varied regions bamregulated by several factors. An UHI's
influence on a city’s temperature on average magedrom only 0.5-2C higher than the
surroundings, as is the case in Oklahoma City gdigeAt certain times, UHIs can reach as high
as 10-12C warmer than the surroundings, but generally oosfistained periods of time
(Angilletta et al., 2007; Levinska 1987). Theseedi temperatures are the result of solar radiation
being absorbed during the day by the concrete gpldadt structures prevalent in cityscapes and
then radiated at night back into the environmemn&sS and soil trap less heat and have a thermal
conductivity that is approximately ten times lowlean urban building materials. As a result, rural
environments have more rapid heat emission atfaigClarke 1972; Landsberg 1970). Urban
environments absorb the majority of solar radiatleey are exposed to throughout the day and
slowly release it back into the surroundings ahpigrhere it may be reabsorbed by other
buildings, thereby slowing the process even fur{idasrke 1972). Urban heat islands are often
noted as having a more profound temperature difteyevith their surroundings at night because
of this. Conflicting data has been presented on whiaditions UHIs are at their most intense, but
a high disparity in nighttime temperatures betwedian and suburban areas remains a constant
theme (Basara et al., 2010; Clarke 1972; Levin€éx L
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Urban heat islands also have an influence on ragjjgnecipitation. Studies in the 1960s and
1970s noticed that well developed urban areastaidgdurrounding downwind communities
often experienced a 9-17% increase in rainfall f(isderg 1970; Changnon 1968). These impacts
on precipitation are often most pronounced in themvmonths of the year. Shepherd and Burian
(2003) qualified the impact of an urban heat islandhe seasonal rainfall both over Houston and
its surrounding communities and proved that theipi&tion anomalies were due to
urbanization. The region downwind from the city dhel city proper experienced 44% and 29%,
respectively, greater rainfall rates than the negipwind of the city (Shepherd and Burian 2003).

Changes in precipitation and temperature may aftean microclimates leading to
modifications of the animal and plant community gasitions. Metropolitan locations often bear
a dramatic reduction in vegetation relative tortlseirrounding communities due to urbanization.
Urban parks, one of the last vestiges of vegetatiawe been recorded as being abdi@ 6ooler
than their surrounding inner-city zone due to trespnce of vegetation and soil surfaces (Clarke
1972). Trees in urban environments may also suffae severe insect damage, like lilac borers
on green ash trees, due to the increased moistess placed on them by urban heat islands
(Cregg and Dix 2001).

Globally, urban heat islands have been detectethjor metropolises like Tokyo, New York
City, and Mexico City (Memon et al., 2008). Theywbaalso been found in smaller cities,
including Oklahoma City (OKC) (Basara et al., 2008klahoma City is the 31argest city in
the United States on a per capita basis (Basala €011). The population within OKC
continues to grow annually with an increase of Ki6e 2000 and in 2009 reached 1.2 million
(Basara et al., 2011). The magnitude of the OKC W&#l been recorded as being fairly consistent
over time, even with seasonal changes and flucigablar radiation levels (Basara et al., 2008).
The OKC UHI is centered over the downtown centredibess district and exhibits the strongest
temperature effects when viewed along both a reotith and east-west transect of the city
(Basara et al., 2008). By having this baseline datto the location of the Oklahoma City UHI,
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the research sites were better focused to captardifferences between the urban core and the
surrounding suburban and rural areas.

Heat waves also contribute to the effects UHIs laveities like Oklahoma City. In late July
and early August of 2008, a heat wave struck OK&€taa surrounding communities with
temperatures measuring 5@ warmer than the archetypal climate data for éggon (Basara et
al., 2010). Temperatures were often in excess 6€4hd several heat records were set during
this time period. Even during this heat wave evitd,metropolitan area of OKC was
approximately 0.5C hotter during the day and ovef@ warmer at nighttime than neighboring
areas (Basara et al., 2010). The majority of thrutadion in OKC lives in the suburbs but some
do reside in the urban core. These urban residdéiats live in older, less adequately cooled
housing with a higher occupancy rate. Becausedtbasory warnings are generated from data
collected at airports and airports often have alaimlimate to suburban areas, warnings about
conditions of extreme heat do not reach the urbaigents in a timely manner, increasing the
risks of continued exposure to such conditions éBast al., 2010). To counter these risks, OKC
now has a network of climatological sensors locatdtie metropolitan area known as the OKC
micronet. Even with monitoring technology, UHIsdanjunction with other anthropogenic
factors may still continue to contribute to theesat and intensity of infectious diseases and other
health risks.

Relationship between Urbanization, Urban Heat Islads, and Disease

Climate change and urbanization are driving fotbas may influence transmission of
infectious diseases. Climate change may resulaitge expansions of certain vectors or a shift of
present vectors in habitats that were previoughylénable (Rohr et al., 2011; Reeves et al., 1994;
McMichael 2000). Although climate change may previdcreased habitat suitability for many
vectors, this does not necessarily predicate arabicicrease in geographic distribution because

there may be other limiting factors present, likegsure from predators, competition, or dispersal



barriers (Lafferty 2009). This fluctuation in vecipresence may lead to increasing concerns in
future disease risk due to the effects of glob&ibra climate-change, and urbanization.

The development of UHIs, a localized form of climahange via increased urbanization and
altered land usage, may lead to hotter cities. dtiimates created by urban heat islands may
cause metropolitan environments to become warmetalgreater year-round temperature,
allowing mosquitoes and other vectors to overwintenfluence other disease transmission
traits. Temperature will also influence diseasaatigristics important to transmission events.
Higher temperatures will accelerate developmentgeimse biting rates, and shorten extrinsic
incubation periods, but also may shorten the léespf some vectors, making the overall impact
hard to determine (Rohr et al., 2011; Chamberlath%udia, 1955; Davis 1932; Alto and Juliano
2001; Monteiro et al. 2007).

As urbanization increases, the biodiversity andmmomity composition of a region may shift
as well, with certain organisms being more tolerdranthropogenic conditions like the
American robinTurdus migratorius, and certain mosquitoes, includiAgdes aegypti and Aedes
albopictus. A documented relationship between changes irades&ansmission, biodiversity, and
urbanization can be found in WNV transmission ia thited States in the past fifteen years. It
was discovered that the main driving cycle of thial transmission was between the American
robin and three species Gflex mosquitoesCulex pipiens, C. restuans, andC. tarsalis. These
species act both as bridge vectors and enzoottorge(ilpatrick 2011; Kilpatrick et al., 2005).

A “bridge vector” is a mosquito that feeds on bttith reservoir host and the incidental host for a
virus, in this case birds and humans respectiviereby bridging the gap between the two
leading to potential transmission events. Thesegoits vectors are often associated with
anthropogenically altered regions, principallyestin the eastern United States and agriculture in
the western United States. They were found to éexbbins for 30-80% of their blood meals
even when robins only made up a small portion, %-26f the birds present in a region (Bowden

et al., 2011; Kilpatrick et al., 2006).



Robins have become more common in the past 25 ge&rin part to urbanization and their
preference for these altered habitats (Kilpatrickle 2006; Kent et al., 2009). They contributed
to the prevalence of WNV by acting as amplifyingstsp with very high viremias in the spring,
and as super-spreaders of the virus because taelyeapreferred blood source for th€sgex
mosquitoes (Kilpatrick et al., 2006; Kent et aDP2). A super-spreader is an individual who
infects a much larger number of other individuant would be expected; this is the result of the
host preference by theulex mosquitoes. When the number of robins declinedosesdly, human
cases of WNV increased as mosquitoes alteredfdeading from birds to humans (Kilpatrick
2011; Kent et al., 2009).

The effects of urbanization extend beyond just aterchange, impacting both the
community composition residing within the city lal$o the disease pressure in the region. While
urbanization may have been a driving factor inrthegheastern and upper Midwestern United
States, the great plains experienced a more praedugffect of the disease in areas outside the
urban core (Lindsey et al., 2008). It should beeddahat WNV and many other arboviruses are
not simply urban or rural diseases but rather lnavieate relationships that are influenced by
gradients in the environment (Bowden et al., 2011).

Urban heat islands and climate change can alsotlgilagfect the success of certain viral
genotypes, which may have unforeseen consequehesiral genotype of WNV that was first
introduced into New York in 1999 is known as NY@9vas quickly replaced by a new strain
that was more tolerant of the higher temperatwaad in the United States; this genotype was
WNO2. This new strain was important due to its shrard extrinsic incubation period, which
rendered the mosquitoes infectious sooner. Waremspératures overall may have led to the
success of WNO2 over NY99, an effect which may beemore amplified in the future
(Kilpatrick et al., 2008). Another finding of imp@ance is that temperature and the transmission
rate for the WNO2 strain possesses a non-lineatioakhip, where even small changes in
temperature can lead to dramatic shifts in theaghteansmission and extrinsic incubation period
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(Kilpatrick et al., 2008). This could translateagreater risk in urban areas where even the minor
impacts of an UHI on temperature could have mooaqunced results in WNV infection.
Diseases do not pose the only health risk assdcigith UHIs, as often the temperature effects
alone can cause stress on the urban population.
Urban heat islands can also influence the humanlpton residing in the core of the

city, often with morbid consequences. During heavevevents, often amplified by urban heat
islands, heat related death rates may be five aliditmes higher in a city over that of the
surrounding area, as recorded in St. Louis in {@&rke 1972). Normally, evenings are a time
of respite from the heat of the summer, but duhegt waves, and especially in urban
environments where the high concentration of cdeaad asphalt surfaces are emitting absorbed
heat from the diurnal period of the day, this fetiften does not come. Reduced wind and
increased temperature in cities contribute to igh Heath counts during heat waves, notably
Europe in 2003 with estimated deaths between 22388015,000 over a two week period, and
Chicago in 1995 where 65% of all yearly heat-relateaths for the U.S. occurred (Basara et al.,
2010). Wind speeds can also be reduced dramatioatijies sometimes due to the turbulence
induced by building placement and height, which aften range up to 20-30% less than
observed at airports or adjacent rural settingariel 1972). This reduction in wind limits the
impact of evaporative cooling provided by sweatimgler duress for urban populations. While air
conditioning in the modern era should reduce theber of individuals at risk for heat stress, the
transfer of heat and moisture into the urban atfmepfrom the businesses, apartments, and
homes running them will only strengthen the urbeatlisland effect.
Effects of an Urban Heat Island on Insects other tan Mosquitoes

The impact of urban heat islands on insects has lmm®rded in several papers whose
implications may be extrapolated to mosquitoestullys by Angilletta et al. (2007) noted that
leaf cutter antsitta sexdens rubropilosa, in Sao Paulo, Brazil, that originated in an urban
environment had a higher heat tolerance than dnte®same species collected in a rural location
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outside of the city. The city ants were observeldable to survive 20% longer at their
experimental temperature with no loss of cold &hee that is sometimes associated with a
greater resistance to heat (Angilletta et al., 200™osquitoes experience a similar increase in
heat tolerance this may allow them to survive lortyging heat wave events. Also, by laying
desiccation resistant egds,albopictus may be able to tolerate the droughts and temperatu
disturbances, regardless of humidity, that are @somon during heat wave events (Sota and
Mogi 1992b; Sota et al., 1993).

Other changes in relation to thermal gradientsiwitities have been seen in a study
involving blow flies,Calliphora vicina, which may impact forensic investigators. The ot
development temperature of the flies between aaruheat island and flies of the same species in
a nearby rural location differed, demonstrating sariance in life histories as a result (Hwang
and Turner 2009). These flies and others can e tosgetermine post mortem interval in
forensic cases and if local information on thewvalepment is unknown, then a published
reference is used. Sources probed for this datafeme derived from a vastly different climate
and location. The urban heat island’s influencé¢henfly’s development time may render these
forensic entomology references misleading or modtytestigators. Whil@. albopictusis not
often used in forensic cases, the significanceatd &rom other geographical areas not being
relevant to insects reared in urban environmengspnave true for mosquitoes, as well.

Vermunt et al. (2012) recorded that wood-boringtles in urban environments experienced
warmer temperatures in the microclimates presemiéiutiee bark relative to beetles in trees in
rural habitats. This had the implication that thed®an areas could serve as a reservoir for these
damaging beetles who would otherwise be sufferiogality from cold temperatures in rural
areas. This increased temperature in urban enventsyalso may contribute to faster
development which may influence the overall popafabf the region (Vermunt et al., 2012).

The idea of urban areas serving as a reservoingects to be able to later spread out to the
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surrounding areas and accelerating their developarertwo concepts that can easily be applied
to mosquitoes and this research directly.

Another insect directly impacted by the developn@nirban heat islands are termites,
especially thdReticulitermes genus. These termites have successfully invadied i temperate
latitudes with UHIs that they otherwise would nat/e been able to colonize due to the
surrounding woodland habitats being too cold feirtburvival (Leniaud et al., 2009). This has
occurred in Paris, Hamburg, and Toronto for vari@etsculitermes species (Leniaud et al.,
2009). Urban heat islands allowed for range expansf these termites even though it was by
anthropogenic means via the transportation of itatematerial. Mosquitoes may also have the
potential to expand their range due to UHI effects.

Urban Heat Islands and Mosquitoes

Urban environments and their downwind communttied experience increased annual
rainfalls may provide habitats more suitable forsouaito survival. Mosquitoes require aquatic
environments for their larvae, and with these niteguent rainfall events occurring, more
oviposition sites may become available. For mosegsithat breed in man-made containers of
standing water, an increase in precipitation cqalebntially increase the number of larval
habitats. The increased humidity from rainfall naégo lead to increased survival of mosquito
species likéA. albopictus that are less tolerant of drought conditions (Metgal., 1996). These
environmental changes may lead to larger mosquipalations in these areas and increased
transmission of disease if control measures arematted. This is especially true of at-risk
individuals, such as the homeless, that often hiyleer seroprevelance for arboviral infections,
like WNV, due to increased exposure frequency ftbeir living conditions (Meyer et al., 2007).

As for the actual effect of urban heat islands asaquitoes, there is far less to report, which
reinforces the need for the study. Charles Caldmatd in 1807 that warmer inner city areas had
a greater prevalence of tropical diseases, inctugatiow fever, than their surrounding
communities (Meyer 1991). At the time, yellow feveas not attributed to mosquitoes, but they
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are the principal vectors of the disease and tleeénce could be made that mosquitoes were
more ubiquitous in urban areas, even in the pdmstelwere only two specific examples
referencing the effects of urban heat islands osquito populations.

Thorsteinson (1988) recorded that an urban hemtdsh Winnipeg, Canada, generated a
centripetal wind blowing into the city from the aliperimeter that may have moved mosquitoes
inward from the outskirts. The airstream was atstsastrongest during the zenith of mosquito
activity for the evening. This may be another faahiathe movement of mosquitoes within an
urban landscape by either trapping them withincihebecause they could not move against this
wind flow or by an immigration of new infected vers carried by the wind. Data from
Thorsteinson’s (1988) study showed that in thearenftthe heat island, traps located near the
convergence of two rivers collected nearly fourteeres the number of mosquitoes caught by
the average of all other urban traps. The preseheegetated shores along the two bodies of
water may have provided the mosquitoes with arrg&tite that influenced these results, but the
wind was also documented as blowing at 5 metersqmond that day towards the city center
(Thorsteinson 1988). This evidence was never exgzhngon, so the effect of wind flow on
mosquito movement into cities is anecdotal at best.

One other study discussed the interactions betwdsan heat islands and mosquitoes. This
study by Paz and Albersheim (2008) illustratedlitiebetween WNV fever risk and proximity
to an urban heat island in Tel Aviv, Israel. Theyrd that the increased temperature from the
UHI proved beneficial t&€ulex pipiens population growth and disease development, which
allowed the disease to appear earlier in the sdagbe city compared to the surrounding
countryside (Paz and Albersheim 2008). Since thigies are the only sources related to urban
heat islands and mosquitoes and neither are foars&edes albopictus, this study provides new

data from an untapped source.
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General Biology ofAedes albopictus

Aedes albopictus, an invasive species of mosquito, was first detkat the United States
in Texas in 1985 (Hawley 1988). The principal meahimitroduction for this species was the
movement of used tires filled with water and lamasquitoes from overseas markets (Hawley
1988). It has since spread all over the southaaktes. and has become well established, even
replacing naturalized. aegypti in many locations, including Oklahoma (McHugh 199#des
albopictusis a tree hole and container breeding speciesilyeadpositing into both natural and
artificial containers. Upon hatching, the larvalsquitoes go through four instars and then a
pupal stage prior to becoming adults. The lanayass are voracious grazers and also filter feed
on algae and bacteria present in the tree holergamer they are occupying, often outcompeting
other species. The length of the larval and puaglescan be influenced by competition, diet, and
temperature. Whilé. albopictus can and do readily colonize artificial containfnslarval
habitats, such as tires, their development maydveesl relative to natural tree holes and bamboo
stumps (Gomes et al., 1995). This may be due édlaction in available nutrients in artificial
containers rather than detritus that is readilylalske in most tree holes (Gomes et al., 1995).
Their freedom in site selection has allowed themdionize a diverse range of habitats in both
space and temperature.

Many studies have demonstrated that they are tilefaa wide range of temperatures as
both larvae and adults (Alto and Juliano 2001; gzleand Timmermann 2001; Lounibos et al.,
2002). Monteiro et al. (2007) found thatalbopictus larvae exposed to varying water
temperatures all experienced an approximately fiftscent hatching rate upon immersion in
water. This may contribute to their ability to rdiyi colonize containers with transient sources of
water that may rapidly evaporate, no matter thereal temperature within their survivable
temperature range. Females lay tough, sclerotidadk eggs that are resistant to desiccation and
may enter diapause based on the photoperiod theemwas exposed to during oviposition
(Hawley 1988; Sota and Mogi 1992b). Desiccatioristast eggs and the use of man-made

15



containers for oviposition are traits that are rsfitg associated with non-native introduced
species, but they were found to not be indicatbthelikelihood of becoming an invasive
species when these traits were examined in a resi@wver 30 non-native mosquito species and
their subsequent introductions around the worltigda and Lounibos, 2005). The true indicator
for a mosquito's likelihood of becoming an invasspecies is the occupancy of environments
closely associated with humans, such as urbanundtzan housing developments, a trait that
albopictus possesses (Juliano and Lounibos, 2005).

This relationship with urban settings may proveedeneficial to the mosquitoes when
it is taken in conjunction with the effects of allbn their population performance. The
increased temperatures that are present in urlzndi@nds year round could accelerate
albopictus population development and may facilitate theloozation of metropolitan areas
(Alto and Juliano 2001). Alternatively, althoughsawhat tolerant of dry conditions, increased
heat in urban areas may drive evapotranspiratidiamer relative humidity and several studies
have suggested desiccation restricts the distabudf A. albopictus and affects competition with
A. aegypti (Lounibos et al., 2010; Juliano et al., 2002; Cozateet al., 2005; Sota and Mogi
1992a; Mogi et al., 1996).

Impact of Temperature on Insects

As the environment changes, organisms must adgioilydo maintain maximum fitness.
One understood hypothesis is that an insect istalde this through phenotypic plasticity of
body size, regulated by insulin signaling (Davidiavét al., 2004). In holometabolous insects like
mosquitoes, the cessation of growth upon reachipgfion to the adult stage makes the duration
of the growth period during the larval stage vitatheir final size (Davidowitz et al., 2004).
There are three principal elements that contribmutbe speed of growth and when larval
development draws to a close for transition tophyeal stage. These factors include growth rate,
critical weight at which juvenile hormone productiis stopped, and the interval to cessation of
growth, which is the time period after reachindical weight and before the start of production
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of prothoracicotropic hormone (Davidowitz et abD02). Juvenile hormone is produced by the
corpus allatum and is present during each larvdl todeep the insect in larval development
rather than transitioning to the pupal stage. Pmatticotropic hormone, also known as PTTH, is
secreted by the corpus cardiacum and acts on titlegpacic glands to stimulate ecdysteroid
production to induce molting. The influence of taé®mrmones and the three critical elements of
growth are implicated in the effect of temperatane diet on insect development. Larval insects,
across various orders and families, generally gma smaller size at higher temperatures and
with lower quality diets (Atkinson 1995; Davidowiz al., 2004).

Atkinson (1995) noted that in 55 different studiésquatic ectotherms, higher temperatures,
which were not considered stressful to the poirdftecting development, decreased the size of
an organism across diverse taxa, including bacteradlusks, insects, crustaceans, and
amphibians. In mosquito larvae, as the atmosplaedcwater temperatures increase, so does their
development rate. This increase in developmentmnatgresult in less time spent in the larval
stage, which could reduce the amount of time abkslto feed. If the amount of time available
for feeding declines, adult size may decrease,adls Miale A. albopictus consistently emerge
prior to females, rendering them smaller by appraely 17-20% (Briegel and Timmermann
2001). Consequently, lower temperatures consistentiduce large adults with the majority of
their growth occurring during the fourth larval tass(Briegel and Timmermann 200Bedes
albopictus females may emerge as adults after only 6 dag2 @ to as long as 90 days spent as
larvae and pupae at ¥ (Briegel and Timmermann 2001). Differences ingenature can also
influence life traits other than development, sastpopulation characteristics.

Alto and Juliano (2001) noted thatalbopictus populations reared at higher temperatures
had lowerK and greater values than cohorts raised at lower temperatiitesse results should
hold true in field settings with different effeascurring based upon locational temperature
within the United States. Regions with a more teratgeclimate may experience slower mosquito
population growth but greater total populationghwihe inverse being true for southern states
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with warmer climates (Alto and Juliano 200K)is the carrying capacity of a population and
means the overall population was reduced at tlegspédratures, whileis the rate of population
growth. This may be related to higher temperattivasallow larvae to develop faster and have
greater adult emergence rates, but at the costatay daily mortality (Alto and Juliano 2001).
The effects of an UHI may allo. albopictus to supersede the population dynamics that would
be expected for a region.

With greater temperatures in cityscapes due torunieat island effect, the timing Af
albopictus emergence and rates of larval development mapdrees and elevated. Monteiro et
al. (2007) found tha. albopictus exposed to fluctuating environmental temperatures
experienced a greater eclosion rate than larvaesexjto a constant temperature. An additional
effect was that larvae exposed to fluctuating tenaijpee remained in the first instar stage longer
than larvae exposed to constant temperatures. fdrggng temperatures may provide a stimulus
for eclosion inA. albopictus similar to shifts in photoperiod in other inse@#onteiro et al.,

2007). This may be demonstrated in the field expenit due to the cyclic nature of the
temperature shifts in UHIs. Urban heat islands alag act as a temperature buffer to the colder
surrounding areas providing mosquitoes with enhduscevival during the winter months or

allow more eggs to survive during cooler time pasio

Urban heat islands can provide a superior environfiog mosquitoes that have issues
overwintering due to the greater temperatures saard. It has been suggested thaal bopictus
has become more cold tolerant as it has migratetiwiard and expanded its range (Hawley
1988). In a study by Teng and Apperson (2000)thheshold temperature for larval development
of A. albopictus was recorded at approximately 8 €lwith the number of degree days required
for complete development at this temperature ranfyiom 132.3 to 220.9 for males and 143.8 to
387.2 for females. Degree days required for corapletelopment oA. albopictus can also be

impacted by the density of larvae, with lower d&esiresulting in fewer degree days required

18



than intermediate and high densities (Teng and mme2000). Higher temperatures could also
provide more food for a population of mosquito yguoy increasing microbial growth rates, one
of the major food sources for larvae, along witlestricting growth factor due to competition

related to density (Alto and Juliano 2001).

Competition and Temperature

Larvae that are able to feed on the microbes preiby rapidly decaying sources are placed
at a reduced risk for starvation because they earrgte greater lipid stores faster. These fat
bodies are metabolized during starvation conditems allow container breeding mosquitoes,
like A. albopictus andA. aegypti, to survive for up to 30 days without any avaiafdod (Barrera
1996). This occurs in contrast to groundwater mitegg, likeA. taeniorhynchus, whose larval
starvation survival rates were increased due ®deagrgy storage (Barrera 1996). The ability of
container breeding mosquitoes to store more lipidstore lipids more efficiently may prove
critical to their survival in environments wheretment input is pulsedAedes albopictus is able
to produce more lipids during cooler environmentaliditions, as well, allowing it to survive
farther North tharh\. aegypti (Briegel and Timmermann 2001). Barrera (1996) alsticed that
larval oxygen consumption was similarAnalbopictus andA. aegypti, with the differences in
starvation resistance being connected insteadaggrstorage in lipids. Temperature also plays a
role in starvation resistance dependent upon culaeral instar.

First instarA. aegypti larvae experience declining starvation resistasceemperature
increases (Padmanabha et al., 2011a). As larvagga®to later instars, their increase in energy
stores provide them with greater starvation rescgabut they have a stronger competitive
impact on earlier instars than their younger sgdihave on them since fourth instar larvae are
acquiring over seventy-five percent of their fimaight gain (Padmanabha et al., 2011a). Higher
temperatures may allow larvae to develop fastergaod from the more fragile first instar to

second and onward, but this temperature increasegat the cost of the ability to resist
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starvation. As absolute density increases, stamvaiisistance is consistently lowered across all
species by showing the effects of intraspecific iaterspecific competition (Barrera 1996).

Interspecific competition between these two spetiag have been the driving factor in the
elimination ofA. aegypti by the invasive\. albopictusin certain areas, but coexistence has been
known to occur based upon climatological variablesval diet can control the outcome between
these two species, Asaegypti is the superior competitor with highly nutritiveoi, like liver
powder, whileA. albopictus is dominant in environments with detritus that adswer nutritive
value, like leaf litter (Braks et al., 2004; Baa€lr996). Juliano et al. (2002) found that mortality
of A. albopictus eggs was related to temperature and humidity, Wgh temperatures and low
humidity causing increased mortality, while egg tality for A. aegypti was independent of these
variables. This may have led to their continuingxdstence in places like Florida, where areas
with periodic dry and subsequent wet seasons caoldrated better ba. aegypti thanA.
albopictus and allows for the survival &. aegypti, the less effective competitor (Juliano et al.,
2002; Sota and Mogi 1992a). Braks et al. (2004hdotnatA. albopictus was also the superior
competitor toA. aegypti in Brazil, demonstrating similar conclusions fréal bopictus invasion
events even across vast bio-geographical diffeeenEgen during extended dry seasaxs,
albopictus will experience greater egg losses tlaaegypti, allowing the population density to
shift in A. aegypti’s favor and resulting in less interspecific conijpat. Due to the greater heat in
urban areas, this may contribute to a strodgaegypti presence relative . albopictusin
locations that contain both species (Juliano ¢2aD2).

While not directly applicable to this study duehe absence dk. aegypti in present-day
Oklahoma, the urban heat island effect could havenpact on species compaosition of urban
mosquitoes in other regions. Competition betweertwo species can also be tied to drying of
the larval environment with one species being fastdrased on whether the water level is
fluctuating or is slowly receding as in drought ditions (Costanzo et al., 2005). While
albopictusis often cited as the better interspecific competf the two species in mixed larval
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environments, when water levels are receding, thaes reverse anfl. aegypti is less
negatively affected and becomes the superior catopéCostanzo et al., 2005). Perhaps due to
the transient nature of Oklahoma'’s weather, theistence of these two species does not occur.
In agreement with this, Lounibos et al. (2010) fdtimat as precipitation increased, so Alid
albopictus populations in cemetery vases in Florida, withréweerse occurring fok. aegypti
populations. As climate change continues to imgaetvorld, there may be resurgence#of
aegypti populations in regions that had previously favokedl bopictus due to increased heat and
reduced humidity, possibly due in part to urbant tands (Lounibos et al., 2010). Wherexer
aegypti is no longer presenA,. albopictus may become the prominent vector for dengue and
other viruses which can have enhanced transmissised on competition (Alto et al., 2008a).
Competition and Disease

Competition during the larval stage of developnuamt have long lasting consequences into
adult mosquito ecology, especially in relation éxtor competence. As larval density increases,
smaller pupae are produced, which leads to redsizedn adult mosquitoes (Hawley 1985). As
adult size decreases, vector competence ofteraigesan an inverse relationship. This increase
in vector competence can be related to the breakadywhysiological barriers to virus infection
around the midgut to allow the virus to escaperaigiate to the salivary glands more readily
(Alto et al., 2008a). This has been demonstrated ahbopictus with dengue virus and
Ochlerotatus triseriatus with La Crosse virus (Alto et al., 2008a; Grimstatl Haramis 1984).
Alto et al. (2008a) found that whe albopictus were raised at greater densities they had
significantly higher infection and disseminatiotesacompared to conspecifics raised at low
larval densities. The impacts of competition angdanutrition have been demonstrated with
other genera, as well, with tritaeniorhynchus being rendered more susceptible to infection by
WNYV under higher larval densities (Baqar et al8a)©

Competition can impact species differently in rielatto infection rates even within the same
genera. Alto et al. (2005) suggested that larvadmetition inA. albopictus could have effects on
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vector competence, with adults derived from higldynpetitive environments being more
competent, possibly due to their smaller size. Gatitipn can have both size-dependent and size-
independent effects on infection, though, as langesquitoes from low competition treatments
still had lower infection rates and titers thanregenall mosquitoes from treatments that
experienced high competition pressure (Alto et2f105). Similar results have been seeA.in
aegypti with dengue virus, where smaller females were rsaseeptible (Alto et al., 2008b).
Studies such as these prove that the use of ldesdb control mosquito populations could have
mixed results. Killing larvae would reduce competitpressure and produce larger adults that
should be more resilient to infection and dissetimma but larger adults will in turn lay more
eggs and lead to greater mosquito densities. Thiklgenerate more vectors that may negate the
reductions in infection rates.

It is currently debatable whether smaller or lampeisquitoes are better vectors for disease. In
a study by Bevins (2008), the impact of competitigrA. albopictus on O. triseriatus produced
mixed resultsQ. triseriatus numbers were reduced, which would produce lessatiweectors for
La Crosse virus, but the surviving individuals waotually larger and still became consistently
infected when feeding on infected blood. Alto et(2008a) stated that smaller adiltalbopictus
were more likely to be infected by dengue virusitteaige adults as a result of competition. A
conflicting result by Westbrook et al. (2010) thaed size only, controlled by temperature and
not diet or competition, stated that larderlbopictus were six times more likely to have a
disseminated infection for chikungunya virus. Resud these studies may also be influenced by
the fact that laboratory colonies are used angatentially experiencing genetic drift, selection
pressure from incubator conditions, and foundexaté$f (Alto et al., 2008a). A reduction in adult
size may contribute to difficulties in both hostekimg and blood-feeding behaviors that are

necessary for disease transmission to occur.
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Blood Feeding Behavior and Adult Size

Adult female mosquitoes will actively seek bloodaiseupon emerging from the pupal state.
This is necessary for egg development for all se@md most first batches of eggs, except for
those mosquitoes that are autogenous for thecfirsth, meaning the mosquito has enough
protein left from larval and pupal development &velop eggs without a blood supplement
(Klowden 1995). Variance in the size of adult matzps will lead to differing blood meal size,
as well, which influences the amount of eggs thatpaoduced. Females of all sizes will seek
hosts for a blood meal, but larger females are rikety to succeed at acquiring a blood meal,
which was observed by Nasci (1986) when he exanpaedtly in relation to body size. If
mosquitoes feed on a substandard diet as larveewtiti experience less success in finding
hosts, and even if they are receiving an adequetas an adult, this deficit cannot be corrected
(Klowden et al., 1988). Acquiring an infectious t&tbmeal and surviving long enough to
complete the extrinsic incubation period and biaia are crucial to the disease transmission

cycle and can be closely tied to body size.

Survivorship may vary based on size, as well, Wi#lwley (1985) finding that amongat
sierrensis, larger adults had a longer lifespan than smalltadalong with greater parity. For
smaller mosquitoes to develop their first egg ¢dlutevo blood meals were often necessary, but
they are less likely to attain them (Nasci 1986)isTs important in relation to biting rate, which
is a key component of vectorial capacity. When radses acquire a proficient blood meal, the
stretch receptors in their abdomen signal fullm@ssalso inhibit host-seeking behavior; when
they obtain a less than sufficient meal, a mosquiliccontinue to look for suitable hosts, thereby
increasing the biting frequency and potentiallyitifection rate if it has contacted a viremic host

(Klowden 1995).
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Body Size, Wing Length, Weight, and Disease

Differences in daily survival rates in relationtiody size can lead to variance in the
dynamics of disease transmission events (Macidtaitas et al., 2008). Pumpuni and Walker
(1989) found that small mosquitoes were caughtratieh lower rate than their large counterparts
in a mark-release-recapture experiment, which taktylemonstrated a difference in behavior
related to size once exposed to a field settingge €amclusion they came to was that perhaps the
smaller mosquitoes disperse more than their langaterparts (Pumpuni and Walker 1989). A
similar mark-release-recapture experiment ugingegypti found that dispersal was greater in
suburban areas, but mosquitoes released in a reasel¢ populated urban slum had greater
survival and parity rates for female mosquitoesc¢idiede-freitas et al., 2007). The connection
between body size and daily survival rates can@ise a disease cycle because high rates of
survival will lead to increased opportunities feefling and transmission events, assuming they
live through the extrinsic incubation period (Mddale-freitas et al., 2007). For certain diseases,
increased female longevity may have differing éfem infection; for example, i@.
tritaeniorhynchus, older females were less susceptible to WNV redattivtheir younger
counterparts (Bagar et al., 1980). In densely pipdlareas, like the favelas of Brazil, female
mosquitoes are also rendered more successfulatrigdiosts more frequently, so they are able

to complete their gonotrophic cycles sooner (Mad&freitas et al., 2007).

While food was not a limiting factor in the expeemn, it can play a dramatic role in the
development of mosquitoes. Food availability mdluence other larval variables that can have
lasting repercussions on adult attributes, suchiag length and weight, which can be correlated
with vector competence. It should also be notetliththe field, there may be differences
between the landscape types that are not assowvdtetemperature. This may be the result of
extra nutrients that are input through the tigiheéening placed on top of the containers. Very

small particles or bacterial colonists may be ablenter the larval environment and lead to
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unexpected results. As mentioned earlier, loweraladensities, greater food availability, and
colder water temperatures will lead to larger alulhere may be connections between these
factors, though, that can lead to dramatic impastk&rval development. While increasing
temperatures caused by global warming and urbarigiaads should accelerate larval
development, this also leads to increased enengadds placed on these ectothermic organisms
to maintain their metabolic processes (Lafferty020 Higher temperatures will in turn produce
mosquitoes that reach their critical mass for popagooner but will have a lower adult weight

than those individuals growing at cooler tempeedyPadmanabha et al., 2011b).

Wing length is often used as an indicator of bsidg in mosquitoes and is linked to
larval rearing conditions. In the past, wing lengtlis also thought to be related to weight by
cubing wing length, although this has since bedled¢@nto question as it is a variable
relationship (Siegel et al., 1994). It is the comnagsumption that a mosquito with longer wings
will also have a greater mass and larger bodyrasudt of such interrelated larval variables as
low temperature, low density, and ample food. Hosvethis is not always the case because
Reiskind and Zarrabi (2012) demonstrated that basgdmperature, the allometry of wings and
body size can be altered. Temperature and dieaffact the allometry in different ways as
greater temperatures and higher food levels camtes wings and greater body masses, while
the inverse is also true that individuals had lervgegs and lighter body weights at lower
temperatures and reduced food levels (ReiskindZaindhbi, 2012). In addition, changes in wing
length may be affected by sex, as fermfalalbopictus experience less wing length change from a
smaller increase in weight than males (Nasci 199)ooking at both wing lengths and weights
as indicators of population performance acrosshitdteand potentially a temperature gradient,
this experiment should capture some of the variagle¢ed to differences in development rate in

relation to these gradients.
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CHAPTER IlI

METHODOLOGY - MOSQUITOES AND URBAN HEAT ISLANDS
Mosquito Rearing

All mosquitoes used in this experiment wergAedes albopictus from a colony that was
generated from eggs collected originally in Palna&eCounty, FL during the summer of 2009.
This colony is maintained at 28 and 80% relative humidity with a 14:10 hour daight cycle
of lighting in an incubator. Mosquitoes are prowdeith a 5% sucrose water solution on cotton
balls for sustenance and are blood fed by a coingeniman volunteer (IRB exemption, 24
August 2008, OK State Institutional Review Boardter blood feeding has occurred, a cup is
placed in the cage for oviposition. Eggs are ctdiedy placing seed germination paper in plastic
cups with water added allowing the mosquitoes ydhair eggs at the air-water interface. After
5-7 days, this paper is removed, labeled with gsedate, and generation data, and then stored in
a container with a cup of water to act as a humsliturce to prevent egg desiccation. Several
sheets of less than a week old (Juf\e2013) eggs were chosen for this study. Eggs haiehed
by placing the paper in rearing pans that weredillvith water and had 0.15 g of 1:1 yeast:
albumin per liter added to act as a nutrient souraevae were hatched in two batches, one that
was started 2 days prior to the beginning of thgeerent, June®013 at 6:00 PM, and the
other 18 hours after the first batch at 12:00 AMJane ¥ 2013. We recorded which container
received which batch so that discrepancies betywapation time were accounted for, and only

first instar larvae were used.
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Site Selection

To test the variation in temperature across laq@sgradients in this study, we placed
containers of our own design in three differentlaise categories. A grid made up of 100-meter
squares was placed on a map of the greater OKQuaieg Google Earth software. Three
concentric circles were then overlaid onto the mvap each circle's diameter being 3 kilometers,
9 kilometers, and 27 kilometers respectively. Timalgest circle was centered over the strongest
part of the urban heat island as reported by Bataah (2008). The other two circles were then
placed concentrically around this, leading to d'¥elye shaped pattern. Starting with the smallest
circle and expanding to the largest circle, theyewabeled as urban, suburban, and rural zones.
These categories are based solely on proximitygaitban core. Using a random number
generator, 5 100-fsites were selected within each zone by numbesingy square on the grid
and then placing a site on the respective squateras chosen, equaling a total of 15 sites in all
Due to destruction by vandalism, one urban sitelagtsprior to any mosquitoes reaching
pupation, so data is only available for 4 urbaesstompared to the 5 sites available for both
suburban and rural areas. The actual placemeheafdntainers within the 100msite was
designated based on the conditions necessary fequito survival, such as grassy area rather
than concrete where eggs would not be laid. Peioniger land use was sought out at each site.

Field Container Design

The experiment was conducted from June 8th thrdugle 30th, 2012, in the greater
Oklahoma City, OK area. Mosquito larvae were placetb oz. deli cups (Newspring SD5016Y)
with snap-on lids that had two semi-circles of ftaseemoved and replaced with ultra-fine no-
see-um insect screening (New York Wire) to alloe thovement of air in and out of the
container but prevent the potential escape of alosieng adults or introduction of other mosquito
eggs, other insects, or detrital material. Eachiainar received 250 ml of cedar-leaf infused

water that was previously prepared by adding 4gaffmaterial per 1L of tap water and also
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included .15g of a 1:1 yeast: albumen mixture peoflwater for extra nutrients. Thirty liters of
this infusion water was prepared 7 days beforestie of the experiment in a 50 L carboy to
allow time for bacterial growth to occur and to@#e transportation of the mixture to the
locations so that the cups could be filled on Sites were checked daily for the presence of
mosquito pupae and de-ionized water was addedcassary to return the water level to 250 ml
but not to include additional nutrients. De-ionizedter was used to prevent the build-up of salts
in the container. This design had the mosquitoesivang only the initial input of nutrients,
except those provided by any particles small endaghove through the netting and enter the
water from the environment.
Study Design

Ninety containers were placed out in the field véithbeing placed at each of the fifteen
sites. Three containers per site included onlyglsifirst instar larval mosquito to provide non-
competitive conditions, while the remaining threatainers per site had twenty first instar larval
mosquitoes to include the effects of competitioont@iners were attached to a 2.5 foot wooden
stake by UV-resistant zip ties with three contasregtached to each stake. Two stakes were
placed at each site and each stake also includ@t diameter clear plastic plate attached to the
top to act as a rain guard (Figure 1). Stakes Wwamemered approximately five inches into the
ground to provide a stable support and prevent ¢aimgp. A third stake was placed at each site
with signs attached informing the public, in botta8ish and English, that the apparatus was for
mosquito research and to kindly not disturb the&@oers. One container at each site was
selected to have an iButton attached to the bottiotine container (Maxim Corporation, Dallas,
TX) to take temperature and relative humidity measients at ten minute intervals for the
entirety of the study. This data was examined leyue of One Wire© viewer software (Maxim

Corporation, Dallas, TX).
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Variables Measured

The date was recorded when pupae were removedtfi@gontainers in the field to
determine development time. Pupae were brought toettle lab where they were allowed to
emerge in a 27C incubator with 80% relative humidity, as it wolldve been difficult to collect
adults from the field containers without risk otape. Eclosion date was recorded and they were
then moved to individual containers for two dayslttow for their wings and exoskeletons to
fully harden from their teneral state. Mosquitoesavthen sacrificed by placing them in a freezer
for 24 hours, followed by placement in a drying m\a 60C for 48 hours to standardize moisture
content. Weights were taken using a Sartorius nscade (M P 3, Sartorious Corp., Edgewood,
NY). Wings were removed, a digital photograph va®h of one wing, usually the left unless it
was damaged, and each wing was measured usingyriimalyze software (Lumenera
Corporation, Ottawa, ON) to denote differencesamedopmental rates across the various zones.
Wing measurements were taken from the alula tetiaeof the wing. The sex, wing length,
weight, days to pupation, and days to eclosion wexrerded for each individual mosquito.
Statistical Analysis

We used a linear mixed model analysis of variaRgeQC MIXED), which is a
maximum likelihood approach to analyzing variatiatith zone and density as main effects and
site as a random effect. This was done to help thi#mon-independence of samples from the
same site. We analyzed males and females sepabatsyise of sex-based size and
developmental time differences in this species. Vdr@ables included site, zone, density, days to
eclosion, days to pupation, wing length, weightysial, average high temperature, average low
temperature, average temperature, and averageediaimidity. Temperature data was taken
from the iButtons and then daily high, mean, anvd &verages were generated along with
standard deviations of temperature. A least squ&a@ns was performed on all variables, as well,
with a Tukey's HSD test adjustment. All statistiaahlyses were performed using SAS 9.2 (SAS
institute, INC., Cary, NC, USA).
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Figure 1. Container and stake design used during thfield season. Each stake held three
containers and two stakes were placed per site dung the Urban Heat Island experiment.
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CHAPTER IV

RESULTS AND DISCUSSION - MOSQUITOES AND URBAN HEAIBLANDS

Survival Data

Of the 945 mosquitoes the experiment was starttég W19 reached the pupal stage and
were brought back to the lab and from these, 786hed the adult stage. Further breaking this
down to the density treatments, 38 of the origittalarvae from the non-competitive density 1
treatment survived to pupation while 681 of thgimal 900 from the competitive density 20
treatment pupated. This resulted in an 84.4% popatite for density treatment 1, a 75.6%
pupation rate for density treatment 20, and a 9%.86losion rate of those individuals that made
it to the pupal stage. Of these adults, 338 werafes and 362 were males giving us an adult sex
ratio of 1.00:1.07 females to males. Some of thedse prior to the pupal stage can be explained
by damage to the containers with containers fouratked over and spilled on several occasions
when sites were examined. Due to vandalism, 63 oitzsep were lost by the destruction of

Urban Site 5, at which point it was too late in éxg@eriment to restart the site.

Temperature Data

Average overall daily temperature, average dag kemperature, and average daily low
temperature for each site was recorded (Tabledn@3 respectively). The number of
temperature recordings per site varied since teamtper recordings for sites were stopped once a
site ceased to have mosquitoes, which resultednme sites having more recordings and others

having fewer. There was not a significant differentthe average daily low temperature across
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zones. Average daily high temperature and averaiye témperature also proved to be non-
significant across zones. This partially explairtg/\a zone based effect was not demonstrated in

the other variables as there was no detectablerdifte in temperature across zones tested.

Weight and Wing Length Data

Weights and wing lengths were recorded for eaclvigshgal mosquito and then were
pooled and averaged across both container an(Tsitde 4). Male wing lengths did not
experience a significant zone or a zone*densiwrattion effect, but males reared in different
density treatments did have significantly differaing lengths P < 0.05 (0.7684, 0.6261, and
<.0001 respectively) (Figure 2). Males in highensity larval environments exhibited smaller
wings than their cohorts that were raised in coitipatfree conditions. Female wing length
exhibited similar results to males with only deps$iaving a significant effect, while both zone
and zone*density interaction were not significd®0.001, 0.2670, and 0.5892 respectively
(Figures 3). Females reared under low density t¢iomdi without competition had larger wings.
Females consistently had larger wings than thesnalkich is a common trait & albopictus

(Hawley 1988).

Male weights behaved similarly to male wing lengghith only density having a
significant effect P<0.0001 (Figure 4). Males frtow density treatments had greater weights
than males reared in competitive environments. kemaights had similar results in regards to
the fixed effects with only density proving to bgrsficant P<0.001 (Figure 5). Females reared in
low density treatments exhibited greater weighéstfemales that developed in the high density
treatment. Females weighed more than males, anctleacteristic oA. albopictus (Hawley

1988).
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Pupation and Eclosion Data

None of the variables tested seemed to have disagmti effect on days to pupation of
males as zone, density, and zone*density interastd have P values greater than 0.05, (0.7953,
0.0671, and 0.1573 respectively). When days to toupaf female mosquitoes were analyzed,
zone effects again proved to not be significant,demsity and the zone*density interaction were
significant with p values < 0.05 (0.4435, 0.006%] 8.0347 respectively) (Figure 6 and 7). For
femaleA. albopictus, the average days to pupation are a function ofrtieeaction between zone
and density, with significantly quicker developméntes without competition in suburban areas
than rural areas at either competitive treatmestidan areas at high density, or urban areas at
high density. Likewise, development rate was sicgutly faster in urban areas without
competition than in suburban areas with competitibhere was no significant difference in

development time in the absence of competition betwsuburban and urban sites.

The exact eclosion date for each mosquito couldadorted by sex, as once a mosquito
pupa was transferred to the incubator, it was gbwl¢h others from the same container that
pupated on the collection day. As a result of this,do not have sex specific data for days to
eclosion but we have average days to eclosion bzf§ed the initial container a mosquito
originated from. Days to eclosion was significanthpacted by density, P<0.0024, but not by
zone or zone*density interactions (Figure 8). Moteps that originated from low density
treatments required a shorter amount of time tosecthan those that were from high density

treatments.

Discussion

The hypothesis was thaedes albopictus mosquitoes reared in an UHI will experience
faster development due to the increased temperailegredicted we would see accelerated

development, which should result in smaller mosmggtthan their suburban and rural
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counterparts. We also hypothesized that mosquitissd at a lower density would develop

faster and be larger than their competitive cohdits were unable to capture any zone based
effects, but all variables tested exhibited a dgrissed effect, except male days to pupation.
While this negative data is not what we were expggcthere are some inferences that can be

made from it.

Of the measured variables, density based wing hegifiects impacted both sexes equally
unlike some other traits. Reduced wing length ignditator of overall reduced size and smaller
mosquitoes generally have lower survival ratesnay prove to be better disease vectors
(Hawley 1985; Alto et al., 2005; Barrera 1996). ladas that are larger in size may be more
successful in acquiring blood meals, so larval cetitipn can have lasting effects on an
individual and the mosquito population as a whblaqci 1986). This larger wing length is a
result of better access to nutrients and less emviental stress because of reduced competition.
Wing lengths and weights can be used somewhathdageably to quantify the overall
population health and dynamics of mosquitoes tedtiedto their close connection to larval
nutrition. Days to pupation was also found to n&did to larval density, as other studies have
supported the finding that as density increaseg ttapupation tend to increase, as well, due in
part to competition (Teng and Apperson 2000; Loasibt al., 2002; Alto et al., 2005; ). This
also proved to be true in this study, as highesties required more time to reach the pupal
stage. Females took longer to reach the pupal shagemales, which allows them more time to
feed as larvae. This increased feeding time tréesta greater wing lengths and weights than
their male counterparts. Reduced competition altbthem to grow faster and require less time
in the pupal stage. This can be advantageous aguitmss are more susceptible to desiccation

and predation during the larval and pupal stagesive to adulthood.
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Urban heat islands, more specifically the OKC Utd, not have a significant impact on
the growth and performance Afalbopictus. There was no detectable difference in temperature
across the zone treatments due to the high vatjabflthe sites. While site was intended to be a
random effect in the model, this high variationémperature between site rather than zone may
have interfered with the zone data. Sites werecgsleat random and based solely off of distance
from the urban core so if instead sites had beesarhusing thermal imaging and historical
temperature data, the zone effect may have became evident. By instead selecting sites that
are known to be consistently hot or cool and plg&rperimental units in these areas, we may
have been able to account for site based varwhbilithe experiment was conducted during the
warmest part of summer or even during a particuladrm week, the UHI may have been
detectable. Even slight shifts in temperature @retpronounced effects and since this study
encompassed such a small time period, we were eitalshpture one of these events. Due to the
limited time span of the study, we may not havenkedgle to accurately capture the full impact of
an UHI on mosquito development. We measured difelltycle of one generation of mosquitoes,
but this effect may take several generations te lzay noticeable effect. Along this line of
thought, trends may become more evident over elotiige period of a year or several years or
the UHI might exhibit a stronger influence durindiierent season, like winter. Higher
temperatures in the urban core during winter momntag allow more mosquitoes or eggs to

survive the winter, resulting in larger populationsubsequent years.

A limiting factor in this study may have been saengize; if we had increased the
number of mosquitoes per container, the numbeowofainers per site, or the number of sites per
zone, we would have had a more robust data sehichvsubtle differences might be more easily
detectable. The issue with these tweaks is thébiésof visiting every site on a daily basis as
the addition of more containers or sites would haggiired more time per site or more driving

between sites. Containers could have been chedslezyd ether day potentially if we had made
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this adjustment but some of the precision of thasneements of days to pupation would have

been lost.

Overall, the effects of the urban zone are minimalch is possibly due to low sample
sizes, low differences between zones, and probaslfficient stress on the mosquitoes. While
we expected the urban core to have a greater a/dealy temperature, this is not what was
shown by the temperature data. This may be duarirt@the limited number of sites we had in
each area, so we were not able to accurately dbecarban heat island effect. During the extent
of this study, June 2012, Oklahoma City was expeirgy a milder summer than in years past, so
the intensity of the UHI may have been lesseneds@iviet 2014b). Because the sites were
assigned their zone descriptor based solely oardistfrom the urban core and not land usage,
they may not have been representative of theigasdidescriptor, i.e. rural, suburban, or urban.
Another possibility would have been to expand eamte into a larger area but then we run into
the conflict of putting traps in other cities, dtish point we are no longer mapping the OKC

UHI but rather urban effects from surrounding comitias.

Alternative to this is the fact that urban he&ngs may actually not have a significant
effect on larval development éf albopictus. Perhaps there is enough developmelatsti gty
with regards to slight differences in temperatwgeshibited by urban heat islands that the
mosquitoes are unaffected. Since this specie¢asatd of urban environments, especially man
made containers, there may be a genetic basi®fiog lable to thrive in fluctuating thermal
conditions (Maciel-de-Freitas, et al. 2007; Loumsileb al., 2002). Had we attempted this
experiment with a species not commonly associatddwban areas, there may have been a

demonstrable effect on larval development.

Density remaining as a significant factor in alt bne measured variable infers that the

study was well designed, and we did end up withesasable data, albeit mostly information that
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has been ascertained before by other studies. \tiiglevas not the motivation behind this study,
competition, by means of density, continues to primvbe a strong factor in the development and
population performance @ albopictus regardless of the other environmental conditities t
larvae are exposed to. The role population depsitys in larval development is perhaps greater
than we expected, even overshadowing temperatgelleifects. Temperature related
differences in development have been demonstratidbibased settings, but these studies take
place in incubators and do not replicate the dremsaifts in temperature often experienced in
real world environments. Temperature fluctuatioagehbeen found to lead to greater eclosion
rates in mosquitoes compared those reared at k& $exgperature point (Monteiro et al., 2007).
While we did not alter density beyond the very derpor 20 mosquitoes per container, it would
be interesting to see if the impact of density opyation performance becomes more
pronounced at a certain density point or if a Zoased effect is not evident until extremely high
densities. Another aspect we did not examine irsthdy was whether an urban heat island may
have a lasting consequence on future generatikesf the temperature differences may lead to
increased reproduction even though the parentssless were not affected during
development. Perhaps this experiment can be réglican a grander scale at some point in the
future to further clarify if urban heat islands ldave any impact on larval development and

population performance @fedes albopictus.
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Table 1

Rural 1

Rural 2

Rural 3

Rural 4 Rural 5

Average
Daily
Temperature
Average
Daily High
Temperature
Average
Daily Low
Temperature
# of days of
temperature
recording

27.52

37.00

20.66

13

26.74

34.54

21.03

23

26.05

33.09

21.45

17

26.62 27.58

33.96 32.09
20.81 23.16

13 23

Table 2

Suburban 1

Suburban 2

Suburban 3

Suburban 4 Suburban 5

Average
Daily
Temperature
Average
Daily High
Temperature
Average
Daily Low
Temperature
# of days of
temperature
recording

27.72

33.75

22.44

22

26.16

32.89

21.55

19

26.73

33.43

21.97

15

26.75 26.86

34.82 32.98
21.23 22.38

15 18

Table 3

Urban 1

Urban 2

Urban 3

Urban 4

Average
Daily
Temperature
Average
Daily High
Temperature
Average
Daily Low
Temperature
# of days of
temperature
recording

27.72

36.40

21.16

18

27.66

32.26

23.00

23

26.08

31.63

21.88

14

27.33

32.45

22.91

23

Table 1,2,3. Average daily temperature, average dgihigh temperature, and average daily
low temperature for each site by zone classificatio All temperatures are in degrees Celsius
and rounded to two decimal places.
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Site

Average weight (mg)

Average wing length (mm)

Rural 1
Rural 2
Rural 3
Rural 4
Rural 5
Suburban 1
Suburban 2
Suburban 3
Suburban 4
Suburban 5
Urban 1
Urban 2
Urban 3
Urban 4

0.245484848
0.316611111
0.32309434
0.34
0.425586957
0.276115385
0.269075472
0.36805
0.372578947
0.421792453
0.355090909
0.342877193
0.322761905
0.375612245

2.071818182
2.319444444
2.287735849
2.305178571
2.447608696
2.270961538
2.247169811
2.2995
2.319824561
2.431509434
2.310909091
2.301403509
2.332619048
2.372857143

Table 4. Average weight and wing length of mosquits from each site. Mosquitoes have

been pooled by sex, as well as container for eadgtesWeights are in milligrams and wing

lengths in millimeters. There is only data from fow urban sites due to vandalism and

destruction of urban site 5 early in the experiment
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Average Wing Length of Males in Relation to Density Treatment
2.3
F Value = 28.06
p Value = P<.0001
2.25 T
E 22
E
<
2
o 215
(@]
=
=
2.1
2.05
2
E Density 1 E Density 20

Figure 2. Analysis of male wing length compared aoss the low density no-competition
treatment and the high density competition treatmet There was a significant difference
between the two density treatments P< .0001. All ng lengths were taken from the base of
the wing to the alula and were recorded in millimegrs.
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Average Wing Length of Females from each Density Treatment

2.85

F Value = 38.67
2.8 p Value = <.0001

2.75

2.7

2.65

2.6

Wing Length (mm)

2.55

2.5

2.45

2.4

2.35

2.3

E Density 1 m Density 20

Figure 3. Analysis of female wing length comparedaoss the low density no-
competition treatment and the high density competion treatment. There was a
significant difference between the two density treanents (p<.0001).
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0.4

0.35

0.3

0.25

0.2

Weight (mg)

0.15

0.1

0.05

Average Weight of Males in Relation to Density Treatment

E Density 1

F Value = 35.78
p Value = P<.0001

m Density 20

Figure 4. Average weight of male mosquitoes poolegtross all containers and

sites in relation to the density treatment, eithetow density no-competition or

high density competition. There was a significantifference between male

weights in these two treatments, P < .0001. Weightgere recorded in milligrams.
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Average Weight of Females in Relation to Density Treatment

0.7
F Value = 122.19

p Value = P<0.001

0.6

0.5

0.4

0.3

Weight (mg)

0.2

0.1

E Density 1 m Density 20

Figure 5. Average weight of female mosquitoes poalecross all containers and
sites in relation to the density treatment, eithefow density no-competition or
high density competition. There was a significantifference between female
weights in these two treatments P < 0.001. Weightgere recorded in milligrams.
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Average Days to Pupation of Females from each Density Treatment

8.6

F Value = 8.24

g4 | P Value = 0.0063 T

8.2

7.8

7.6

Days to Pupation

7.4

7.2

6.8

6.6

E Density 1 m Density 20

Figure 6. Analysis of female days to pupation compead across the low density no-
competition treatment and the high density competion treatment. There was a
significant difference between the two density treaents (p<.0063).
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Average Days to Pupation of Females from Zone*Density Interactions

10

Days to Pupation
(6]

Zone*Density

® Rural Density 1

= Suburban Density 1

® Urban Density 1
Rural Density 20

B Suburban Density 2(

® Urban Density 20

F value — 3.64
p value — 0.0347

Figure 7. Average number of days female mosquitogsquired to pupate based on the

interaction between zone and density treatment. Cainns with the same letter were not

significantly different (P<0.05).
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Days to Eclosion ofAedes albopictusin Relation to Density
Treatment

[ =Y
o

F Value = 10.06
p Value = < 0.05 T

©
©

©
o

©
~

Days to Eclosion
©
N

8.8

8.6

E Density 1 m Density 20

Figure 8. Days to eclosion of all mosquitoes baseff of density treatment, either low
density no-competition or high density competitionThere was a significant difference in
the number of days required to reach eclosion betvem these two density treatments
P<0.05. Days to eclosion were recorded from egg htdate until the mosquito emerged

as an adult from the pupae.
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CHAPTER V

CONCLUSION - MOSQUITOES AND URBAN HEAT ISLANDS

The goal of the study was to find out if the urlheat island in Oklahoma City,
Oklahoma, would have any impact on the growth aagkibpment of larvafedes albopictus
mosquitoes reared in the field environment. We wexable to detect any temperature based
differences between zones, so we did not accuresgliure the OKC UHI described by Basara et
al. (2008). Based on the results, we did not olesany temperature based effect via zone on the
wing length, weight, days to pupation, or daysdimsion of either male or female mosquitoes
tested. While the UHI in Oklahoma has been prowesxist, mosquitoes exposed to the UHI
during June 2012 did not have their developmetiémiced (Basara et al., 2008). Wild
mosquitoes that have not been maintained in cdimngeveral generations may experience
slightly different effects, but this was not evdkdhin the study. A significant effect of density,
and assumed competition, was detected on the wewgid length, and days to pupation of
females and on the wing length, and days to pupationales, as well as days to eclosion for
both sexes. Lab reared mosquitoes have been pshywshown to exhibit competition based
effects on overall size and development rate (Bart®96; Teng and Apperson 2000; Constanzo
et al., 2005; Padmanabha et al., 2011). Whileishi®t the first study to note this, mosquitoes
reared under field conditions rather than the adletl environment of an incubator still exhibit
density based effects on development even in amunbat island. Competition can play a vital
role in the development of mosquitoes, includi@lbopictus. By limiting access to available

nutrients, competition may slow the rate of develept and lead to reductions in overall size.

47



Urban environments provide a bit of a quandary wiheames to available larval habitats, as
well, since there are often fewer trees and assureedoles for oviposition, but there may
instead be ample man made containers which aresaitble egg laying sites. By capturing the
effects of competition across a supposed landsgaguient, we can see that no matter the
environment, competition will significantly impagtowth rates and adult size Afalbopictus.

The impacts of competition do not stop when a misegaaches the adult stage; there are often
lasting consequences on reproductive rate, feesdingess, and break down of the barriers to
infection in the mosquito's gut (Alto et al., 2008ang and Apperson 2000; Alto et al., 2005).
All of these factors can go on to affect the vaetarapacity of a mosquito population, which in

turn affects the human population of an area, bdatge, urban center or a small, rural village.

It is the hope of this study that by gaining a ¢geanderstanding of the landscape
ecology of this prominent vector, that we will better equipped to deal with the diseases it
spreads. Whilé\. albopictus was found to not be effected by an UHI zone-basfstt during the
limited time of the study, other species, likeaegypti, might be if further research is conducted.
This study may help to explain differences in spedlistribution within urban environments that
may have been possibly overlooked. Urban-focussehreh will only become more important in
the future as urbanization continues and moreefibrld’s population moves into urban areas
(McMichael 2000; United Nations 2009). To truly kate the effects of an urban heat island, a
lengthier study conducted over several years wbeltequired to look at changes over time
rather than the snapshot of time that this studyiged. Although nothing in this study was
especially ground breaking, this experiment coelve as a pilot study for future research
endeavors into the potential impacts of urban tstetds on the landscape ecology of urban

mosquitoes.
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CHAPTER VI

INTRODUCTION -CULICOIDESAND WHITE-TAILED DEER

Culicoides are a genus of biting midges (Diptera: Ceratopmgm) capable of
transmitting viruses that can lead to epizootissyall as several human diseases. Worldwide,
there are approximately 5500 described speciesratapogonidae, of which 1400 are in the
Culicoides genus (Mellor et al., 2000). Considered primarilyugsance pest to humans, they are
a serious threat to many wildlife species and tivelg such as sheep, deer, and horses. They
present this hazard not only by irritation causedheir bites that can lead to skin conditions in
horses ("sweet itch"), but also as vectors of @susnd filarial worms. Two of the more important
viruses thaCulicoides can transmit in the United States are bluetongues yBTV) and
epizootic hemorrhagic disease virus (EHDV), whiah both infect White-tailed deer. These
viruses are in th®rbivirus genus and have a double-stranded RNA genome. aresyonsidered
infectious, non-contagious, viral diseases of lmimestic and wild ruminants. Bluetongue
primarily affects sheep and can cause large hexdids, while EHDV presents in deer
predominantly and causes similar symptoms. Thaseeas fall into the larger category of
hemorrhagic viruses resulting in bleeding intotiesue, swelling of the tongue, excessive
salivation, ulcers and erosion of the tongue, ruraed palate, as well as high fever, edema of the
head and neck, and general weakness. A classithgiya deer may have died from hemorrhagic
disease is if the body is found in or near bodfesaier because the deer was trying to cool off
due to the high fevers (Nettles et al., 1992).

White-tailed deerQdocoileus virginianus, are the most commonly hunted big game
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animal in North America and can be found across saths of the United States with varying
subspecies. This animal is hunted in over 40 statdsn 2001 amounted to $356,691,914 in
licenses, tags, and permit fees throughout theedrtates, not to mention all the other travel and
equipment expenses for deer hunting (IAFWA 2002) idcreasingly popular trend is the raising
of these animals in a farm/ranch based settingthyiduals to sell as game animals. Producers
have experienced high herd mortality rates fronn ligiiDV and BTV. These diseases can also
result in reduced body condition of the survivindividuals or cause permanent lameness or
sterility, all of which can be costly to the deedustry. Wild herds are also afflicted by
hemorrhagic diseases, which can lead to wildlif@aggment issues and lost revenues from a
reduction in tags available for hunting due to papon declines.

In spite of their importance as vectors of EHIDJicoides are not well studied, especially
in Oklahoma, and many deer producers would likeenimiormation about how to properly
protect their herds from these pestiferous insdtts.goal of this research is to better understand
the species diversity @ulicoides midges associated with Oklahoma White-tailed deens$, as
well as determining when they are most active apitidividuals can make informed decisions
about control efforts. At least 28 specie<Caficoides midges have been recorded in Oklahoma
(K.C. Emerson Entomology Museum, Oklahoma Statevéisity; Khalaf 1957)Culicoides
sonorensis is the only confirmed vector of EHDV, but thereésearch currently underway at the
USDA-ARS in Manhattan, Kansas, that sugg€stscoides stellifer may also be a competent
vector (Savini et al., 2011). For this study, weveyed the species diversity and abundance of
Culicoides present around a captive White-tailed deer heirtjuseveral sampling
methodologies, first to determine which specieseweesent, and secondly to see which species
were actively attracted to or were feeding ondéer using on-host sampling.

We also examined more trap types to determindfeéréint species would only be
attracted to certain traps. Light trapping is cdastd the standard for measurglicoides
activity, but it is a passive means of collectiowd &an have varying results based on bait or light
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source usedCulicoides, like other hematophagous flies, are attracted tbaradioxide (CQ)
that is produced by respiring hosts. Traps caralséyebaited with C@Dby using dry ice, which is
solid CQ that sublimates into the gaseous phase at anteiaperaturelnitially, traps were only
baited with CQ, but the trap comparison study also included teapplemented with
incandescent, LED ultraviolet, and fluorescentawiiolet lights to determine midge capture rates
or species preference. Midges, like mosquitoessearin the UV spectrum, so UV light acts as
an attractant, especially at night. The downsidastog these lights is that they also attract gelar
number of moths and other insects that can danmegmidges and make identification more
difficult as the midges become covered in mothescal

A study was also performed @ulicoides spp. host preference between several common
livestock species. While EHDV and BTV are primapkpblems of deer and sheep, other
livestock and wildlife species are also susceptiblese other animals can serve as reservoirs for
the virus with high viremias that can infect bitingdges, but the animals themselves may not
show any obvious clinical signs of infection. Matger farms also have cattle or other livestock
on adjourning pastures or have nearby neighborstiwise animals. This poses the risk of
enhanced infection of the deer if midges move ith&r farm from the surrounding area where
they may have previously fed on an infected resear@mal. We wanted to determine if varying
Culicoides spp. exhibited an obvious host preference for fegedin cattle, sheep, or White-tailed
deer. This could have several meanings. Firstly Species prefers feeding on cattle, then they
may ignore deer when present and primarily feedadtte, thereby reducing the risk of deer
infection. Conversely, if they feed on cattle witihigh viremia and pick up an infection, and if
those cattle are subsequently moved, the midgedm#grced to find another nearby suitable
food source and end up biting the deer, resultirggmore successful transmission rate. There is
not a lot of data available abddtlicoides host preference, so we actually recorded data @f tw

species being attracted to deer that had not besiopsly reported.
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The objective was to determine wi@tlicoides species are associated with Oklahoma
captive White-tailed deer farms using on-host sargpnd carbon dioxide suction traps. Khalaf
(1957) reported findin@. crepuscularis, C. variipennis, C. obsoletus, C. hieroglyphicus, C.
multipunctatus, C. Sellifer, C. haematopotus, andC. guttipennisin Stillwater, OK when light
trap sampling was performed in 1946-1948. Fromdhis and the knowledge thadlicoides
sonorensis, which at that time of publication was still a spbcies oLC. variipennis, transmits
EHDV to deer, we hypothesize thatsonorensis would be the most commonly collected species
from White-tailed deer farms. For transmission éséo occur, we expected there to be high

numbers of this species relative to other speciesent.
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CHAPTER VII

REVIEW OF LITERATURE -CULICOIDESAND WHITE-TAILED DEER

Culicoides Biology

Biting midges (Diptera: Ceratopogonidae), also camiyiknown as punkies and no-see-
ums, are small, 1-3 mm long, hematophagous fligsititlude species that are both a nuisance
pest and a vector of certain filarial worms andis@s Culicoides is the primary genus
responsible for disease transmission within thisilig and it has been implicated in transmission
of over 50 diseases worldwide, including Oropoudhes, African horse sickness, bluetongue
virus (BTV), and epizootic hemorrhagic diseasevifaHDV) (Mellor et al., 2000)Culicoides
are telmophages rather than solenophages, likeuitosg, meaning they feed by creating a
wound in the skin of the host and then drink fréma pool of blood, lymph, and their own saliva
that forms on the surface (Hocking 1971).

Similar to mosquitoes, the life cycle Gbilicoides midges includes an egg stage, four
larval instars, a pupal stage, and then the aduit.fEggs cannot tolerate desiccation and must be
deposited in damp or wet environments. The larmdl@upal stages are aquatic to semi-aquatic,
meaning that they are able to live in most habites include at least some free water, including
but not limited to streams, tree holes, mud ardivestock water troughs, rotting vegetation,
bogs, and pools, especially those contaminatedhioyed manure (Mellor et al., 2000). This
diverse array of breeding sites and larval envirents has allowed these insects to be present in

most landscapes, continents, and elevations globall
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Climate and soil conditions of the larval habitatiee ecoregion level may regulate
whetherCulicoides sonorensisis present in an area (Schmidtmann et al, 2@)coides
sonorensis primarily lives in aquatic habitats polluted bymae or of an alkaline-saline nature
(Mullens and Rodriguez 1992). Midges are oftentiedavithin 1 centimeter of the surface at the
water-mud interface but have been found up to Britimeters below the surface (Mullens and
Rodriguez 1992). Larvae are unable to toleratendrgonditions and most will die within 7 days
unless they are able to move to a moist environrfddallens and Rodriguez 1992). This could
be used as a potential control method by removiaigmsources that may act as larval habitats
near livestock operations. The fourth larval ingsaable to overwinter in its aquatic environment
by entering diapause, usually in temperate clim@dlor et al., 2000). This ability to
overwinter is what allows the midges to re-estabfiach summer. Mild winters may allow a
larger portion of the population to survive, whigbuld increase the abundance of a species the
subsequent year due to the larger initial poputatio

Adults are rather short-lived, usually survivindyoten to twenty days, and generally do
not disperse more than several hundred meterstfieinemergence site with a maximum
distance of up to 2 to 4 km from their breedingsitexcept when carried by the wind (Mellor et
al, 2000).Culicoides variipennisreared in mass and released in a mark-recaptuiy atere
found to have traveled a maximum distance of 0.8&koh4.0 km for males and females
respectively (Lillie et al., 1981). When midges eénapped for up to 8 nights following their
release, the mean distance traveled was 1.89 kmtfie release site (Lillie et al., 1981). When
aided by wind, midges can be moved as aeroplardgdar as 700 km and have been found as
high as 1.7 km in the air when caught by airplaorddgtes (Sellers 1992). While wind is capable
of moving midges these great distances, upwind mewt, as well as random movement, was
found to play a large role in the spread of blugtenduring the recent BTV epizootic in Europe
(Sedda et al., 2012). What was originally thoughte long-distance infections were actually a
series of shorter range infections happening owenall period of time due to this movement

54



(Sedda et al., 2012). Outbreaks occurred due tement of infected midges within distances of
only 5 km for 54 % of all outbreaks and 92 % oftwatks by distances of 31 km or less (Sedda
et al., 2012). General knowledge@ilicoides dispersal is limited, with one study in England
finding Culicoides species that are commonly associated with faroes tal larval habitat, in all
locations sampled, regardless of proximity to fa(@esnders et al., 2011). Temperature may also
influence dispersal witulicoides midges, since they usually only fly when the terapge is
between 12 and 3& (Sellers 1992).

Most species o€ulicoides midges are crepuscular, as their feeding actodturs
around dawn and dusk. By timing their activity he early evening and morning hours, these
midges may prevent desiccation that might occuindwthe warmer periods of the day (Mellor et
al., 2000). Peak activity fdeulicoides obsoletus, a vector of BTV was found to be one hour
prior to sunset, with cessation of activity by auhpost sunset (Gerry et al., 2000Micoides
variipennis in Colorado were found to be active from MarciNmvember, but peak levels were
between June and September (Barnard and Joneg, i98@otland, only femal€ulicoides
impunctatus were found to have a bimodal activity patternhvdawn being a larger peak than
dusk (Blackwell 1997). Activity, including bitings positively correlated with temperature in
Culicoides sonorensis, with 1(°C as a lower threshold and°82an upper threshold, that leads to
suppression of activity (Nelson and Bellamy, 19Tullen et al. (1985) found that peak activity
for theCulicoidesin Alabama was actually in early morning hour8058:00 AM, rather than
dusk. Similar early morning peaks were reportedXorariipennis in California, when
temperatures remained above’@)(Linhares and Anderson 1990). This timing of\atstipeaks
is believed to be a result in the change in ligkensity, near both dusk and dawn, rather than a
specific light intensity (Lewis and Taylor 1965).

Presence or absence of moonlight may also plajearrdlight activity of Culicoides
sonorensis, with increased activity during periods of moontigimd decreased flight after
moonset, especially during last-quarter moons @eénd Bellamy, 1971). Linhares and
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Anderson (1990) found that on moonless nightsatheunt ofC. variipennis collected was
significantly less than nights with moonlight, acaptures were rare by even two hours after
sunset. The phase of the moon can img@aticoides variipennis flight activity with greater
numbers during a full moon rather than a new mowhraoonrise during first or last quarter
moons, leading to increased numbers until mooanard and Jones 1980). When we
evaluated moon phases alongside this data, wene¢iable to corroborate these previous
findings.

Seasonal relationships between epizootics caus€uilibgoides and climate and/or
weather patterns have been detected in severast{Mellor et al., 2000; Carpenter et al., 2008;
Blackwell 1997; Sleeman et al., 2009). Environmkeditaracteristics such as temperature,
relative humidity, light intensity, and wind speeh all influence the daily flight activity of
Culicoides (Carpenter et al., 2008). When examining bitirtg & Culicoides in England,
Carpenter et al. (2008) found that biting rate highest at 20-22C, but was decreased at low,
12-15°C, as well as high temperatures, 25°@0Wind speeds over 3 meters per second and high
wind turbulence can also lead to decreased bititesr(Carpenter et al., 2008). Blackwell (1997)
found a negative correlation between wind veloaitd catch rates of females@fimpunctatus.

By examining the hoof lesions of chronically infedtWhite-tailed deer, researchers were able to
detect a seasonal correlation between temperatume, precipitation, and hemorrhagic disease
incidence in White-tailed deer in Virginia (Sleentral., 2009). There was a strongly inverse
relationship between June rainfall and disease@&mde, while in contrast, higher summer and
winter temperatures demonstrated a positive relghiip with hemorrhagic disease occurrence
(Sleeman et al., 2009). These higher summer taatyes can influence many of the factors of
vectorial capacity, including biting rate, abundaio€ the vector, vector survival, and replication
of the virus inside the vector (Sleeman et al.,200ulicoides populations in Kern County,
California, were found to peak during late July &uatober, while BTV infection peaked in
August through October (Jessup et al., 1990). Thieity of Culicoides obsoletus in France was
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found to shift based on seasonality, with host-sep#ctivity demonstrated before sunset during
spring and fall, but after sunset in summer (Vigraiel., 2012).

We expect th€ulicoides populations to increase in Oklahoma in July andustig
generally the warmest months of the year in StibwaOK. While midges need water for larval
survival, perhaps the virus may be transmitted nedfieiently during dry seasons because the
deer are forced to gather around water holes thatpidly disappearing, likely increasing the
frequency of vector-host contact. Conversely, @ mouch rainfall occurs, larval habitats may be
washed out, thereby reducing midge numbers. lbicuarrently understood how EHDV
overwinters each year, but some possibilities telan undetected reservoir host, transovarial
transmission of the virus to the eggs, or that sofeeted midges in temperate areas are able to
survive through mild winters.

Culicoides Sampling

SamplingCulicoides midges can be conducted by different methods.ribet
commonly used method is light traps, such as th€ Gght traps commonly used for both
mosquitoes and other biting flies. The first usdigift traps to collect ceratopogonidae was by
James (1943). A light trap operates by having la kgurce, either incandescent or ultraviolet,
which attracts the midges, attached above a saralhpparatus that sucks the midges down into a
collection container. This style of trap is vergg#o set up and run off a small 6 or 12 volt
battery, but they do not provide an unbiased sawipliee population based on flight activity or
gonotrophic stage (Anderson and Linhares 1989htliigps are often supplemented with carbon
dioxide to serve as an attractantudicoides midges and can also be used with just thg CO
source and no light bulb (Nelson 1965). Other samgphethods include direct mechanical
aspiration where the midges are vacuumed aftentaliggon a host, and drop traps, whereby a
host is somehow restrained and after a set pefibohe, a net is lowered to trap all midges that
were either directly on or near the host and can the collected by aspiration. Sticky traps have
also been used to varying effect in captuuljcoides midges. Surveillance of vectors is
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important because virus activity can be detectedrag months in advance of seroconversion by
sentinel animals (Gerry et al., 2001). Surveillgremducted frequently enough, can detect when
midge activity may peak. If year round activityoiscurring, then control efforts during the winter
months may be more effective due to lower midgendhaoce and reduction in overall midges
that survive until summer-fall, which are respofesior virus transmission that tends to peak
during the warmer months (Gerry et al., 2001).

By sampling the different species©ilicoides that were feeding on White-tailed deer in
Oklahoma, we are now able to use this data to &d@eneral diversity and abundance of
Culicoides, including medically important species likeilicoides sonorensis. Blood-feeding by
Culicoides spp. on livestock is hard to quantify because the nsdge so small, the livestock are
often pastured away from people, and most feediegrs at night, so trapping is necessary to
evaluate the impacts of disease transmission (Sithrann et al., 1980%ulicoides variipennis,
which formerly includedC. sonorensis as a subspeciesas found to be one of the earliest active,
seasonal species to appear in Oklahoma, usuadlyaat mid-may in the northern part of the state
(Khalaf 1957). Little data has been collected ah&ospecies of ceratopogonidae that are found
on White-tailed deer, with Gerhardt (1986) onlyadimg 10 species dEulicoides detected in
drop-traps in the Great Smokey Mountains Natiomes€rve in Tennessee. Prior to 1985, only 5
species ofCulicoides had been reported to be found on White-tailed telliorth America:C.
biguttatus, C. freeborni, C. tenuistylus, C. utahensis, andC. variipennis (Mullen et al., 1985). A
sampling of theCulicoides feeding on White-tailed deer in Alabama fouddebilipalpis, C.
niger, C. obsoletus, C. paraensis, C. sanguisuga, andC. stellifer (Mullen et al., 1985). Smith et
al. (1996b) collecte@. lahillei, C. stellifer, C. biguttatus, C. niger, C. spinosus, C. paraensis, C.
venustus, C. obsoletus/sanguisuga, C. haematopotus, C. guttipennis, and C. arboricola from a
restrained White-tailed deer in Georgia, USA uglitgct aspiration. During the study in Georgia,
no C. sonorensiswere directly aspirated from the White-tailed desen though deer in the area
tested positive for EHDV (Smith et al., 1996b). Oimg research by the USDA-ARS in
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Manhattan, Kansas, may soon prove attellifer is capable of transmitting EHDV, so the
presence of. stellifer collected from deer should be re-evaluated forartgnce.

Often when trapping midges, there will be a diffexe in species collected based on
trapping method. In a study by Smith and Stallkn¢t996), they foun€ulicoides stellifer in
greater abundance in UV light-traps, whilelahillel was the most abundant species caught by
hand aspiration from White-tailed deer. This difece in both the species present and general
abundance led to the decision to include both sagphethods in the experimental design. A
comprehensive study by Anderson and Linhares (188®pared several trapping methods and
found that black light traps caught significantlgpma males than other trap types tested, but that
males were not attracted to €@imilar findings have been reported on horseSouth Africa,
with light traps catching males and gravid femalbeg,none were caught by mechanical
aspiration on bait horses (Scheffer et al., 20IRB¢y found the most effective trap for collecting
Culicoides variipenniswas a C@-baited black light trap, which caught 55% of@llvariipennis
females that were collected during the 1983 tragppeaison (Anderson and Linhares 1989).
While this style of trap, black light and G®aited, was recommended by Anderson and Linhares
(1989) for collecting parous females, generallgckllight traps attract far too many moths that
damage th€ulicoides midges or obscure their wing patterns with the nsagbales, so we
removed the black lights from the traps used. Tthpswere baited with C{and incandescent
lights or CQ only were found to be functionally the same, saifiis study we used GQ@s the
only attractant on the CDC-style traps (Andersomh lanhares 1989). Females collected in,CO
traps are generally neither engorged with a bloedlmor gravid, which implies that they are
host seeking, so this style of traps should ontgda that portion of the midge population
(Nelson 1965).

The use of drop traps in conjunction with diregiieegion is the most common method of
host-baited collection, which is a better meanstoflying the vector/host ratio, which can be
over or underestimated by the use of light trapealViennet et al., 2011). Drop traps work by
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allowing a deer or other bait animal to be expdse@ set period of time, and then a fine net is
lowered over the animal trapping all t@alicoides that were actively feeding or landing on the
animal. A researcher can then enter the enclosszksgnd aspirate the walls and ceiling, along
with the animal, to collect all the insects presaritich can then be taken back to the lab for
sorting and identification. Viennet et al. (201&dthe greatest capture ratesGaticoides
females from sheep-baited traps using drop trapgaced to UV-light/suction traps, sticky
cover traps, and direct aspiration. There were diféerences in the sexes and reproductive status
of midges caught by trapping, with only direct aapbn failing to capture any males or gravid
females, which suggests that the individuals caugié host-seeking females (Viennet et al.,
2011). A disparity often occurs between the nunabespecies caught in light traps and direct
aspiration, with a study by Scheffer et al. (20d@)ecting 27 different species Gllicoidesin

light traps, but only 12 via direct aspiration iaugh Africa. A similar study in Spain using UV-
light traps, sheep baited traps, and,®@ited traps found that UV and sheep traps ceiteonly
females, while C@traps caught males, as well (Gerry et al., 2008¢y found that traps baited
with UV-light were excellent indicators of specrashness present, but may overestimate biting
rates of certain species while underestimatingrst(@erry et al., 2009). Light traps in South
Africa were found to not accurately reflect bitirajes ofCulicoides on horses in a study on
African horse sickness virus (Scheffer et al., J0Carpenter et al. (2008) found similar results
with light-traps not providing an accurate repréagan of Culicoides species feeding on sheep
in England. One specieS, chiopterus, made up less than 1% of the light trap capturesywas
the second most frequently caught species directlsheep (Carpenter et al., 2008). Similar
findings occurred witlC. debilipalpisin Alabama, which was not strongly attracted ¢iiitraps
and not well known, but may play a role in BTV tsarission in Florida wher€. variipennis is

not found (Mullen et al., 1985). The drop trap tiasbenefit of not disturbing the midges, while
direct aspiration may result in the disruption oétiseeking behavior, so each method has pros
and cons based on the data required (Viennet, &(dl1).
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A study comparing the effectiveness of differeghtitrap types at capturir@ulicoides
midges associated with cattle in South Africa fotimat all four traps reported the same species
as being the most abunda@t,imicola, but each trap type did collect different speanegarying
amounts and percentages (Venter et al., 2009)OHukerstepoort trap collected the greatest
number of norCulicoides insects, but it still had the greatest ratidCoficoides to other insects,
as well (Venter et al., 2009). Other differencetsveen trap types included amount of each sex
caught, parity rate€ulicoidesto other insect ratios, and species compositiors Jtudy also
found that UV light was far more effective at attiag Culicoides midges than traps baited with
incandescent light (Venter et al., 2009). A stuwbt ilooked aCulicoides around seven sentinel
herds, composed of either cattle, horses, or gma&yitzerland found that. obsoletus, C.
scoticus, C. dewulfi, andC. pulicaris predominated (Casati et al., 2009). While the psiepof this
study was to determine @. imicola was present in Southern Switzerland, which hdsrate
similar to the Mediterranean, the implicationsiofifng these potential BTV vectors were still
important. This comprehensive survey of @icoides in Southern Switzerland better equips the
country to deal with future BTV outbreaks that Ekely to originate in this region due to its
warm climate and close proximity to Italy (Casatak, 2009). Tracking the movement of vectors
and spread of disease can be critical as an earlyimg system to prevent epizootics from
occurring. The goal of this study was similar toit3arland’s, and by mapping ti@licoides
populations present in Oklahoma that are linkedh ¥&@tmed deer operations, we are now able to
provide farmers with the information they need ¢aldvith these potentially costly pests.

Carbon dioxide is perhaps the most commonly knottvactant to blood-feeding diptera,
but 1-octen-3-ol may also serve as an attracta@uli@oides and can enhance collection rates
(Mullens and Gerry 1998). Carbon dioxide traps malybe as effective as host-baited traps
because they lack certain cues, such as body shegie and semiochemicals that may be
involved in the host-seeking behavior of the mid@&srry et al., 2009). A comparison between a
calf baited trap and a G@rap that used a calf-equivalent amount of, @&eased caught 6.1
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times as mang. sonorensis females on the calf relative to the carbon dioxide (Mullens and
Gerry 1998)Culicoides sonorensis capture rates have a positive association with CO
concentration between 300 and 3,000 ml/min (MulE®85). In demonstration of this fact,
Mullens and Gerry (1998) captured 3.4 times as nfiemaleCulicoides when using 1,000

ml/min of CQ, compared to 300 ml/min. Dry ice, while it is tHeeapest and most accessible
form of CQ,, has a variable release rate with initial ratesiad 1500 ml/min, but will decrease to
300 ml/min after 10-12 hours (Mullens 1995). Drg igas found to have a midge collection rate
between the 300 ml/min and 1000 ml/min experime@ta] release rates from a gas cylinder
(Mullens 1995). An issue that may arise with ugingice as a means of G@roduction is that
they lose some attractiveness to the midges dersitended trapping events because the
sublimation rate decreases as the night tempertilsgNelson and Bellamy 1971).

In agreement with all the reasons above, we peddrmultiple collection techniques to
properly sample the diversity and abundanc€uwicoides midges associated with a captive
White-tailed deer operatioulicoides spp. activity in Oklahoma usually ends in Octolvben
the first freeze occurs, so trapping was conduittemigh mid-October (Khalaf 1957). Relying
solely on a single trapping method may lead to oppr assessment of target vector species and
lead to misdirected control efforts. By using nulkitrapping methods, we were able to collect a
number of vector species associated with Whitedaieer, which is critical to determining
baseline data used to evaluate the best meansiwbk/enter et al., 2009).

Culicoides and the Captive White-tailed Deer Industry

White-tailed deer are not a domesticated specidslike other game animals, they can
be reared for meat or hunting purposes. Whitedalkser farming has occurred in the United
States since the beginning of thé"2@ntury, as indicated by some cases of ranchisingaleer
(Lantz 1908). Deer populations were dwindling ia #arly 1900s, but have since risen, thanks to
conservation efforts, the interest of deer farmlak of predators, and landscape fragmentation
of the United States (Gaughan and DeStefano 200&n&/ 2001). Modern farming efforts are
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usually devoted to either meat production for venimarkets or more commonly the animals are
sold for hunting purposes to larger game ranchéstéAailed deer are able to utilize land that
would be considered marginal and unsuitable fdtesatuch as forests or scrub land (Lantz

1908). White-tailed deer generally have a higheclshg rate than cattle per acreage and can also
produce twins or triplets, leading to a higher i@testurn than cattle, which typically only

produce one calf. Another added benefit of farndegr is that they are browsers rather than
grazers, so they do not eat the grass all the avélyetground, which translates to a reduced risk

of erosion compared to cattle. The White-tailedrdeem industry currently provides
approximately 30,000 jobs and generates $3 bitlioliars annually for the U.S. economy, as

well as providing a secondary income source forilfasin rural areas (AFPC 2007).

White-tailed deerQdocoileus virginianus, are a k-selected species due to their long life
spans, their age at first breeding, and their lvath of only 1 to 3 offspring at a time (Conner et
al., 2008). The gestation period for White-taileagdis seven months, and the first breeding often
occurs at 17 months of age (Lantz 1908). FemaldaAthiled deer generally have their first fawn
at two years of age and then often have twins aodsonally triplets in the years to follow
(Lantz 1908). Deer are ruminants like cattle anekegph so this enables certain diseases to be
transmitted between these livestock by midges. @itmgn between male deer involving
ritualized combat, as well as breeding interactiomsy leave males weakened or in poor body
condition, which can result in a weakened immurstesy and greater susceptibility to infection
(Conner et al., 2008). Proximity to neighboringektock facilities by a deer farm may result in
increased likelihood of transmission events duteécabove biological and ecological similarities
(Conner et al., 2008).

Cattle can also be infected with EHDV, but theyndd present with any clinical signs
unless infected with Ibaraki virus, now known toastrain of EHDV-2, which is not present in
the U.S. currently (Savini et al., 2011). When ealwere experimentally infected with EHDV-2,
they developed detectable viremias by 6 to 8 dags ipfection, but no clinical signs (Abdy et
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al., 1999). In one experiment in England, farm aigincluding cattle, pigs, goats, sheep, and
other deer species (red deer, fallow deer, roe deermuntjac deer) were experimentally

infected with EHDV, but none of the animals inot¢athpresented any clinical form of the
disease, but viremia was present in all speciespbaigs and goats (Gibbs and Lawman 1977).
Susceptibility to the virus and no presentatioamy outward clinical signs has implications for
neighboring non-cervid farms serving as resenairses for the virus. Cattle can have persistent
infections of EHDV lasting up to 28 days and dedble viremias up to 44 days (Gibbs and
Lawman, 1977; Abdy et al., 1999). A study by Sadtal. (1983) found varying susceptibilities to
BTV among different species, with dairy calvesltasmost susceptible, followed by sheep, mule
deer, goats, and beef cows. The prevalence of ERRVBTV antibodies in cattle herds can be
high, with rates ranging from 52-70% of cattle itadama herds testing positive for BTV
antibodies in 1979 (Mullen et al., 1985). With thidended viremia, cattle may serve as the most
likely reservoir hosts for the virus; so by placithger in close proximity to cattle that may be
infected, the risk of a midge feeding on an infddievine and then subsequently on a susceptible
cervid increases dramatically. A study in Englaowind that as cattle density in proximity to a
trap increased, so did tot@llicoides abundance (Sanders et al., 2011). The host deesjtyred

for theoretical BTV transmission, based on meatadce traveled from emergence site€Cof
variipennis, was calculated for cattle in Canada at 1 mid§&/&nf, a number easily reached by
most farms (Lillie et al., 1981). A study by Jessaial. (1990) had several pens of domestic
livestock and mule deer placed near reservoirectitt had tested positive for BTV. They found
that all seven mule deer became positive for BT0 ith part to the proximity of the reservoir
animals, as well as a nearBylicoides breeding site in an organic material rich pondpacal
importance should be placed @nobsoletus, C. paraensis, C. stellifer, andC. debilipalpis, as

these species are suspect vectors of hemorrhagiasiis because they readily feed on both cattle

and White-tailed deer (Mullen et al., 1985).
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A vaccine for these viruses has been developedghrtunding by the National Deer
Farmers Association, but the uses are limitedeéaotiiginal and nearby herds from which a
vaccine is derived (Savini et al., 2011). Missdas developed a vaccine against EHDV-1,
EHDV-2, and BTV-17 that is given subcutaneouslyntramuscularly to White-tailed deer, but
the USDA does not require efficacy tests, so iisotiveness has not been proven (Savini et al.,
2011). Currently Oklahoma is developing its owriestgpecific vaccine for White-tailed deer to
EHDV, while several other states already have thwin vaccine. The Oklahoma vaccine should
be effective against EHDV-1, EHDV-2, EHDV-6, and®BL7 and is being developed as both an
intramuscular injection and as a subdermal pelétgal in the ear (Debbie Cunningham, personal
comm.).

Epizootic hemorrhagic disease outbreaks occur pilyria the late summer and fall as
Culicoides populations begin to peak, usually in Septembet,empecially during periods of
frequent rainfall, which can provide larval habitgtallknecht and Howerth 2004). If an epizootic
does occur in White-tailed deer, it can resultpria 90% morbidity and mortality due to the
severity in this species (Center for Food Secunitgt Public Health 2006). If deer are suddenly
found dead without any prior clinical signs, angessally if they are located in or near water,
EHDV may be the likely cause and tests should lolopeed to confirm the diagnosis (Nettles et
al., 1992).

A study in Belgium looking at ho@ulicoides midges were distributed on a cattle farm
across a spatial gradient found that less midges waught the farther away they were from the
farm super-structures, but that also as the tramseered the forest, more midges were collected
again (Rigot et al., 2013). Paleardfialicoides species are primarily exophagous, but mild
endophagy has been exhibited in some species asobsol etus (Viennet et al., 2012). This
pattern did vary based upon season, species, archsght, but an overall significant impact
could be demonstrated based on land usage (Rigbt 8013). While this work was done in
Europe on a cattle farm, it does have implicatimndNorth American deer farmers. Firstly,
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White-tailed deer are often reared in forestedsaraad with the discovery that there were more
midges than expected in forested areas, deer mayaraincreased likelihood of midge contact.
Secondly, these deer operations do usually invebvee sort of farm super-structure, be it pens
for rearing fawns or an enclosed barn-chute systieese structures were found to have a larger
percentage of a midge population in a given arsaa Aesult of these two factors, captive White-
tailed deer farms may be at a greater risk for midgsed infections than other livestock
producers.

Oklahoma contains two subspecies of White-tailezt datively,O. virginianus texanus,
the Texas White-tailed deemdO. virginianus macrourus, the Kansas White-tailed deer
(Deckman 1994)Odocoileus virginianus texanus is the primary species that is found in the
majority of the state, whil®. virginianus macrourus can only be found on the far eastern edge of
the state. This difference in subspecies may beitapt in the disease transmission cycle,
because it is believed that ttexanus subspecies is resistant to EHDV, whilacrourus is
distributed in areas known to have periodic epipsatf the disease (Gaydos et al., 2002a). When
two subspecies of White-tailed deéx,v. borealisandO. v. texanus, were reared in Texas, the
borealis fawns, which had originated in Pennsylvania, wetmd to have earlier and higher viral
titers when infected with EHDV-1 or EHDV-2 in comjs®n to nativaexanus fawns (Gaydos et
al., 2002a). All the Pennsylvania fawns died assalt of infection, while all Texas fawns
survived, demonstrating that the local Texas strafrthe virus were still virulent (Gaydos et al.,
2002a). A study performed in Kansas, which hashdas distribution of the two subspecies
present in Oklahoma, found that antibody prevaleva® significantly different between
subspecies; the central and western regions dt#te, wher@®. virginianus texanus are found,
had a 92% antibody prevalence in comparison t@#stern third of the state, whée
virginianus macrourus had only a 45% prevalence (Flacke et al., 200#)il& findings have
occurred in Texas with greater antibody prevalatdbe county level as you move westward in
the state (Stallknecht et al., 1996). The subspatifribution is believed to dictate which regions
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of Kansas have periodic epizootics of the virutheathan a constant enzootic prevalence
(Flacke et al., 2004). This interface between aemasotically stable for EHDV and regions
known for sporadic epizootic events found in Kansay be mirrored in Oklahoma, as well,
based on subspecies bearing a similar geogragstithdition (Flacke et al., 2004).

Selection of breeding stock used by captive deendes may play a role in viral
transmission and must be accounted for when loakirige disease cycle. There have been
reported cases of imported White-tailed deer bregsiock dying in Texas in 2000 from EHDV,
while local deer were not found to be infected (Gms/et al., 2002a). If producers are not well
informed about the subspecies and natural resstaniEHDV of the breeding stock they select,
they may end up diluting the innate genetic reststan a population (Gaydos et al., 2002a). This
has implications for both captive White-tailed dpevducers and wild populations, as new stock
is often introduced to reinforce dwindling numbérkese wildlife translocation events can be
critical for survival of threatened species. Whedividuals are reared in captivity for several
generations, they may lack the exposure to virttemgwould encounter in the wild, so they may
be more susceptible upon reintrocution. We werédlgnia acquire the subspecies information
from the ranchers who provided us with the ded¢hatime of this publication.

Host Preference ofCulicoides

As an additional aspect of this study, we plannetboking at host preference of the
various species dfulicoides associated with deer farms. Host preference ignciintext, is
involved in selection of suitable species or groofpgertebrates for blood meal acquisition
(Viennet et al., 2013). Little research has beafopmed on the subject of host selection and
preference in these midges. We performed a studycttmpare€ulicoides spp. host preference
using host-baited drop traps between three livéstpecies: cattle, sheep, and White-tailed deer.

A study in Colorado comparing host preferenc€.ofariipennis on cattle or sheep found
significantly more midges on cattle than sheep,raittijes also exhibited a greater engorgement
rate on cattle (Raich et al., 1997). The same shoiglyd the opposite to be true f0r
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crepuscularis, which had a higher incidence of collection on eties steers, as well as a higher
engorgement rate on ewes (Raich et al., 1997)alDespecies oCulicoides prefer different body
regions of a host, &. obsoletus, C. stelifer, andC. biguttatus are captured in greater numbers
from the belly of cattle rather than the back, ketsor neck region (Schmidtmann et al., 1980).
Culicoides variipennis has been noted to feed on birds and several spefcieporids in a blood
meal analysis in California (Tempelis and Nelsoi1)9 A blood meal analysis study ©f
variipennis found an almost even split between cattle anditebbKern County, California
(Tempelis and Nelson 1971). While most specigSutifcoi des midges can be described as being
either bird or mammal feeders, there is a continbetween these two points as availability of
hosts and host preferences can lead to opportufestiling species that fall somewhere in
between.

Several older host-baited collection studies vperdormed in the United States, but most
involved smaller mammals rather than livestock.ridaid Turner (1968) used 14 different host
species in their collection study, including fiveal mammals, five bird species, two turtle
species, a toad, and humans. While they did nteaanyCulicoides from the reptiles or
amphibians, they did note some patterns on the athimmal specieCulicoides stellifer was
found in greater numbers on mammals, as@:agittipennis, while C. crepuscularis andC.
arboricola were predominately bird feeders (Hair and Turr@88). This study used small drop
traps for each species. Another pioneering hosepece study conducted in North America
looked at the influences of height on host prefegeihis study hypothesized that ornithophilic
Culicoides were bird feeders because they fed primarily eatgr heights, such as the forest
canopy where birds were more readily available,tandpposite was the case for mammal
feeders (Tanner and Turner 1974). The two most camhncollected species in the study were
C. sanguisuga andC. arboricola, andC. sanguisuga was collected more frequently at ground
level on large hosts, like turkeys and goats, w@ilarboricola was more common at the 15.25m
elevation feeding on birds (Tanner and Turner 1974& study concluded that host availability
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may be more important than host preferenceCtdicoides feeding behavior, and this is in part
related to the height at which feeding most commackturred (Tanner and Turner 1974).

Most of the current research on host preferencgubi€oides has been conducted using
blood meal analysis of midges collected by lighp# or suction traps. This has been primarily
performed in Europe, while the older North Amerisamdies used host-baited collections to
investigate host preference. A blood meal anabtsidy in Denmark found cattle (77%),
followed by the common wood pigeon (6%), to bertiest commonly fed on hosts by midges
from the 242 blood meals they were able to iderftissen et al., 2012). This study only
collected two species of midges that had membaitshiéd fed on both mammals and bids,
kibunensis andC. circumscriptus, while all other species collected were eithactyrmammal or
bird feedersCulicoides obsoletus was noted as having a very wide host preferenéeeafing on
eight different mammal species, the most of anygeispecies collected. A similar study in
Germany was conducted using UV-light traps in cla®ximity to cattle, sheep, horses, and pigs,
which also found that the most commonly fed on $iesdre cattle, followed by pigs and horses to
a much lesser extent (Bartsch et al., 2009). Teearehers believed that the increased biting
frequency on cattle was due to their large sizesarit] easily accessible skin and limited
defensive response compared to the other aninsédtéBartsch et al., 2009). An experiment in
Sweden using 12-meter high suction traps and tigips placed around the country was unable to
find evidence using blood meal identification oShspecificity beyond midge species being
either mammalophilic or ornithophilic species, isigthat most species were opportunistic based
on availability of hosts present in the area (Ps¢tan et al., 2013).

There was one European study that used five diftdrost species and on-host sampling
with sticky cover traps. Viennet et al. (2013) useghs baited with a horse, cow, sheep, goat, and
chicken. Of the midges collected, the vast majaxigye found on horses (94.8%), followed by
cattle (2.1%), goats (1.2%), sheep (1.1%), anckelmis (~1%)Culicoides scoticus, C. dewulfi,
andC. obsoletus, all members of the obsoletus complex, were pilgnattracted to the horse,
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and onlyC. obsoletus was found attracted to the chickens (Viennet,e2@13). Even when
abundance data was corrected for weight, body ceirtar Kleiber's scaling factor, the horse, the
largest host, was still the most attractive hostral for the midge species collected (Viennet et
al., 2013). We found similar results in this stwdyere the cow attracted a much larger number of
midges relative to the two other smaller host sgeci

Hemorrhagic Virus Background

Epizootic hemorrhagic disease virus is in the gédnlvirus, family Reoviridae. The
virus is composed of ten linear segments of dostobnded RNA coding for eleven different
viral proteins, seven structural and four nonstrtadf contained within an icosahedral protein
capsid made up of 32 capsomeres, but lacks a bpaprenvelope and is about 80 nm in size
(Darpel et al., 2011; Mecham and Dean 1988; Davidsw Southeastern Cooperative Wildlife
Disease Study 1981; Huismans et al., 1979). Therfon-structural proteins are NS1, NS2, NS3,
NS3a, and the seven structural proteins are VRMetliam and Dean 1988; Murphy et al.,
2005).

World-wide there are eight serotypes of EHDV, wtrently in the United States, only
serotypes 1 and 2, referenced as EHDV-1 and EHD&sRectively, are endemic (Sohn and
Yuill, 1991). The two strains endemic to the U.& also known by names based on where they
were first detected; EHDV-1 was first found in Ndersey, while EHDV-2 was discovered in
Alberta, Canada (Shope et al, 1960; Chalmers,et@64). Epizootic hemorrhagic disease virus
and BTV are considered morphologically identicalneell as presenting with similar lesions, but
are antigenically different (Gibbs and Lawman 197 The epizootic that preceded the first
isolation of the virus resulted in an estimated 06500 to 700 deer with 233 carcasses actually
located in the field (Shope et al., 1960). An iasting aside is that an outbreak of a serotypically
different EHDV occurred in South Dakota shortlyeafEHDV-1 was discovered, but the S.D.
isolate was lost, so it was never named EHDV-2thedstrain in Alberta was named EHDV-2
instead (Nettles et al., 1992; Pirtle and Layto81)9In 2007, a new strain to the U.S., EHDV-6,
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was detected in White-tailed deer in both Indiamé Binois (Allison et al., 2010). This strain

has previously only been found in the Sudan, Sateanf Oman, Bahrain, Turkey, Algeria,
Tunisia, Morocco, and Australia (Elata and Arad2ii1). It has since been determined that this
strain was a reassortant with capsid charactesisfiEHDV-6, but with structural genes derived
from EHDV-2 (Allison et al., 2010). This strain wkater found in Missouri, Kansas, and Texas,
but strangely not Oklahoma (Allison et al., 20MYhen Texas deer were tested for EHDV and
BTV, the following serotypes were found most comiyan descending order: EHDV-2, BTV-
13, BTV-17, BTV-11, and EHDV-1 (Stallknecht et d1996).

Epizootics of EHDV and other hemorrhagic viruse8\hite-tailed deer in the United
States are not a recent occurrence, with earleards of outbreaks dating back to 1901 along a
100 mile stretch of the Missouri river being repdrby C. H. Roseberry, a deer farmer (Nettles
and Stallknecht 1992; Lantz 1908). The diseaseprasgously known as “black tongue” at the
turn of the century by hunters in the southern éthistates, but that name has since been
abandoned due to its association with diseasethér epecies, so the name epizootic
hemorrhagic disease was adopted instead (Shope E3@0). The isolation of the virus is a more
recent event, since the virus was first extractechfa deer in New Jersey in 1955 (Hoff and
Trainer, 1978). The virus was not recovered fromidge until 1971 when it was extracted from
Culicoides sonorensis during an outbreak in Kentucky (Jones et al., 1808ter et al., 1977).
Since the virus was described in 1955, there haea bver 260 different spatiotemporal
incidences of hemorrhagic disease reported in miginants in the United States as of 1992
(Nettles and Stallknecht 1992).

The distribution of EHDV covers a large swathdNofth America, ranging from the
southeastern U.S. to western Texas, and then dilgdam a northwestern direction up through
the Midwest and up in to eastern Montana (Stallkhead Howerth 2004). It extends as far
North as New Jersey on the East coast, and theeetwen reported cases in California, Oregon,
and Washington in black-tailed de€x, hemionus (Stallknecht and Howerth 2004). The principal

71



vector of EHDV in North America i€ulicoides sonorensis, formerly Culicoides variipennis
sonorensis (Holbrook et al, 2000). It was elevated to thecggxelevel based off sympatry across
the United States, with no intermediate forms beiatgcted either morphologically or through
electrophoresis (Holbrook et al., 2000). It is kely for C. variipennisto develop vector
competence for EHDV from gene movement frénsonorensis because they do not share a gene
pool (Holbrook et al., 2000). The distribution gatt of EHDV within the United States tends to
follow the known distribution o€. sonorensis, which explains why the disease is not found in
the Northeast (Stallknecht and Howerth 2004). QlgbBHDV can be found between &and
4PN latitude (Savini et al., 2011). The predominarbsype in the southeastern United States is
EHDV-2, which made up 77% of the 120 isolates otdld between 1990 and 2000 (Murphy et
al., 2005). A study that looked at 37 EHDV-2 isekafrom across the country collected between
1978 to 2001 found that they were 98.9% identit#he amino acid level for VP7, meaning that
the virus is very stable both spatially and temfpp(®echam et al., 2003). An interesting
relationship occurs between latitude and EHDV;deaice of disease decreases as latitude
increases, but the cases of disease that do oecof mcreased severity and more likely to result
in mortality (Flacke et al., 2004).

In more southern areas, such as Oklahoma, thesdiseare commonly occurs as an
enzootic with high infection rates, but low seve(flacke et al., 2004). A survey of the White-
tailed deer in Oklahoma from 1977-1984 found tl@#4f the 194 deer tested had antibodies
against EHDV (Kocan et al., 1987). Deer were teftaa 25 different counties and all 4
geographic quadrants of the state, which resuttedubiquitous presence of EHDV and BTV, as
well (Kocan et al., 1987). In Texas, this enzostability is evident by high rates of EHDV
antibody presence, ranging from 57 to 100% in sooumties when tested in 1991-1992, with
little incidence of hemorrhagic disease (Stallkriegtlal., 1996). While the disease may be
potentially enzootic in Oklahoma and other soutterasstates, the disease pressure could still
negatively affect other wild ruminants, includingdangered or threatened species, as well as
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introduced or exotic ruminants that may be preaembos or other wildlife parks (Stallknecht et
al., 1996). Outbreaks of the disease are usuadlycéated with rainfall events, and epizootics tend
to be more prevalent in areas of geographic depressuch as basins, marshes, and along small
waterways (Hoff and Trainer 1978).

EHDV is not limited to North America and has be&tedted in Central America, South
America, Africa, Asia, and Australia, as well asiotiies in the Mediterranean basin in recent
years (Mellor et al., 2000; Savini et al., 2011){B/ has not been reported in Europe, but BTV
is present there and the diseases share simillscf®avini et al., 2011). In Turkey, the virus has
been detected i@. imicola, C. circumscriptus, C. festivipennis, C. gejgelensis, C. longipennis, C.
nubeculosus, C. obsoletus, andC. pulicaris (Dik et al., 2012)Culicoidesimicola is the primary
vector of BTV in Europe, Africa, and the Middle Easd is believed to be responsible for the
European epidemics in recent years (Mellor ef8l00). Other species believed to transmit
EHDV around the world includ€. schultzel group in Africa andC. brevitarsis in Australia
(Mellor et al., 1984; Parsonson and Snowdon 1986}he species listed. obsoletus is found in
Oklahoma, so this species may play a role in desgassmission in Oklahoma (Dik et al., 2012;
K.C. Emerson Entomology Museum, Oklahoma State é&fsity). Other North American suspect
species includ€. mohave, located in the deserts of the Southwest,@rdhillei andC. insignis,
located in the Southea®osenstock et al., 2003; Kramer et al., 1985; Setital., 1996a; Mellor
et al., 2000). Worldwide, EHDV has been isolatenirfr30 species dafulicoides, but most
species remain suspect vectors because they maydiean up the virus in a blood meal, but
replication or transmission events do not occuvif8a&t al, 2011). Currenti\C. sonorensis is
the only confirmed vector of EHDV that has pasdetbar criteria of the World Health
Organization for vector implication (Savini et &Q11). These criteria include (1) isolating the
pathogen from a field-collected insect, (2) laboratinfection of the insect by taking a blood
meal from an infected host, (3) demonstration afismission of the pathogen from an infected
vector to a suitable host, and (4) prove that #eor comes into contact with the host in a field
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setting (Savini et al., 2011). Other species sdb. #ahillei have only demonstrated two or three
of the WHO criterion (Savini et al., 2011; Smithaét 1996a)Culicoides lahillel, which feeds on
both cattle and White-tailed deer, was found tadggable of taking up the virus when
experimentally infected, and replication did oceithin the vector, but transmission has not
been demonstrated (Smith et al., 1996a). While soidge species may experience low
susceptibility to the virus, this can be countdsgd high biting rate on an infected host; this has
been demonstrated with BTV afidbrevitarsis, which exhibited only a 0.4% infection rate
(Muller 1985). Another important impact of EHDV@&ABTYV is that they are considered
reportable diseases by the Office InternationalEfgzooties, which is the animal health branch
of the World Health Organization. By being placetbithis category, certain trade restrictions
may be put into place about the movement of livedstova, and semen between countries
(Savini et al., 2011).

Virus transmission occurs similar to mosquitoeish & midge taking up an infected
blood meal from a host, the virus penetrating timevgall and escaping into the hemocoel, where
it then moves to the salivary glands to replicaig is passed into the saliva, which will be
excreted into a host during the next blood meapdeixnents found that not all members of a
Culicoides sonorensis population may be susceptible to infection by Ba\heritable trait; this is
also believed to be true for EHDV due to similastbetween the viruses (Tabachnick 1991).
Susceptibility to infection by BTV may be contralléy a single locuslu, andthe phenotype of
offspring is controlled by the genotype of the nestlbut the paternal gene determines the
dominant allele of female offspring (Tabachnick 19 his could have potential implications for
genetic manipulation . sonorensis to release resistant males or females into apdgfllation
to attempt to reduce vector competence. In expetsngith measured amounts of virus taken up
orally by the midge, within 8 days there was fotmtbe an approximately 1000-fold increase in
viral concentration, so replication within the galiy glands is very effective; similar results
occurred when the virus was injected directly ith® abdomen of the midge (Boorman and
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Gibbs 1973). An experiment by Foster et al. (19%tgd that as few as 20 infected midges biting
a host can result in infection, but viral titersrev@ot measured in these midges. There is also a
dosage based effect on the midge, with infectiangomore likely the higher the dose of EHDV
in the blood meal, which is also true for BTV (Smdt al., 1996a; Jones and Foster 1971). When
Culicoides variipennis were offered repeated blood meals containing Baligles at a
concentration that was too low to result in a 10@féction of all susceptible midges, infection
rates were found to increase up to a certain ptaagerthat was based on the susceptibility of the
midge population to a particular virus strain (aad Foster 1971)nfection is not
instantaneous, as a period of time is requiredrbafe midge is infective; this is known as the
extrinsic incubation period.

For C. sonorensis the typical extrinsic incubation period is 10 tbdays, and a midge is
rendered infectious for the rest of its short jif@s (Davidson and Southeastern Cooperative
Wildlife Disease Study 1981). EHDV can only be swanitted horizontally from vector to host;
there is currently no evidence that EHDV can bedmaitted transovarially from mother to
offspring (Mellor et al., 2000). In certain viralains, one of the proteins making up the viral
capsid, VP2, may be susceptible to cleavage bypaitr-like protease in the saliva Gélicoides
sonorensis, which may increase the infectivity of the virustpdes (Darpel et al., 2011).
Discrepancies in strain or serotype strength ofithes have been noted since it was first
detected, with the New Jersey strain (EHDV-1) fotmte more lethal than the South Dakota
strain, at least in deer in the 1960s (Shope £1960). Attempts made with the South Dakota
strain to use serum from previously infected deearbtect naive deer proved successful, but
attempts to confer protection from formalin-inaeted viruses only provided prolonged
incubation period of the disease prior to deathl@Pand Layton 1961).

White-tailed deer are not the only ruminants tteat be infected with EHDV. Cases of
EHDV infection have been reported in mule deercltailed deer, elk, pronghorn antelope, and
moose. When mule deer were experimentally infedtexy; elicited a serological response, but no
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obvious clinical signs of infection (Hoff and Train1978). When an outbreak of EHDV occurred
in an area with both White-tailed and mule deeg,tlortality rate between the two deer species
was approximately 23:1 White-tailed and mule despectively (Hoff and Trainer 1978). The
suppressive effects on White-tailed deer populatian be fairly dramatic, with an epizootic in
North Dakota decimating a population to the pdatt tit took 8 years to recover (Hoff and
Trainer 1978). This reduction in overall deer papioihs for an area can affect game management
practices and influence revenues via hunters.

Epizootic hemorrhagic disease virus and bluetongiues both present with similar
clinical signs in White-tailed deer and are refesthas hemorrhagic diseases due to issues
identifying the infection on signs alone (Nettlésk, 1992). Bluetongue virus and EHDV were
thought to be the same virus for many years basddeosimilarities in gross lesions,
morphology of the viruses, clinical symptoms, adl ag pathology when viewed under a
microscope, but the two can be differentiated amtically (Davidson and Southeastern
Cooperative Wildlife Disease Study 1991). It isgbke for deer to be simultaneously infected
with both EHDV and BTV, which was found to occurritig an epizootic of hemorrhagic disease
in Kentucky in 1971 (Thomas et al., 1974). Infetis usually indicated by an elevation in body
temperature up to approximately %1 as one of the first signs (Hoff and Trainer 19T8er
infected with EHDV also become photosensitive amrg shy away from direct sunlight (Hoff
and Trainer 1978). Hemorrhagic diseases can preseateral different forms, and categories
have been developed to better classify the syndsonte peracute, acute, and chronic (Davidson
and Southeastern Cooperative Wildlife Disease S1@®1). On average, the incubation period
for deer infected with EHDV is four to twelve daydettles et al., 1992). The disease can result
in rapid death or prolonged suffering and pain basehow it presents. Common clinical signs
include rapid fever, tissue hemorrhage, edemaeofahgue, head, and neck, excessive salivation,
general malaise, and ulcers and erosion of thausmyngmen, and palate, all of which can result
in death. The peracute form of the disease resutepid death without time for lesions to
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develop, often within 8-36 hours of showing sympsai@enter for Food Security and Public
Health 2006). The acute form includes wide scatadrehaging in the heart, lungs, rumen,
abomasum, and small intestine, as well as othemargand ulcers tend to form on the mouth,
tongue, rumen, and abomasum surfaces. The chiamicdften occurs when a deer survives the
acute form with slowly healing ulcers, as well asgmtial inability to eat due to mouth and gut
lesions and lameness caused by damage to the ladisf(&ohn and Yuill 1991). These hoof
lesions present as overgrowth of the lamina ohttaf with indentations or cracks. Hoof damage
may be used as indicators for hemorrhagic disedisetion the previous year, because the hoof is
constantly growing, so damage from infections ifi@ayears will not be evident (Sleeman et al.,
2009). When deer reach the final stage of the fidiecthey often become completely detached
from their environment due to high fever and edesina, some will thrash violently prior to death
while others will die quietly (Nettles et al., 1992

The form of the disease a deer will present withfien dictated by the occurrence
pattern of EHDV. In regions with endemic EHDV, tisease will often present in the chronic
form, with most animals surviving; this is commdndughout the Southeast (Stallknecht and
Howerth 2004). The opposite of this occurs in ateasonly periodically experience EHDV
epidemics, where high levels of mortality resutinfrthe peracute and acute forms of the disease
(Stallknecht and Howerth 2004). When data was c@bbfrom 31 states on detection of
hemorrhagic disease over a 10 year period, theositheastern states of Alabama, Arkansas,
Florida, Georgia, Louisiana, Mississippi, and Sdd#rolina reported primarily the chronic form
(79%), while the other states polled found the patefacute form (63%) predominated (Nettles
et al., 1992). The cyclic nature of EHDV is alsd wery well understood, with endemic areas
often experiencing hemorrhagic disease every tvibree years, while epidemic areas may
exhibit an eight to ten year cycle between outsdhlettles et al., 1992).

Deer will only maintain a high enough viremia fafdction for about six days post
infection, and a maximum detectable viremia ofesixt days, so uninfected vectors have a limited
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time period from which they can pick up the vir@kbs and Lawman 1977; Nettles et al.,
1992). This, in conjunction with the high mortaligte, can cause epizootics to happen rapidly,
but not for very long lengths of time. Based orrent knowledge, EHDV and BTV are not
expected to regulate or eliminate wild populatiohgVhite-tailed deer, but could impact
breeders, farming operations, and wildlife manager(tetallknecht and Howerth 2004). While
surviving infection with EHDV-1 or EHDV-2 providegood protection from similar viruses i.e.
bluetongue virus with the exception of BTV-10, sually does not provide cross-protection
between the EHDV serotypes (Nettles et al., 1992ernal antibodies against both viruses can
be passed to the offspring when they drink colostamd these antibodies can provide protection
for up to 23 weeks of age, which may allow youngrfa to survive exposure early in life
(Gaydos et al., 2002b). These antibodies did retgrt infection or viremia from occurring, but
instead prevented severe clinical disease thathaeg resulted in their death (Gaydos et al.,
2002b). In Texas, as deer increased in age, they foend to be more likely to have antibodies
against EHDV, including a significant differenceween 1.5 and 2.5 year old deer, with deer

older than 2.5 having an 80% antibody prevalentali®echt et al., 1996).
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CHAPTER VI

METHODOLOGY -CULICOIDESAND WHITE-TAILED DEER
Collection and Trapping

Culicoides sampling occurred from 2May 2013 through 17October 2013 with
variation on which forms of traps were used thraugtihe field season. All research was
conducted at the Oklahoma State University Whitedadeer research herd facility located
approximately 0.8 km from campus in Stillwater, &dma, where we maintained a small herd
of six deer that were less than one year of age.sitke selected is in the Post-Blackjack Oak
forest bioregion of the state (Khalaf 1957). TRi@iUSDA inspected facility that has a paddock
for young White-tailed deer with a deer chute systehich adhered to Animal Control and Use
Protocol (ACUP) AG-07-12. During the field seasone deer fawn had to be euthanized due to
unrelated medical complications, leaving us witle fiesearch anima{8CUP AG-07-12)

Collection events occurred once a week betweemtrahs of May and October. During
the first several trap nights, 5/21, 6/2, and Gi6re were not any deer, which provided a baseline
of Culicoides present without an attractive host. Trapping warsgpmed on both an all-night and
an hourly basis with start and end times fluctuathroughout the season (Table 5). Earlier
sampling events were performed for one to two hbafsre and after dusk, but based on low
capture rates, sampling was altered to all-nightrfore data collection and expanded knowledge
of Culicoides activity patterns. During each sampling event, tavthree White-tailed deer doe

fawns that were less than one year old were placadvire dog crate (Midwest iCrate Single-
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Door Pet Crate), measuring 121.92 cm by 76.2 ci®38/82 cm, to restrain the animals but still
allow the movement dCulicoides in and out of the cage for feeding events andativect
sampling on the deer. Stags were not used fosthdy due to territorial behavior and
aggressiveness. Later in the season the deer beécaraege to safely move from the paddock to
the crate, so the last several trap nights onljdeCQ trap data. We have adapted the
methodologies of Gerhardt (1986) and Mullen e{2985) for trapping events.

Two trap types were used for the extent of theystadCDC style suction trap baited with
a carbon dioxide source, and a drop trap usedrfdrost sampling. The suction trap was a CDC
light trap with the UV light removed due to its higttractiveness to moths. A small cylindrical
cooler with drilled holes, filled with dry ice, wésing beside and level with the trap to serve as
an attractant to the midges. Dry ice was used @wedt and ease of access compared tp CO
tanks. In all-night trapping events, only one adilen bag was used. In hourly sampling events,
the collection bag on the trap was changed eachdidhe same time the drop net was reset. The
CO, traps were used to measure gen€tdicoides species diversity and abundance associated
with White-tailed deer farms, rather than speatfitactiveness to deer. The drop trap and CO
suction trap were located approximately 35 metpastaThe drop trap was in the shape of a
sawhorse and was 2.44 m long by 2.19 m tall an8 2. Across using 2x4 wood beams and the
design of Gerhardt (1986). The drop trap consiefeadfine no-see-um mesh (Skeeta) built
around the wooden frame with roll up sides to alfomentry of the midges and the researcher.
The netting was attached to the frame by indusitraihgth Velcro (Velcro VEK90197) attached
to the frame and netting. Drop traps have been psmdously with White-tailed deer for
sampling ofCulicoides in Tennessee (Gerhardt 1986). The use of drop Befves as a means of
on-host sampling, which provides information oniidge species attracted to and feeding on an
animal rather than species that are present inemgirea.

The drop trap was assembled over the dog cratéhendeer were exposed for 20

minutes for midge attraction and feeding, and thersides of the trap were lowered. After the
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sides were down, the trap was allowed to settl@iominutes to give midges that were feeding
on the deer time to complete their blood meal &ndrito the netting for ease of collection. | then
entered the trap and used a vacuum aspirator tovesall midge-sized insects present on the
restrained deer and the walls and ceiling of tlop drap for approximately 15-20 minutes. This
complete process took an hour and was repeatetyytioam 8:00 PM through 6:00 AM for a

total of 11 sampling events per night.

A possible bias iCulicoides spp. selection may have occurred from several paitse
trapping process. Firstly, a restrained animal ofieficit its normal responses to biting, so this
difference in host behavior can influence res@econdly, the trap is not something the midges
would normally experience in the wild, so the desifthe trap may affect the ease of midges
accessing the host. Lastly, the presence of thehwuollectors may favor human-feeding midges
that are attracted to the chemicals produced byetearchers, so we remained at least 25 meters
from the trap during the open period before drogpire nets to minimize this potential bias
(Mullens and Gerry 1998).

Upon collection, the midges were placed into aZeedilled with ice to knock-down or
kill the midges. These midges were then transpdréet to the lab where they were placed into
labeled vials in a -28C freezer until they were identified to the spedta®!.

Culicoides Identification

Culicoides identification was performed using wing patterngsothorax patterns, and
descriptions from Blanton and Wirth (1979). Othepglementary texts for identification
included alLight-trap survey of the Culicoides of Oklahoma (Khalaf 1957), as well akhe
Culicoides of the Eastern United Sates, a public health monogram produced by the U.S.
department of Health, Education, and Welfare (Faott Pratt 1954)Culicoides sonorensis was
differentiated fronC. variipennis based off morphological characteristics of thirthphsegment
with the former having a swollen third palpal segingith a large sensory pit, while the latter
possessed a slender third palpal segment and iraatl sensory pit (Holbrook et al., 2000;
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Wirth and Jones 1957). Differentiation betwérmyuttipennis andC. arboricola was based on
presence or absence of a light spot on the seadrithtvein; this was periodically hard to
determine based on quality of the specimen. Thesespecies are both tree hole dwelling and
can be hard to separate along with a third tree tiakelling specie<;. villosipennis, of which we
did not collect any specimens.
Environmental Data

An agricultural environmental monitoring stationsalacated approximately 0.6 km from
the research site, so average daily temperaturaardge daily relative humidity data was
pulled from this source. This station is a parthef Oklahoma mesonet, a mesoscale monitoring
system located all across the state of Oklahomagdnocultural research with over 120 automated
stations and at least one station per county. E&dlon takes measurements every 5 minutes and
then transmits this observation to a central fgcdivery day of the year. We compared this year’s
temperature with that of a 10 year average provijethe mesonet website. Moon phase was
also recorded for each trapping night to deterrifitteere was any impact on midge activity.
Host Preference and Multiple Trap Type Study

The three animals compared during the host prederstudy were a Jersey steer (cattle),
a Suffolk sheep, and two randomly selected Whiledaleer from the herd. This study was
conducted over a three night period, 9/10-9/12/20h& procedure for this experiment was very
similar to the principal field study.

On 9/10/2013, collecting started at 8:00 PM and pexformed on an hourly basis until
7:00 AM. Four different traps were placed arourglgerimeter of the fence. The €a@nly trap
was paced in the same location every night tHadtbeen for the entirety of the field season.
The LED ultraviolet light trap, fluorescent ultralét light trap, and incandescent light trap were
placed at three other points around the fence Tihese traps were also supplemented with CO
from dry ice in small coolers similar to the €@nly trap. The collection bags on these traps were
changed every hour, so that traps were run forhoue intervals for data collection. The only
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exception to this was during the first night, whbags were rotated every two hours at 11:00 PM
-1:00 AM and 1:00 - 3:00 AM due to limited numluzércollection bags. All collections
preceding and following this were for a single hour

Deer were placed in the same drop net that had imhfor the entirety of the field
season. The sheep was placed in a replica droputekithout a dog crate used for restraint. Due
to size of the steer, a canopy-style pavilion {(gviénzel Smartshade Canopy), measuring 3.05 m
by 3.05 m by 2.84 m tall, with mesh siding (Wer@elartshade Screen Walls) was used as a
drop net. Trapping at each hour interval was peréat in the following manner. Deer were
exposed for 20 minutes; the steer and ewe weregghtaver to the drop nets and held in place
for 20 minutes by handlers, which was a possiblecof bias. After 20 minutes, the sides were
lowered on all three traps to catch any midgevelgtiattracted to or feeding on the bait animals.
The ewe and steer were brushed by hand to remgvesercts that were feeding or had landed
on them, and then the livestock were removed ftoerdrop net and tied up again at a post with
food and water. We then sampled within each drafane20 minutes with vacuum aspirators to
catch anything of the approximate size and shapeCaficoides midge or mosquito. The sides
were then rolled up to allow other insects to fli of the trap and reset for the next sampling
interval. We then used the last 20 minutes of the o prepare for the next sampling period.

While sorting through the collection bags from 320013, it was determined that midge
numbers after 12:00 AM decreased rapidly, so samgplias altered to be from only 8:00 PM to
11:00 PM, finishing at 12:00 AM on the two subsequgghts. The same sampling procedure
was followed, but the locations of the LED UV, fleecent UV, and incandescent trap were
rotated each night to allow for a Latin square gsialto see if there was a location based effect.
Collection bags and aspirator tubes were placedciooler with ice and dry ice to knock-down or
kill any insects until they could be brought backtie lab for identification. All insects were
stored in labeled vials in a -2Q freezer until identification could occur. Alulicoides midges
collected were identified down to the species lesihg the same resources as listed above.
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Larval Habitat Sampling

A secondary study was performed to collect mudteswlhole substrate samples from the
surrounding area to attempt to correlate larvalthtdand populations with midges collected at
the White-tailed deer research facility. These damwere collected on 9/12/2013 and
9/16/2013. A total of 12 sites were sampled, inicigch water treatment plant, drying mud pools,
a seep, a cow pond, and several tree holes. Tteg V&ried in moisture content of their
substrate, as some were very dry and almost sasikleistvhile others were filled with water and
were of soup-like consistencies. Larval midgesemtéld from these samples were reared out by
Dr. Pfannenstiel and his technicians at the USDASARanhattan, KS. Samples were placed into
125 x 25 mm Petri dishes with approximately 100frhud or material in each dish. The
material was kept wet but not inundated, with paihe substrate (30-50%) always above the
water line. Dishes were checked daily or evergottay and anulicoides adults that emerged
were collected. One site, a tree hole sampled D2/2013, had midges emerging over a very
long period of time, so it was split into two segtarvials between those emerging before
November and those emerging after. All midges weczessfully identified to the species level
using the same resources as listed previously.
Data Analysis

Due to the limited number of midges collected Byhthe traps, we were unable to
perform analytical statistics on the data. Insteaglused descriptive statistics and presence-
absence data to perform these analyses. For th@tedsrence study and trap type study, we
performed several biodiversity calculations, inghgdSimpson’s index, Shannon-Weiner index,
and species evenness. Species richness and abertddaavere also recorded at this time.

ini(ni— 1
Simpson’s index was calculated using the forn%}\%, the Shannon-Weiner index was
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n; n;
calculated using the formuta Zl(ﬁ * ln(ﬁ) ), and species evenness was calculated using the

i G In(Gh)

formula—
InN
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Date Start End Time  Hourly or Deer Drop Trap  # of Deer
Time All-night Present used in Drop
Trap
5/21/2013 8:30PM  9:30 AM A No No N/A
6/2/2013 8:00 PM 10:00 AM A No No N/A
6/6/2013 430 PM  9:20 AM A No No N/A
6/14/2013  8:00 PM 10:00 AM A Yes No N/A
6/19/2013 7:20PM  8:00 AM A Yes Yes 3
6/26/2013 8:35 PM 9:20 AM A Yes Yes 3
7/3/2013 8:50 PM  9:40 AM A Yes Yes 3
7/9/2013 8:00 PM 7:00 AM H Yes Yes 3
7/17/2013 8:00 PM  7:00 AM H Yes Yes 3
7/23/2013 8:00 PM 12:30 AM H Yes Yes 3
7/30/2013 8:00PM  7:00 AM H Yes Yes 3
8/9/2013 8:00 PM 7:00 AM H Yes Yes 3
8/14/2013 8:00 PM  7:00 AM H Yes Yes 3
8/20/2013 8:00PM; 11:00 PM; H Yes Yes 2
4:00 AM 7:00 AM
8/27/2013 8:00 PM; 11:00 PM; H Yes Yes 2
4:00 AM 7:00 AM
9/3/2013 8:.00 PM; 11:00 PM; H Yes Yes 2
4:00 AM 7:00 AM
9/10/2013 8:00 PM 7:00 AM H Yes Yes 2
9/11/2013  8:00 PM 12:00 AM H Yes Yes 2
9/12/2013 8:00PM 12:00 AM H Yes Yes 2
9/27/2013  8:00 PM 7:00 AM A Yes No N/A
10/2/2013  8:00 PM 7:00 AM A Yes No N/A
10/9/2013 8:00 PM 7:00 AM A Yes No N/A
10/17/2013 8:00 PM  7:00 AM A Yes No N/A

Table 5. Schedule of all midge trapping dates dumg the summer 2013 field

season. Trap bags were changed on either an houki) or all-night (A) basis.

The number of deer in the drop trap fluctuated as e season progressed due to

deer growing larger and eventually becoming too lage for the drop net.
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CHAPTER IX

RESULTS AND DISCUSSION €ULICOIDESAND WHITE-TAILED DEER

General Collection Data

Over the entirety of the field season, from Maytlgh October of 2013, eleven different
species ofCulicoides were collectedetween the various trapping methods. These elgyecies
includeC. guttipennis, C. stellifer, C. sonorensis, C. stonel, C. arboricola, C. multipunctatus, C.
crepuscularis, C. haematopotus, C. hieroglyphicus, C. salihi, andC. nanus. Of these specie€.
arboricola, C. crepuscularis, C. multipunctatus, C. salihi, andC. nanus were not collected by
drop net trappingC. salihi andC. nanus were only collected by larval sampling. During the
primary field study 49%ulicoides midges were collected with the all-night &@ap, 172
Culicoides midges with the hourly CQrap, and 3&ulicoides midges with the drop trap.
Collection numbers alone prove that {€apping is far more effective at collecti@glicoides
through sheer abundance. If just the hourly, @&p collection is compared to drop traps,
approximately 4.5 as many midges were collected theesame time period.
Temperature and Rainfall Data

Average daily temperature and relative humidigdiags for each trapping night were
recorded by the Oklahoma mesonet Stillwater stdatigee if there was any correlation with trap
capture rates. Temperature data was also compéttethe ten year average of 2003 to 2013 for
the same Stillwater mesonet site (Figure 9). Stilew experienced a wetter summer in 2013 than
in recent years with 3 times as much rain than 2015 times as much as 2011 during the time

period tested, 5/21-10/23 (Mesonet 2014a). Tempersitended to fluctuate, but generally were
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lower than the ten year average earlier in the seimumtil about August, at which point
temperatures generally were greater than the awgFagure 9). Peaks in relative humidity often
indicated rainfall events, which can be predicttéf@mergence events in the following weeks.
One example of this is the peak on 5/30/2013 (Ei@)r This was a large rainfall that was two
weeks prior to a majdC. guttipennis emergence event that was captured. On June 148, 20
327 midges were collected, of which 286 werguttipennis females from an all-night GO
suction trap.

CO, -Trap Collection Data

At the beginning and end of the field seasontiergrimary experiment, GQrapping
was performed that used a single collection bagjgt of sampling, hereafter referred to as all-
night CQ trapping. While this did not provide the more feed scope of hourly data that was
generated during the middle of the season, itatdlwed the visualization of overall trends in
seasonality of certain key midge species. The ffiaast commonly collected midge species
during the field season in decreasing order W& guttipennis, C. sonorensis, C. stellifer, and C.
stonei (Figure 10) For this trap data, only female midges are beapgried, as males do not play
a major role in the disease cycle. The large emeryevent captured on Jund"bf C.
guttipennis resulted in almost half (~46%) of total midge eotlon by all-night C@trapping for
the entire field season (Figure)1Qulicoides sonorensis was the second most commonly
collected species in the all-night ¢ap and appears to be more active earlier is¢ason
compared tcC. stellifer and several other species.

Different species seemed to exhibit seasonal pieadggchronicity with other species,
meaning when one species increased in abundames,species did too. As mentioned
previously, there was a rainfall event two weekerpo 6/14/2013, so this rainfall event may
have led to general population increases for allges collected and not juSt guttipennis,
which experienced a mass emergence on this datdaGrainfall events occurred one to two
weeks before 7/9/2013 and 7/21/2013, when there wsigtilar spikes in midge numbers. Similar
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results occurred when the less commonly collegbediss were plotted against time, with species
generally peaking in abundance on the same daigséFl1). This also occurred on 6/14/2013
and 7/9/2013, which continues to corroborate tlea ithat rainfall events several weeks prior
seem to predict greater midge activity. Due to tmlection numbers on these species, some of
which only a single member was collected duringfigled season, most of the data is presence or
absence throughout tim€ulicoides guttipennis remained the predominant species collected by
all-night CG traps throughout the entirety of the season.

During the middle of the field season, collecti@ygb on C@baited suction traps were
changed on an hourly basis. This data was use@miton when peak midge activity occurred
during the night, while still providing overall sgmal activity when the hours for a night were
pooled.Culicoides guttipennis remained the most commonly collected species duhisgime,
but C. stellifer replacedC. sonorensis for the second most abundant species (Figurdri?2).
general, there appears to be more midge activigctkd by the Cotrap earlier in the evening
between the hours of 8:00 - 11:00 PM (Figure C2)icoides midges are often described as
exhibiting crepuscular feeding habits, so this agneith the literature (Barnard and Jones 1980;
Nelson and Bellamy 1971). Some midge activity wetected in the 4:00 - 7:00 AM range as
dawn approached, but this was lower than the eggreaksCulicoides stonei was not collected
in high numbers by CQraps during this time, but continued to maintipresence in the drop
net collection throughout the seas@ulicoides sonorensis, based off this data, is more active in
the early morning hours rather than the eveningsou
Drop Trap Collection Data

The drop trap had a lower collection rate onratizg night basis, never collecting more
than eight midges per night (Figure 13). Thesenowbers of midges collected did not allow for
analytical statistical analyses, so instead presabsence data was used for descriptive statistics.
Culicoides guttipennis was the most commonly collected species of midgarbp net. Only the
four most commonly collected species of midge ppdrap,C. guttipennis, C. stellifer, C.
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sonorensis, andC. stonei, are being displayeulicoides haematopotus andC. hieroglyphicus
were also collected by drop net, but only a sigfeale was collected for each species.
sonorensis was only collected early in the field seasonhmy drop trap, but was collected
throughout the season using the,&0Oction trap. The other species collected tenddx tmore
ubiquitous throughout the field season, excepCiaguttipennis, which became less common as
temperatures cooled off in August and Septembdicoides stellifer was the second most
commonly collected species feeding on White-tailedr.Culicoides stonei continued to be
present throughout the entire season and had eatfreviously reported as feeding on White-
tailed deer by any literature.

When this same data was pooled over an hourly baisiser than nightly, other patterns
in midge activity emerged (Figure 14). The pooledrdy data from the drop trap shows a
different trend in presence-absence compared tofhihe pooled hourly Cxrap. While the
suction trap found midge activity to be primarigrly in the evening with numbers dropping off
dramatically after 10:00 PM, the data from the dnepshows more of a bimodal distribution
with most species being active at dusk, dawn, ¢n.l6ulicoides stonei andC. stellifer were
found throughout most of the night comparet@onorensis andC. guttipennis. Culicoides
stellifer appears to be especially active at 8:00 PM, wivigk shortly before or after sunset
during the majority of the field seasdsnexpectedlyC. guttipennis was found to be much more
active by 6:00 AM, when activity for other speciess waning.
Host Preference Data

The purpose of this study was to determine thdifggpreferences of Oklahoma
Culicoides species on cattle, sheep, or White-tailed deeu(Eid5). Sevefulicoides midges on
deer, thre€ulicoides midgeson the sheep, and twenty-fi@licoides midges on the cow were
collected during this three day experiment. Fowcsggs of midges were found feeding on deer,
two species on sheep, and five species on thealbof, these species had been previously
collected by either drop net or G@ap during the primary field study. Cattle wésand to have
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the lowest Simpson index, a measure of diversity).52 in comparison to deer's 0.5714 and
sheep's 0.6667 (Table 6). Cattle, therefore, Haw@teatest diversity of midge species feeding on
them. Species evenness was fairly equal betweesptwes, with deer having an evenness of
0.8322, sheep with 0.9183, and cattle with 0.86B3is indicates that there is a high likelihood

on any of these host species sampled of findingaftbe same species of midge during the
identification process.

Cattle attracted both the greatest number of midgelsgreatest species richness of all
three animal hosts tested during this three dajystyhile C. guttipennis had been the
predominant species in the earlier experimenty, ive were collected during this trial, with
none being found on deer. When deer were the adydvailable, it appears they will readily
feed on them, but when given the choice of haatguttipennis prefers cattle and sheep to deer.
Similar to earlier findings, n€. multipunctatus were collected from White-tailed deer, but some
were collected from cattle, meaning that this isaanmal feeding species that is not attracted to
White-tailed deerCulicoides stellifer was the most abundant species found on cattle hwhas
surprising as this species was commonly colleatath deer previously, but when given the
choice appears to prefer cati@licoides sonorensis was only collected from cattle during this
study. Sheep only attracted two specig@gyuttipennisandC. stonei, and neither in high
numbersCulicoides stonei appears to prefer White-tailed deer comparedheranidge species,
with both males and females being attracted to ¥aiied deer.

Multiple Trap Type Comparison Data

In the trap comparison study, two midges were ctélein the CQonly trap, 74 in the
fluorescent UV baited trap, 33 in the LED UV baitesp, and 17 in the incandescent baited trap.
The species richness of these traps was varigglOasnly traps collected two different species,
fluorescent UV had seven species, LED UV had sid,iacandescent had three species. Due to
the low collection rate of the G@nly trap, Simpson's and Shannon-Weiner indicefdaoot be
calculated properly, but these indices were geaérfatr the other trap types (Table 7). A Latin
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square analysis was performed to determine if thvaisea location based effect on the traps as the
three light traps had their location rotated eaght There was not a significant effect of

location on number of midges collected by the traph an F value of 2.96 and a p value of
0.2523. The LED ultraviolet light had the lowestiBson’s index, meaning it attracted the
greatest diversity of midges relative to the otinap types we examined. The €anly trap had
perfect species evenness, but due to only colg&ispecimens, this is probably not
representative; themcandescent trap had the highest evenness atd0con@pared to the other

trap types tested. The fluorescent ultraviolet trag low evenness because two spe€les,

stellifer andC. guttipennis, made up the majority of midges collected.

Similar to the primary study, suction traps ashe collected far greater numbers of
midges compared to drop traps (Figure 16). The @y suction trap that was used for the
primary study proved to be the least effectivetmteting midges compared to the other three
trap types. The two species the trap did attctpnorensis andC. stellifer, are the confirmed
and suspected vectors of EHDV transmission in Qidadn so while the trap was not very
effective overall, it did monitor the main spectgsoncern. The fluorescent ultraviolet (FL UV)
trap collected both the greatest abundance of mjdggewell as the most species, but@ot
sonorensis. While C. guttipennis was the most commonly collected species duringtimeary
field study, in this secondary study, we fouidste lifer was the most abundant species overall,
and was either the most commonly collected orfednost commonly collected species in
three out of four trap type€ulicoides guttipennis was the second most abundant species in the
two UV traps and first in the incandescent trapthée species still exhibited a large amount of
activity even in September. No species were cabkbly these traps that had not been previously
found earlier in the season during the principadigtCulicoides stonei was not commonly
collected by any of the suction traps and app@ag tmore commonly found directly on the host

in the drop trap samples.
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Data was pooled on an hourly basis to detect srandightly activity of monitored
Culicoides species. The three light traps tested exhibitetedsing species richness as the night
progressed, with higher collection rates and sga@dhness earlier in the nigi@tulicoides
guttipennis exhibited activity throughout the majority of thight when collected by the two UV
traps (Figure 17 and 18). The LED UV trap had didieg number of midge captures after 1:00
AM, similar to FL UV, but with a more pronouncedctease (Figure 17). The greatest species
richness collected by the LED UV trap occurred:a09°M and 11:00 PM - 1:00 AM (Figure
18). The last trap type tested was the incandes@mtwhich collected far fewer midges than
either UV trap, but still more than the €@nly baited trap. This trap attracted a large nemnas
heavy bodied insects, including quite a few dunetles, that resulted in damage to some
specimens and made them more difficult to iden@iylicoides guttipennis, the most commonly
collected species in the incandescent trap wasfonlyd in the early evening hours of 9:00 and
10:00 PM, while the second most common spe@iestellifer, was found throughout the
majority of the night. Similar to the other trapés tested, collection rates tended to drop off
after 1:00 AM, with only two midges being caughspthis point (Figure 19).

Larval Habitat Data

The final secondary study focused on collectimgdbmidges from the surrounding area
in both mud and tree hole samples to correlate esiage collected in the drop traps and suction
traps with local larval habitats. Six differenespes were collected from the eight mud sampling
sites around the OSU deer facility (Figure 20).Séhsites ranged in distance from the deer pen,
with the nearest being 60 m, and the farthest dve#tyg 1.47 km. The majority of sites where
mud was collected exhibited very low species ditgraith only one or two species present and
only two sites having greater than two species.mhst commonly collected species across all
mud sample sites w&s haematopotus. This species was collected from deer in low nusibe
during the primary study, but was very common imghrrounding area. The OSU water
treatment plant (OSU WTP) lagoon was the closéstasithe deer facility and had the greatest
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species richness of all mud collection sitéglicoides crepuscularis was the most commonly
collected species at this site, a species thaowigsperiodically collected during the primary
study in the drop traps and suction traps. Thesaio containe@. stellifer andC. sonorensis,

the two primary species of concern for EHDNJow numbers. One species from this site,
salihi, was not collected by any of the traps or hostiggdested. When compared to tree hole
samples, though, mud samples tended to resultierladult emergences per sample.

The moisture content of the tree holes variedthyreaith some similar to saw dust in
consistency and moistness, while others were filli¢l pools of organic rich water. Midges were
reared out from all tree holes sampled, regardiessoisture content. All tree holes sampled
contained at least two species of midges, but madthree or more species present (Figure 20).
The first tree hole sampled, damp tree hole, meduhe greatest number of midges overall and
the highest species richness from tree holes salr{pldicoides nanus was also collected from
this tree hole, a second species that was notctetidy any other means during the field season.
The species found in greatest abundance from ¢ledhmle samples w&s guttipennis, the same
species that dominated both the suction and dems turing the main field stud@ulicoides
arboricola was collected in large numbers from several ottée holes, and was only collected
by CO, traps at the very beginning of the main studysThscrepancy between only collecting
this species during the main study early in the@eayet finding them in large numbers from tree
holes late in the season may be partially explainetihe cryptic nature of this species alongside
C. guttipennis. Culicoides arboricola is considered an ornithophilic species, which mgylain
why it was not found on deer during the studiesfiBn and Wirth 1979 ulicoides stellifer

was found in four out of the five tree holes sardplaut always in low numbers.

Discussion

From the primary study data, Gkaited suction traps collected a much greater nuwbe

midges compared to the drop trap, overall. Totahalance measures do not always reflect
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disease pressure on animals, though, as not allespeollected by C&xraps were found on deer
and may not be attracted to deer. Carbon dioxafestsample the general midge population of an
area and do not indicate the host preference @iepeollected, some of which may be primarily
bird-feeding species that do not feed on deer. iBhighy the use of multiple trapping types is
more effective in truly evaluating what is occugwith midges feeding on deer. Also, by using
multiple trap types, this study made the first reledl instance of two species feeding on White-
tailed deer, which had not been previously desdribehe literatureC. stonei andC.

hieroglyphicus. Culicoides stonei, in particular, was found in larger numbers ang wae of the

four most commonly collected species.

Both temperature and rainfall may influence migdgpulations on a local level. While
midge numbers were expected to peak in July andigtuthey actually peaked in June and July,
with temperatures starting to cool off in Augushieh in previous years was warmer (Figure 9).
We believe the rainfall event on May"36aused many of the tree holes in the surroundieg @
be filled, which resulted in the hatching@fguttipennis and other tree hole dwelling species.
The two week lag period between rainfall and massrgence would have been enough time for
these midges to complete their lifecycle from emgdult. If rainfall events such as these can lead
to such large emergences of tree hole dwellingispewhich include€. stellifer, a potential
disease vector of EHDV, they may be a driving farcthe disease cycle for Oklahoma. Large or
frequent rainfall events have an opposing efféctugh, in that they may lead to eggs being
washed out of tree holes or muddy areas, resultieggs drying out if moved by water to

unsuitable habitats, or embryo death.

In Kenya, Walker and Davies (1971) proposed thaitet was a connection between
April-May rainfall, peak numbers &ulicoides midges in May-June, and elevated frequency of
bluetongue infections in June-July. Similar patsemmay be occurring in Oklahoma with larger

rainfall events early in the season. Nevill (19ft)nd similar results with increased rainfall in

95



the spring and summer leading to amplified midgalmers. It is likely that rainfall was the
driving force in elevated midge numbers duringsbemer of 2013 rather than temperature.
Culicoides guttipennis andC. stellifer are tree-hole dwelling specidgs, sonorensis is primarily

an organic-matter enhanced waste and mud dweltiagias, and little is known about the larval
habitats ofC. stonei (Blanton and Wirth 1979). The fact that all of thespecies across a wide
range of larval habitats are affected similarlyraipnfall events may be reason to further

investigate these interactions.

CQ; traps generally experienced higher collectionsai@ly in the evening when the
sublimation rate for the dry ice would have beeitsagreatest (Mullens 1995). As the night
progressed, this rate decreased, thereby redusiagriactiveness to host seeking midges. There
may be other confounding factors, as well, sucthaslry ice freezing over the holes in the
cooler, which would have also reduced the subliomatate. Another explanation as to fluctuation
in collection rate is that midge activity increas@smoonlit nights, so later in the night, as
moonlight decreased, the midge activity may hawimed, as well (Linhares and Anderson
1980). We recorded the moon phase during trap siight found no correlation between moon
phase and peaks in midge activity on a seasongl. bdisiges respond to changes in light
intensity, so feeding often does not peak agaii tina sun begins to rise in the morning (Nelson
and Bellamy, 1971; Linhares and Anderson 1990; 8laedl 1997). Wind speed may have also
played a role in the amount of midge activity ogiven night, and one trapping event had to be
ended early due to high winds. Midges generally mot seek blood meals when wind speeds are

over three meters per second (Sanders et al., 2011)

The hypothesis of findinG. sonorensisin greater numbers was based off of the midge
species caught in Payne county by Khalaf (195#%)nbwata was presented on number of midges
caught in the county, since only a species list grasn. While we did not expe€t guttipennis

to be the most common species in the traps, tlearels site was surrounded by oak trees, which
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provided ample tree holes for these midges to depogs. If this research had been conducted in
a less forested region, this species would likalyehbeen collected less frequently, but many
Oklahoma deer farms are either in or near foresteds, so this may be more reflective of actual
midge populations present on these operatiGalécoides stellifer , the second most commonly
caught species, is believed to be a vector of EHEdMhe presence of this species in close
proximity to deer may predict potential outbredkserestingly, Khalaf (1957) did not rep@st

stonei in Payne County at all, but he collected this sge very low numbers overall in
Oklahoma, since it is not very attracted to,CtChis study only found this species frequently in
drop traps, with limited specimens collected by,GGxction trap. Little is known about

Culicoides stonei, so these findings may lead to further lines ofiingabout this cryptic species.

The host preference study found that cows wer@nigtattracting far more midges than
any other host sampled, but also a greater diyesbiinidges. Some of this may be explained by
the larger size of the cow that made it easieot¢ate, increased carbon dioxide production, and
also a greater thermal footprint. Males were attaeted to these hosts, perhaps in hopes of
finding a female to mate with, as they would baradmark in the environment that would be
easy to navigate in the likelihood of female prese@ulicoides stellifer was the most commonly
caught species on cattle, while it had previouslgrbcollected in high numbers on deer during
the main field study. This has implications for #pecies as a bridge vector for EHDV,
transmitting the disease from cattle to White-thitieer if cattle are removed from the
environment. With the ongoing research alioutellifer being a vector of EHDV, this species
appears to be of greater concern than was preyithislight and should be closely monitored
alongsideC. sonorensis as vectors of EHDV and BTV in Oklahoma and elsewheulicoides
sonorensis may also exhibit host switching, perhaps on seslggnas we only collecte@.

sonorensis from deer early in the season, while we colle¢tean from cattle in September.
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Sheep did not prove to be very attractive hoststiog midges, perhaps due to their thick wool,

as the sheep was not sheared prior to the stdreafxperiment.

Overall, ultraviolet traps seem to be the besibogior Culicoides monitoring based off
of species richness and abundance data. Incandésgenare inferior to UV traps and should
only be used when UV traps are not readily avadlabbor future studies involvingQulicoides
collection, it is the author’s opinion that fluocest UV traps should be used due to their
effectiveness at collecting a large abundance drighaspecies diversity @ulicoides species. It
is interesting that there are differences betwhenwo ultraviolet traps, both in species collected

and number of individual midges.

While both the fluorescent and LED lights give oltiraviolet light, there must be some
difference in perhaps the type of UV (UVA/UVB), emisity, or wavelengths of UV that causes
variances in the amount of midges attracted. Eaélight type has its benefits and drawbacks;
LED UV lights typically emit a very specific wavergth of light, such as 365 or 395 nm, while
fluorescent lights emit a broader spectrum that ataact more midges. LED UV will work at
low temperatures and will start instantly, whiledtescent UV often take several minutes to
warm up and may not work at low temperatures. kakED UV are more expensive than
fluorescent UV bulbs, but have a longer lifespath are more sturdy. Incandescent bulbs, while
likely the cheapest of the light types mentioned,robt prove to be very effective in attracting
midges. The traps baited with incandescent ligfiemacollected more non-midges than traps

baited with UV, making them more difficult to sdinrough, as well.

While it was unexpected that the two UV trap typested would collect vastly more
midges of greater species richness compared {G@h®nly baited trap, these traps were not
without their flaws. Ultraviolet light traps attrigd large numbers of non-hematophagous insects,

including large beetles and moths that made sottiraugh these traps more difficult and
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laborious, and often resulted in damage to the enfiigecimens. In contrast to this, during the
extent of the study, the GOnly trap primarily collected mosquitoes and mglgeth only a
smattering of non-hematophagous insects and wgydiamage to specimens collected. One
explanation as to why the GOnly trap was less effective during the host praiee and

multiple trap studies was due to saturation ofaiea with light sources and several host animals,

which would all have likely had a stronger attreetiess to midges than carbon dioxide alone.

The larval habitat sampling found that tree hgjeserally support a greater diversity of
midge species and also a greater abundance. Tieedre likely more nutrient rich than mud as
they can act as sinks for the detritus and otherigi¢hat falls into them. The OSU water
treatment plant lagoon had the greatest speciesdiliy of midges, as the waste enhanced mud
would have provided a suitable habitat for manycesewith nutrients likely not being limiting.

It is likely that some of the midges that were ecled in the various studies originated from the
mud in the OSU WTP lagoon, as they would not haacttb disperse far to find a meal due to the
proximity to the deer facility. The interactionsdatompetition of tree hole dwelling midge
species should be further investigated as thid feelikely very limited relative to data aboutdre
hole dwelling mosquitoes. Two species were coltkatehe larval sampling that were not found
in any of the other studie€, salihi andC. nanus. Culicoides salihi is perhaps an ornithophilic
species likeC. arboricola (Khalaf 1957). Only a single specimenfnanus was identified so

this may likely be a late season midge that becautige in cooler temperatures or perhaps just
a rare species (Blanton and Wirth 1979; Khalaf 19%Jverall, collecting mud and tree hole
substrate proved to be an effective means of samtie larval populations @ulicoides midges
surrounding the OSU deer facility. If samples waten on a frequent basis, they could be used

to predict potential disease outbreaks based onti(puand species of midge present.
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Host Species Deer Sheep Cow

Shannon Weiner Index 1.154 0.9183 1.388

Species Richness 4 2 5

Table 6. Diversity indices ofCulicoides midges collected from three hosts: deer,

sheep and cow. Simpson index, Shannon Weiner indeyd species evenness
were calculated for each host species. Richness aothl abundance measures

were taken directly from collection data.
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Trap Type CO; Only Fluorescent UV LED UV  Incandescent

Shannon Weiner Index NA 1.041 1.331 0.8464

Species Richness 2 7 6 3

Table 7. Diversity indices ofCulicoides midges collected from four suction/light

trap types baited with either CO, only, fluorescent UV light with CO,, an LED
UV light with CO ,, or an incandescent light with CQ. Simpson index, Shannon
Weiner index, and species evenness were calculated each trap type. Richness
and total abundance measures were taken directly &ém collection data

101



Average Temperature and Relative Humidity 5/21/2013-10/23/2013
and 10 year Average Temperature
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Figure 9. Average daily temperature and relative bmidity from May 21 2013 through October 2%
2013 for Stillwater, OK, USA. All environmental vaiable recordings were performed by the
Oklahoma mesonet Stillwater station. The ten yeardmperature average was also acquired from the
Oklahoma mesonet website for comparison purposesvArage relative humidity is in percentage

relative humidity and temperature is in degrees Ceius.
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CO, trap Culicoidesfemale collection 5/21/2013-10/23/2013
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Figure 10. Collection data for femaleCulicoides midges collected during 5/21/2013 through
10/23/2013 using a CO2 only baited suction trap. Enhdata point for C. guttipennison 6/14/2013 is

286 specimens collected.
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CO, trap Culicoidesfemale collection 5/21/2013-10/23/2013
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Figure 11. Collection data for femaleCulicoides midges collected during 5/21/2013 through
10/23/2013 using a CQonly baited suction trap.Culicoides haematopotus and C. hieroglyphicus
were both only collected on a single night duringhte field season using this trapping method.
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Pooled hourly Culicoidesfemale captures by CQtrap 7/3/2013-9/12/2013
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Figure 12. FemaleCulicoides collected by CQ baited suction trap pooled on an hourly basis for
the trap nights between 7/3/2013-9/12/2013. Coll@mts took place only at the hours of 8, 9, 10 PM
and 4, 5, and 6 AM.

105




Drop trap Culicoidesfemale collections from 7/3/2013-9/12/2013

5
OC. guttipennis
BC. stellifer
4 B C. sonorensis
B C. stonei
e]
Qe
3 3
fe)
o
B
©
3
= 2 1
|
O
©
I+
| I
0 T T T T
> > > > > > > > > > > >
S N 8\ N N NN N S N 8\ N N
N N N N N N N N N N N
000000\’\*\'\'00\'\»\”\”
SRR A I A RS RS

Collection Date

Figure 13. FemaleCulicoides collected by drop trap on nights between 7/3/2013:2/2013. Only the

four most commonly collected species are represedten this graph.
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Pooled hourly Culicoides female captures by drop net 7/3/2013-9/12/2013
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Figure 14. FemaleCulicoides collected by drop trap pooled on an hourly basis fothe trap nights
between 7/3/2013-9/12/2013ollections took place only at the hours of 8, 90 PM and 4, 5, and 6
AM. Only the four most commonly collected speciesra being represented on this graph.
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Host Preference ofCulicoides spp. attracted to Deer, Sheep, or Cow
9/10-9/12/2013
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Figure 15.Culicoides collected by drop traps on three host species: Whattailed deer, sheep, and
cattle on 9/10-9/12/2013. Collections took place tmty from 8:00 PM - 7:00 AM on 9/10/2013 and 8:00
PM - 11:00 PM on 9/11 and 9/12/201%
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Comparison of Trap types in CollectingCulicoides spp. 9/10-9/12/2013
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Figure 16.Culicoides collected by four different trap types that were b#ed with carbon
dioxide, CO;, only baited suction trap , fluorescent ultraviolet(FL UV) trap, light emitting
diode ultraviolet (LED UV) trap, and incandescent tap on 9/10-9/12/2013. Collections
took place hourly from 8:00 PM - 7:00 AM on 9/10/2@3 and 8:00 PM - 11:00 PM on 9/11
and 9/12/2013.
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Culicoides midges collected by FL UV trap during Host Preference Study
pooled on an hourly basis 9/10-9/12/2013
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Figure 17.Culicoides collected by Fluorescent ultraviolet (FL UV) trap poled hourly on
9/10-9/12/2013. Collections took place hourly fror@:00 PM - 7:00 AM on 9/10/2013 and
8:00 PM - 11:00 PM on 9/11 and 9/12/2013.
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Culicoidesmidges collected by LED UV trap during Host Preference Study
pooled on an hourly basis 9/10-9/12/2013
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Figure 18. Culicoides collected by light emitting diode ultraviolet (LED UV) trap pooled
hourly on 9/10-9/12/2013. Collections took place bdy from 8:00 PM - 7:00 AM on
9/10/2013 and 8:00 PM - 11:00 PM on 9/11 and 9/1013.
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Culicoidesmidges collected by Incandescent Trap during Host Preferelec

Study pooled on an hourly basis 9/10-9/12/2013
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Figure 19.Culicoides collected by Incandescent trap pooled hourly on 90t9/12/2013.

Collections took place hourly from 8:00 PM - 7:00 M on 9/10/2013 and 8:00 PM - 11:00

PM on 9/11 and 9/12/2013.
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Culicoidesspp. reared from mud and tree holes samples collected
around OSU White-tailed Deer Facility
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Figure 20.Culicoides spp., with sexes pooled, reared from mud and treeoles samples taken
from sites around the OSU White-tailed deer reseatcfacility. Sample locations were sorted
into broad categories including lagoon which was e up of two samples from OSU water
treatment plant, Creek mud from Cow Creek made up 6four samples, pond mud from the
OSU Pinkston-research center made up of two samplegamp tree hole sample collected from
a single tree hole, wet tree hole substrate from wtree holes, and dry tree hole samples

collected from twc tree holes.
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CHAPTER X

CONCLUSION -CULICOIDESAND WHITE-TAILED DEER

The goal of this research was to determine whiglties ofCulicoides midges are
associated with Oklahoma White-tailed deer farmsrRo this study, there was very little
information available abow@ulicoides midges in Oklahoma. The information that was adéla
was limited to several publications dating backh® 1960s. Most notably of these was a light
trap surveillance study by Khalaf (1957), which\pded a list of whaCulicoides spp. were
located around the state. While Khalaf's (19573gtencompassed the entire state, it was limited
in the trap type used, only G®aited light traps. By using these data as a ivesele wanted to
further focus down this general midge knowledge detgrmine which of these midge species
were located on deer operations and were actitelycted to deer. The drop trap was used to
collect only midges actively attracted to Whitdedideer, while the C{suction trap provided
general knowledge dEulicoides midges present in the area. Through the use ofrpo
methodologies, we were able to parse out the nmsggeies attracted to deer from those just

attracted to a COsource.

We collected six midge species attracted to Whaitled deer in the drop tra@.
sonorensis, C. guttipennis, C. haematopotus, C. hieroglyphicus, C. stonei, andC. stellifer. Two of
these species;. stonei andC. hieroglyphicus, had not been previously reported as feeding on
White-tailed deer. Whil€. hieroglyphicus was only caught in very low numbe(,stonei was

consistently collected from deer and in the hosfgnence study appeared to prefer deer over
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sheep and cattle. Little is known about this spe@ed, while at this time believed not to be a
vector of any known diseases, it could prove imguarin the future as more knowledge becomes
available about midge ecology. Upon analysis ofddita, it was noted that the collection rate of
midges in the drop traps were dramatically lowenpared to the suction trap. Suction traps
collected the six species mentioned above and Hadiional species, including arboricola,

C. crepuscularis, andC. multipunctatus. If the study had been limited to only €Raited suction
traps, we may have assumed these species werasalztated with White-tailed deer operations

in Oklahoma.

Of the eight species Khalaf (1957) collected igrfeaCounty, OK, all were collected in
this study, except. obsoletus, as well as two species he did not coll€:tarboricola andC.
stonei. We hypothesized th&. sonorensis would be the most abundant midge found on
Oklahoma deer operations based on the assumptbthéhdisease vector would need to be in
high numbers for transmission to occur, and Khelddta (1957). We reject this hypothesis,
becauseC. guttipennis was actually the most commonly collected specieddth trap types in
Stillwater, OK. This makes ecological sense forgite because it is surrounded by a wooded
area with many tree holes that serve as the pritaavgl habitat of this species. Other species
found in greater abundance includedsellifer, C. stonei, andC. sonorensis. This basic research
and surveillance work should help lay a foundatmrfurther exploration of th€ulicoides
midge complex associated with Oklahoma White-tailedr farms. The current understanding of
midge ecology is fairly limited, so more basic sésdare required to increase the general midge

knowledge base.

We did detect some seasonality in the data, withelacollections for both trap types
earlier in the year in the months of June and Juith numbers starting to wane in September
and October as temperatures cooled off. Trendsmithpping nights were also detected with

most midge activity occurring between 8:00 - 11F0@ and again from 4:00 - 7:00 AM, with
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reduced activity in the hours between these twagekhis corresponds with the general
crepuscular nature exhibited by m@siicoides midge species. This information could be put to
use by deer producers who use automated sprayimigbsystems that release pesticides at
timed intervals. If they concentrate these apglicatfforts at either early evening or morning
hours when the majority of midge activity is ocaogr, then they are likely to eliminate the
largest number of midges per dollar spent. Baseith® CQ collection data, it would also be
prudent for producers to pen their high market @animals at dusk to avoid the majority of

biting midge activity.

Very little is known about host preference for amgcies ofCulicoides midge, so this
was the stimulus for the secondary study that coantly tested the efficacy of several different
trap types for midge collection. We discovered thatges in Stillwater, OK preferred to feed on
cattle compared to sheep and deer, overall. Thigrhalications for producers that have both
cattle and deer on their farms, where the cattlg im#ally protect the deer from biting by being
a preferred host, but if the cattle are moved &, snidges may shift their feeding to deer. This
could in turn lead to increased disease transrmssmncentration of the disease has built up in
the cattle, which serve as reservoir hosts. Speiciesess varied between hosts tested, with cattle
and deer attracting a much wider rang€ulficoides species compared to sheep. No new species,
relative to the main experiment, were collectedriduthe host preference study, so this reaffirms
that all the drop traps were functional and thatoahte sampling of different mammal feeding
Culicoides species occurre€ulicoides sonorensis andCulicoides stellifer, the two main vector
species of interest, continued to be active througthese sample events and were collected from
both deer and cattle. The steer also attracteshitasinumber of midges compared to the light

traps tested.

The main conclusions drawn from the trap type camspn study were that ultraviolet

traps attract the broadest rangeCaficoides spp. and the greatest number of midges. Fluorescent
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traps proved to be more effective than LED trapgHis purpose, but the light assembly is more
easily broken during travel. Carbon dioxide onlyté suction traps proved to be the least
effective at attracting midges compared to therdttag types. This could be due to the fact that
the trap area was saturated with host animals et traps that had light sources that acted as
additional means of attractiveness to midges. ldeacent traps were more effective than, CO
only traps, but less effective than either ultrdatidrap type. All light traps tested, compared to
the CQonly suction trap, collected a large number of hematophagous insects, which made
sorting and identification of midges more difficululicoides stonei was not collected with much
frequency from any of the trap types tested, wiggbrobably why it was unreported as being
associated with White-tailed deer prior to thidgtuThis species does not seem to be very
attracted to light traps, so its population is INkenderreported in general from ba€lalicoides
monitoring.

By collecting samples from mud and tree holes éaftea surrounding the primary
experiment site, we were able to extrapolate wtiexenidges collected throughout the season
may have originated. We found similar midge spec@mspositions in these larval samples
compared to the midges we had collected duringahi®us studies. While fewer tree holes were
sampled than mud sites, each tree hole producadgadater number of midges, meaning these
habitats are likely more nutrient rich than mudisTinay allow for greater number Gf
guttipennis and other tree hole dwelling species to survivd adulthood and led to greater
collection rates of these species. A common coptiattice forC. sonorensisis the removal of
mud and waste from the environment to halt laresdetopment. This same practice of
destruction of larval habitat will prove more dafilt for C. stellifer, a potential EHDV vector,

which resides in tree holes, so a different cortadlic will need to be developed.

Further refinements for future research effortgia area include modification of the

drop trap to allow for the net to be dropped marek]y. The current deployment technique of
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rolling down the netting and using Velcro to attécdio the support may have allowed for some
midges to escape and resulted in a less repreisengatimate of numbers of midges feeding on
White-tailed deer. A larger scale version of thepdirap for cattle, similar to what was used for
the deer and sheep, should be built in the futatteer than the pavilion style tent with mesh
siding that was used. This experiment needs teflecated at other deer facilities around
Oklahoma to better map Oklahoma midge populatibagire experiments should be conducted
at more sites with greater frequency and over &nebed period of time to generate a more

robust data set.
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