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Vectorial capacity is an equation that integrates the major aspects of vector biology to
predict the number of new mosquito-borne disease infections. Developed for studying
transmission of malaria, vectorial capacity is rarely applied to zoonotic vector-borne
diseases and is not often adjusted to account for seasonal changes in vector ecology.
We used field data from Florida, United States, to expand the understanding of how
vectorial capacity of Culiseta melanura (Coquillett), the primary enzootic vector of
eastern equine encephalitis virus (EEEV), changes seasonally and its effect on EEEV risk.
We determined parity via dissection and identified bloodmeals by PCR for field-collected
Cs. melanura females from Central Florida. We used density of the vector, proportion
of avian hosts fed upon, parity state of the vector, and mean temperature of the study
area to quantify vectorial capacity as a function of season. The calculated values of
vectorial capacity shifted significantly with season, with highest values observed in
the summer with an additional peak in December. Linear regression revealed a strong
positive correlation between vectorial capacity values and Florida EEEV equine cases in
2018, as well as cases reported during the last decade. The relationship between virus
infections in equids and vectorial capacity lends support to the large effect that enzootic
transmission has on epizootic outbreaks of zoonaotic vector-borne pathogens.

Keywords: vectorial capacity, seasonal, arbovirus, zoonosis, epizootic

INTRODUCTION

The ecology of zoonotic vector-borne pathogens is inherently complex, given the diversity of
vectors and/or multiple hosts that are involved in their transmission (Kuno et al., 2017). Host,
vector, and pathogen populations interact within the physical environment (e.g., vegetation,
climate, season), such that pathogen transmission is driven by overlapping spatial-temporal
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distributions of hosts and vectors (Reisen, 2010). Quantifying
the influence of key biological and environmental variables
and mathematically integrating their relationships is useful for
understanding the relative importance of each component in
the spread of the pathogen (Smith et al., 2014) and illuminates
opportunities for targeted interventions to disrupt transmission
(Garrett-Jones, 1964b; Brady et al., 2016). Vectorial capacity
(C) is an equation that accounts for the major factors of
pathogen transmission by mosquitoes and is defined as the
average number of new vertebrate infections per day resulting
from an initial index case (Garrett-Jones, 1964b). The origins
of this equation are rooted in efforts to better understand
Plasmodium falciparum (human malaria parasite) transmission
and assess the effectiveness of malaria control in sub-Saharan
Africa (Smith et al, 2014). Nevertheless, with modifications
vectorial capacity can be applied to zoonotic vector-borne disease
systems and is especially relevant to pathogens vectored by
mosquitoes or insects with similar life cycles (Macdonald, 1957;
Garrett-Jones and Shidrawi, 1969; Smith et al., 2014). Vectorial
capacity is calculated by equation 1, where ma represents the
man-biting rate, a is the man-biting habit, p is the vector’s daily
probability of survival, n is the extrinsic incubation period of
the pathogen, and v is the vector competence (Macdonald, 1957;
Garrett-Jones, 1964b):

ma’p™v

C= (1)
—Inp

The man-biting rate (ma) for transmission cycles in which
humans are the primary host (e.g., malaria) can be estimated
by human landing catch (Garrett-Jones, 1964a; Almeida et al.,
2005). Because non-human animals serve as amplifying hosts
of zoonotic mosquito-borne pathogens, estimating mosquito
density and biting rate from human landing catches is not
relevant. The parameter a also presents challenges, as it is
the product of the host bloodmeal index and the feeding
frequency. Polymerase chain reaction (PCR)-based methods
enable measuring the former, while the latter is often estimated
as the inverse of the length of the gonotrophic cycle.

Despite its potential utility in understanding zoonotic vector-
borne disease, few studies of zoonotic pathogens are able to
measure all of the components of vectorial capacity (Dye,
1986). As a consequence, the relationship between vectorial
capacity and spillover of zoonotic mosquito-borne disease is not
fully established.

Eastern equine encephalitis virus (EEEV; family Togaviridae,
genus Alphavirus) is a vector-borne pathogen found in the
eastern United States that causes severe disease in humans, with
high case fatality rates in symptomatic persons (Bigler et al.,
1976). The mosquito Culiseta melanura (Coquillett) (Diptera:
Culicidae) is the primary enzootic vector of EEEV throughout
eastern North America (Howard and Wallis, 1974), although
a number of other species serve as bridge vectors (Armstrong
and Andreadis, 2010). The distribution of Cs. melanura closely
matches that of EEEV, occurring along the eastern coast of the
United States and stretching west to Kansas (Darsie and Ward,
2005). Virus infection in this species has been recorded from

transmission foci in many states, including Maine (Lubelczyk
et al., 2013), Vermont (Molaei et al, 2015b), Connecticut
(Armstrong and Andreadis, 2010), Maryland (Saugstad et al.,
1972), Virginia (Molaei et al., 2015a), Alabama (Cupp et al,
2003), and Florida (Bingham et al., 2014). Culiseta melanura is
an eflicient biological vector of the virus (Howard and Wallis,
1974; Scott and Burrage, 1984; Vaidyanathan et al., 1997),
and EEEV disseminates rapidly in this species, with biological
transmission occurring in as few as 3 days at 25-30°C (Scott
and Burrage, 1984). In addition, many bird species that are
commonly bitten by Cs. melanura serve as amplifying hosts for
the virus throughout its range (Figure 1). American robin and
northern cardinal were the first or second most frequently bitten
avian hosts (Figure 1) in 10 independent PCR-based studies of
Cs. melanura host use, spanning seven eastern states (Molaei
et al., 2006, 2013, 2015a,b, 2016; Estep et al., 2011; Bingham
et al., 2014; Burkett-Cadena et al., 2015; Blosser et al., 2017;
West et al., 2020). Transmission of EEEV in the United States is
seasonal, and epizootic activity primarily occurs in the summer
months and declines in autumn (Tenbroeck et al., 1935; Bigler
et al,, 1976; Scott and Weaver, 1989). In temperate regions,
the first heavy frost in November or December ends virus
transmission in mosquitoes (Scott and Weaver, 1989). Cases in
equids can also occur during winter in the southern United States
because of its warmer climate (Bigler et al., 1976; Bingham
et al., 2015; Burkett-Cadena et al., 2015). In southern states,
mosquitoes can be present year-round and are thought to
maintain EEEV transmission in the enzootic cycle even when
epizootic transmission is not observed (Burkett-Cadena et al.,
2015). In Florida, reported equine cases are sporadic and occur
in isolated foci (Day and Shaman, 2011). Sixty-six percent of
EEEV equine cases in Florida from 2009 to 2018 were reported in
summer (Florida Department of Health, 2019). Although yearly
number of cases may be low in some years and regions of Florida,
horse cases are the most reliable indicator of virus activity in the
southeast (Bigler et al., 1976). The seroconversions of sentinel
chicken flocks that are used for detection of arboviruses have
a similar trend of summer (May-September) transmission in
Florida (Heberlein-Larson et al., 2019). The summer peak in
transmission also coincides with increased mosquito abundance
and EEEV antibody seroprevalence in young birds (Tenbroeck
et al., 1935; Elias et al., 2017).

The epizootic transmission of EEEV in Florida fluctuates from
year to year and varies in severity between regions within the state
of Florida. A large and widespread equine epidemic occurred in
2003 with 207 confirmed cases. Between 2004 and 2018, there
were 6 years with fewer than 30 equine cases and 4 years with
more than 90 equine cases. In the past decade (2009-2018), 41.4
mean equine cases per year were reported in Florida. Equine
cases typically peak in June (mean = 11.5 cases) and are lowest
in February (mean = 0.7 cases).

The goal of this study was to quantify vectorial capacity (C) of
Cs. melanura for EEEV as a function of season in Central Florida,
by measuring Cs. melanura abundance, avian host use, and
parity throughout the year. These variables were incorporated
into the vectorial capacity equation using temperature data and
published data on extrinsic incubation period (#) and duration
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FIGURE 1 | Geographical patterns of avian host use by Cs. melanura. The first and second most commonly bitten avian hosts are presented for PCR-based studies
of bloodmeal analysis of Cs. melanura in North America. Distribution of Cs. melanura after Darsie and Ward (2005). Dash represents several equally fed upon
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(Estep et al. 2011)
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(Burkett-Cadena et al. 2015)
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“S(West et al. 2020)
\ b
e
FL (Hillsborough Co.)
(Bingham et al. 2014)

FL (Citrus & Indian River Co.)
Blosser et al. 2017)

of gonotrophic cycle (g.) for this species. Importantly, although
g is not often included as a parameter of vectorial capacity, it
is a biologically meaningful value that can be used to estimate
a and p from field data. Quantifying vectorial capacity of Cs.
melanura and comparing values with EEEV cases in equines
will expand the knowledge of how Cs. melanura ecology affects
EEEV transmission.

MATERIALS AND METHODS

Sampling was conducted in Central Florida with six sites in
Orange (3) and Polk counties (3), with evidence of prior EEEV
activity (Table 1). Weekly mosquito collections were made at
these six sites from January 2018 to December 2018 using
six artificial resting shelters at each site for a total of 36
resting sites. Resting shelters serve as dark, protected refuges
that attract blood-engorged females seeking a place to rest and
digest their meals and are an effective method to collect blood-
fed Cs. melanura females (Bingham et al., 2014; Blosser et al.,
2017). The resting shelters used were made by placing a fitted
black trash compactor bag over a cylindrical frame made with
PVC pipes (Burkett-Cadena et al., 2019; Supplementary Video
S1). Mosquitoes were collected by aspiration with a modified
vacuum (BDH1800S Ni-Cd 18V Dustbuster, Black & Decker,
MD) and collection cup (BioQuip Products, Rancho Dominguez,
CA) (Blosser et al., 2017; Supplementary Video S2). Collected
female mosquitoes were identified to species by examining
morphological traits using a dissecting microscope and updated
dichotomous keys (Darsie and Morris, 2003; Darsie and Ward,
2005; Burkett-Cadena, 2013). Samples were stored in Thermo
Scientific Microcentrifuge tubes at —20°C for subsequent parity

and bloodmeal analysis. Field staff conducting this research used
appropriate protective clothing (long sleeves, pants) and repellent
to minimize risks associated with EEEV infection.

After mosquitoes were sorted and identified, unfed or freshly
blood-fed Cs. melanura females were dissected to determine
parity. To make this diagnosis, ovaries were extracted into a
drop of water on a slide and left to dry, making the tracheoles
visible for inspection (Detinova, 1962). This method was tested
on Aedes vigilax (Skuse) for accuracy and was 83.7-89.8% reliable
(Hugo et al.,, 2014). Culiseta melanura females whose parity
could not be determined were excluded from the total for the
parity calculation.

The hosts fed on by Cs. melanura were previously determined
by bloodmeal analysis consisting of DNA extraction, PCR,
and sequencing (West et al., 2020). Extraction was performed
using InstaGene Matrix (Bio-Rad, Hercules, CA, United States)
followed by PCR assays using a series of five primer pairs
to amplify vertebrate host bloodmeals in a series of PCRs as
previously described. Details regarding primer sequences,
PCR mixtures, and cycling conditions are provided in
West et al. (2020).

VECTORIAL CAPACITY CALCULATIONS

The vectorial capacity values per month were calculated following
Macdonald (1957) with modifications including adjustments for
density and biting rate of an ornithophilic mosquito species,
calculating p for a wild field population, and incorporating the
monthly temperature of the study area. With the assumption that
host density is equal between sites and seasons, the variable m was
calculated as the mean number of female Cs. melanura per resting
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TABLE 1 | Mosquito sampling location details. Orange and Polk County, FL, in 2018.

Site name County Coordinates Surveillance type Habitat

Deen Still Road Polk 28.2568°, -81.6850° CDC light trap Forest

Fussell Road Polk 28.2163°, -81.7720° CDC light trap Forest, pasture, and residential
Green Pond Road Polk 28.3693°, -81.8185° CDC light trap Pasture, forest, and wetland
New Independence Orange 28.4663°, -81.5982° Former sentinel chicken flock Forest, wetland, and residential
Kelly Park Orange 28.7583°, -81.5022° Sentinel chicken flock Forest, wetland

Tibet-Butler Park Orange 28.4437°, -81.5432° Sentinel chicken flock Forest, wetland, and residential

TABLE 2 | Monthly numbers of Cs. melanura and other mosquito species. Mosquitoes were collected using resting shelters in Orange and Polk County, FL, in 2018.

Species Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total % of total
Cx. erraticus 150 94 46 47 196 343 476 452 252 185 358 121 2,720 44.6
Cs. melanura 31 19 47 74 163 166 170 199 33 45 59 30 1,036 17.0
An. crucians s.l. 38 69 67 51 96 137 95 119 63 51 95 36 917 15.1
Cx. cedecei 0 2 3 1 22 128 129 27 5 0 0 0 317 5.2
Cq. perturbans 0 1 9 6 9 20 111 64 22 22 3 0 267 4.4
Cx. territans 11 7 30 35 45 43 11 8 4 4 18 6 222 3.6
Ur. sapphirina 1 0 0 1 23 0 62 32 1 5 4 1 130 2.1
Cx. nigripalpus 4 8 1 2 13 18 21 34 14 7 3 2 127 2.1
Cx. pilosus 0 1 0 0 1 1 14 73 22 7 1 0 120 2.0
An. quadrimaculatus s.. 0 0 3 5 3 12 10 9 5 6 2 3 58 1.0
Cx. quinquefasciatus 0 5 8 6 15 10 1 1 0 1 0 1 48 0.8
Cx. peccator 0 0 0 0 0 0 7 11 7 2 1 0 28 0.5
Mn. titilans 0 1 3 0 2 0 3 2 2 2 7 0 22 0.4
Ur. lowii 1 0 0 0 1 2 1 7 1 0 0 0 13 0.2
Ae. atlanticus/tormentor 0 0 0 0 0 1 0 6 0 0 0 0 7 0.1
Ae. albopictus 0 0 0 0 0 0 3 1 2 0 0 0 6 0.1
Unidentifiable 0 0 0 0 1 0 3 10 17 0 0 0 31 0.5
Minor species (n < 5) 0 1 2 1 5 7 5 2 1 0 0 0 24 0.4
Total 236 208 219 229 595 888 1122 1057 451 337 551 200 6093 100

shelter per month. Host density is likely to be higher during
spring and autumn during bird migrations but was not measured
or incorporated into the vectorial capacity calculation. To
calculate a, the proportion of Cs. melanura feeding on competent
(avian) hosts was divided by the length of the gonotrophic
cycle (g:) (Rubio-Palis, 1994). The gonotrophic cycle length of
laboratory reared Cs. melanura varies from 23.2 days at 10°C to
4.5 days at 28°C (Mahmood and Crans, 1997). Estimation of g
was done using the equation g, = 1/V where V = tgg.gf and ¢ is
temperature in Celsius (Mahmood and Crans, 1997). The values
of t for the study period were the mean daily temperature taken
from historical weather data from the National Climatic Data
Center weather stations at Gilbert Airport in Winter Garden,
FL, for the samples from Polk County and at Executive Airport
in Orlando, FL, for the samples from Orange County (National
Climatic Data Center, 2019). The value of p was estimated with
p = %/M, where M is equal to the proportion parous and g
is the length of the gonotrophic cycle (Almeida et al., 2005).
The variable M is the proportion of parous mosquitoes of the
females with a positive parity determination. The mosquitoes
with undetermined parity were not included in the C calculation
and included only gravid females, females with a bloodmeal
>2 days old, and females with damaged ovaries. EIP (n) was
estimated for our study using data from published laboratory

studies of vector competence of Cs. melanura under different
temperatures. The Excel TREND function was used to define
a relationship between competence (#) and temperature values
along an extrapolated trend line, using ambient temperatures
at each of the six field sites in Florida. The n of EEEV in Cs.
melanura (50% transmission) was found to be 3 days when kept
at 28°C (Scott and Burrage, 1984) and 5 days when held at 24°C
(Weaver et al., 1990).

When these calculations were complete, the determined value
of C for each period was compared to the mean monthly number
of EEEV equine cases in Florida from the last decade and the
number of cases from 2018 (Florida Department of Health,
2019). Linear regression analyses were used to determine the
relationship of C values and epizootic EEEV transmission in R
(R Core Team, 2014).

RESULTS

Mosquito Abundance and Host Use

During the 2018 sampling year, 6,093 female mosquitoes,
comprised of 24 different species, were collected from six sites
in Orange and Polk counties, Florida (Table 2). The most
abundant mosquito species were Cx. erraticus (n = 2,720)
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FIGURE 2 | Physiological status of Cs. melanura females from Central Florida.
Females were sampled using resting shelters at 12 total sites in Orange and
Polk County, FL, United States, in 2018.

and Cs. melanura (n = 1,036). Unfed females constituted the
majority (67.5-85.1%) of total females collected throughout
the spring and summer (Figure 2). In autumn, however,
blood-fed and gravid females (combined) accounted for more
than half (53.3-59.3%) of total females (Figure 2). Abundance
of Cs. melanura showed a seasonal pattern of increasing
numbers in summer months, which was three times larger
than winter months (Figure 3A). The density of Cs. melanura
peaked in July, with a mean of 1.29 females captured per
shelter (n = 170, Table 3). In August, the density remained
high but a large decrease in density to 0.29 occurred in
September. The smallest density occurred in February with
0.18 females per shelter. Abundance and density of Cs.
melanura were significantly correlated (R* = 0.86, df = 13,
p < 0.0001).

Host use by Cs. melanura in 2018 was previously determined
by bloodmeal analysis and resulted in 105 avian (49.3%), 74
reptilian (34.7%), and 34 mammalian (16.0%) bloodmeals. Avian
host use varied by month (Figure 3B), from a low of 31% of
total bloodmeals to a high of 86% of total bloodmeals. Bird
bloodmeals were most common every month except April, May,
and June, when reptile bloodmeals were frequent (Figure 3B).
In September, only three bloodmeals were identified, which
corresponded to a period of very low Cs. melanura abundance
(Figure 3A). Avian species identified from bloodmeals consisted
of 9 orders (Figure 3B) and 22 families of birds. The avian
hosts most fed upon were northern cardinal, red-eyed vireo,
mourning dove, Carolina wren, barred owl, pine warbler, and
house wren. The largest number of bloodmeals came from
songbirds (Order Passeriformes) with 79 positive identifications
(75% of avian hosts), with other avian meals derived from
Columbiformes (n = 10), Strigiformes (n = 7), Galliformes
(n = 4) and single meals (n = 1) from four other avian orders
(Charadriiformes, Coraciiformes, Cuculiformes, Gruiformes and
Pelecaniformes).
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FIGURE 3 | Seasonal patterns of abundance, host use and parity of Cs.
melanura in Central Florida. (A) Abundance represents the mean number of
female mosquitoes per artificial resting shelter. Bars indicate standard errors of
means. (B) Vertebrate hosts (class level) determined by PCR and Sanger
sequencing of blood-engorged females. “Other birds” includes Galliformes

(n = 4) and one each of Charadriiformes, Coraciiformes, Cuculiformes,
Gruiformes, and Pelecaniformes. (C) Parity represents the proportion of
females with tracheal skeins. Sample sizes appear within markers. Bars
represent SE. Culiseta melanura collected from Orange and Polk County, FL,
United States, in 2018.

Parity, Gonotrophic Cycle, Extrinsic

Incubation, and Survival
Parity was determined for 653 Cs. melanura females of 1,036
collected (63.0%). The proportion of parous females ranged from

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2020 | Volume 8 | Article 270


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

West et al.

Vectorial Capacity and EEEV Spillover

TABLE 3 | Vectorial capacity components of Cs. melanura for EEEV. Mosquitoes were collected in Orange and Polk County, FL, in 2018.

Month m H ge t a? M P n c

Jan 0.34 0.33 11.44 14.8 0.00 0.13 0.83 9.61 0.0003
Feb 0.18 0.86 5.95 22.5 0.02 0.14 0.72 5.75 0.0017
Mar 0.38 0.71 7.51 19.2 0.01 0.18 0.80 7.42 0.0028
Apr 0.59 0.31 5.64 23.4 0.00 0.24 0.78 5.31 0.0018
May 0.88 0.41 5.05 25.4 0.01 0.28 0.78 4.31 0.0078
Jun 1.06 0.46 4.38 28.3 0.01 0.28 0.75 2.85 0.0177
Jul 1.29 0.50 4.32 28.6 0.01 0.19 0.68 2.71 0.0160
Aug 1.28 0.50 4.25 28.9 0.01 0.20 0.68 2.53 0.0177
Sep 0.29 0.67 418 29.4 0.03 0.15 0.64 2.32 0.0058
Oct 0.42 0.47 4.77 26.5 0.01 0.23 0.73 3.75 0.0041
Nov 0.82 0.57 6.29 21.6 0.01 0.15 0.74 6.18 0.0036
Dec 0.38 0.67 8.32 17.9 0.01 0.38 0.89 8.04 0.0081

m, density of mosquito vector (mean no. of mosquitoes/shelter); H, proportion of avian hosts from Cs. melanura, g., gonotrophic cycle = 1/V, V = (t - 6.4)/95.87; t, mean
daily temperature of Polk and Orange County in Celsius; a = H/ge, the biting rate of the vector; M, proportion of parous mosquitoes; p= %/M, vector’s daily probability of

survival; n, extrinsic incubation period; C, vectorial capacity.

0.13 in January to 0.38 in December of 2018 (Figure 3C). From
January to May, the proportion of parous females increased
gradually to reach relatively high levels (0.28) in May and June,
followed by a substantial decrease in July and August (0.19-0.20).
From September through December, low numbers of females
(n = 13-26) were available for parity determination, resulting
in fluctuating parity for the remainder of the year. Of 257
blood engorged Cs. melanura females from Orange and Polk
County, only 65 (25.3%) were successfully determined for parity,
due to maturation of egg follicles. Of these, 7 (10.8%) were
found to be parous.

Incorporating the mean monthly temperatures from the study
sites enabled the calculation of n and g the latter of which is
also used to estimate a and p. The lowest mean temperature of
Orange and Polk counties was recorded at 14.8°C in January,
and the highest mean temperature of 29.4°C was recorded in
September. The relationships between temperature and each of
the parameter estimates for #, g., and p are shown in Figure 4.
The monthly temperatures in Orange and Polk County were
similar, with a mean difference of 0.3°C. At these temperatures,
the g calculated for Cs. melanura ranged from 4.2 to 11.4 days in
length (Table 3). The estimated n for Cs. melanura ranged from
2.3 days in September to 9.6 days in January (mean = 5.1 days).
Daily probability of survival varied modestly over the study
period, compared to other variables (Table 3), ranging from a low
of 0.63 in September to a high of 0.89 in December.

EEEV Transmission in Florida

A total of 55 equine cases (Figure 5; FDOH data) was recorded
in Florida in 2018, which was somewhat higher than the 10-year
average of 41.4 cases per year. Epizootic transmission of EEEV
was particularly high in winter and spring of 2018 (January to
May) with more than twice as many cases as the annual mean for
the same period over the past ten years. The numbers of equine
cases declined sharply after June of 2018, with just four cases in
August, one case each in September and October, and no cases
reported in November or December. The 10-year average shows
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FIGURE 4 | Relationship between temperature, gonotrophic cycle length,
extrinsic incubation period for eastern equine encephalitis virus and daily
survival of Cs. melanura from Central Florida. Temperature represents average
monthly temperature in Orange and Polk County, FL, United States, in 2018.

low numbers of cases (0.7-1.9) from September through April (8
consecutive months), with the bulk of cases (10.8-11.5/month)
occurring in June and July. In Orange and Polk counties in 2018,
2 horse cases and 13 sentinel chicken seroconversions to EEEV
were reported. In the last decade, Orange and Polk counties have
reported 2 and 12 total EEEV horse cases, respectively.

Vectorial Capacity

Using data from mosquito abundance, parity, bloodmeal source,
and temperature, vectorial capacity (C) values of Cs. melanura
for EEEV were calculated for the months of 2018 (Table 3).
The m variable is traditionally calculated as the number of
vectors per host. Because the density variable used in this
study is the number of mosquitoes per shelter, the m is
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likely underestimated and C values are relatively smaller than
previous studies (Garrett-Jones and Shidrawi, 1969). Estimated
values of C were lowest (0.0003) in January and remained low
throughout winter and early spring (Figure 5A). C increased in
May, reaching highest values (0.0160-0.0177) in June, July and
August (Figure 5A). In September, C decreased substantially and
continued to lower until December, when a small resurgence was
observed (Figure 5A).

Equine cases of EEEV generally reflected seasonal changes in
estimated values of C for Cs. melanura, with higher numbers of
EEEV cases observed during months with greater C (Figure 5A).
Linear regression revealed a significant positive relationship
between C and Equine EEEV cases for the year 2018 (R? = 0.36,
df = 10, p = 0.038) and the mean monthly number of cases from
the prior decade (R*> = 0.75, df = 10, p < 0.001) (Figure 5B).

During 2018, 55 positive EEEV cases were reported from equids
as well as five emu flocks. Epizootic transmission from January
to May was more than twice as high in 2018 than the mean of
the last decade.

DISCUSSION

Mosquito Abundance and Host Use

Culiseta melanura density in Central Florida was highest in the
late spring and summer (June-August) which contrasts with
results from Edman et al. (1972) and Blosser et al. (2017)
where decreases of abundance in late spring were reported.
These contrasting patterns suggest that phenology of this
important vector species is plastic and likely varies from year to
year. Studies from the northeastern United States have shown
that hydrological conditions drive Cs. melanura abundance
(Skaff et al., 2017), but that temperature shapes the rate of
larval development (Mahmood and Crans, 1997). Interestingly,
high ambient temperature during larval development caused
a dramatic decrease in adult emergence success, from 59.6%
emergence at 28°C, to 1.0% emergence at 32°C, in laboratory
studies (Mahmood and Crans, 1997). September was the warmest
month in 2018 with a mean daily temperature of 29.4°C
and a mean daily high temperature of 33.9°C. The high
temperatures observed in September corresponded with very
low Cs. melanura abundance (Figure 3A) during a period of
otherwise relatively high mosquito density. Importantly, other
commonly collected mosquitoes, including EEEV bridge vectors
Cx. erraticus, Cx. nigripalpus, and Cq. perturbans, did not
undergo similar decreases in abundance (Table 2), suggesting
that high temperatures adversely affect Cs. melanura uniquely
and may have cascading effects on EEEV, as high Cs. melanura
abundance is significantly correlated with EEEV transmission
(Skaft et al., 2017). Our finding that the increase in Cs. melanura
abundance observed in the spring (Figure 3A) closely parallels
the increase in EEEV cases in horses that occurred in May 2018
supports a relationship between Cs. melanura abundance and
EEEV transmission.

Our finding that the biting rate by Cs. melanura varies
throughout the year (Table 3) has important implications for
understanding how C changes seasonally, and perhaps how
vector abundance influences host use. Morris et al. (1980) found
that non-avian feedings by Cs. melanura occurred simultaneously
with high populations, irrespective of distance from the breeding
swamp. Similarly, we observed that during the period of peak Cs.
melanura abundance (May-August), feedings upon reptiles and
mammals were at their greatest (Figures 3A,B). It is unclear how
abundance and host use are related; however, increasing numbers
of attacking mosquitoes (Cx. nigripalpus) have been shown to
result in increasing levels of defensive behaviors exhibited by
birds and a corresponding reduction in the proportions of
successfully feeding female mosquitoes (Edman et al,, 1974).
Large numbers of questing Cs. melanura females could be
thwarted from successfully obtaining a bloodmeal from preferred
avian hosts and shift to biting available mammals or reptiles in
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the environment. Under this scenario, Cs. melanura could serve
as an epizootic vector of EEEV.

Parity, Gonotrophic Cycle, Extrinsic

Incubation, and Survival

Our finding that parity rates varied throughout the year is
expected, given the natural cycles of emergence, blood-feeding
and oviposition. The relatively high parity rates observed in
spring (Figure 3C), followed by a decrease in summer is
reflective of patterns observed in New York (Morris et al., 1980).
However, much higher parity rates (>75% in some samples)
were observed in New York, compared to Florida (generally
<30%). Parity does not directly factor into the vectorial capacity
equation, but it contributes to estimates of the age of the
vector population, an important determinant of the potential
infectiousness of the population. Increasing parity indicates an
older vector population with prior host contact, which is thought
to correspond with higher infection rates in the vector and host
(Lines et al., 1991).

Gonotrophic cycle length and the extrinsic incubation period
of Cs. melanura were not measured directly but were estimated
using ambient mean temperature at area weather stations,
and data from published studies. In general, both g, and
n have negative relationships with temperature, with longer
gonotrophic cycles and extrinsic incubation periods at lower
temperatures. Interestingly, because of differences in the shape
of the relationships of these two variables and temperature
(linear versus non-linear) g. and » are virtually identical at
moderate temperatures (18-22°C) but differ by nearly 2 days
at both upper and lower temperature extremes (Figure 4). The
effect of this discordance between g and # on transmission
of EEEV is not known, yet could have dampening effect
on transmission at temperature extremes. Females that have
completed a gonotrophic cycle, but with incomplete extrinsic
incubation periods would not be “ready” to transmit virus upon
the next bite. A better understanding of the time between
oviposition and blood-feeding by Cs. melanura would help to
determine whether this temperature-variation discordance is
important in nature.

Daily survival probability (p), as estimated using parity and
length of the gonotrophic cycle (Almeida et al., 2005) also has a
negative relationship with temperature, which is not surprising
given its derivation. The lowest estimated daily survival was
observed in September (0.64) when very high temperatures
were observed, a relationship which was supported by very low
abundances during that month (Figure 5A). Estimated values of p
in this study align with findings of Chamberlain and Sudia (1955)
that mosquitoes which were incubated at lower temperatures
survived longer.

EEEV Transmission in Florida

The epizootic transmission of EEEV in Florida can fluctuate
greatly from year to year and the number of equine cases was
greater than average in 2018, with a total of 55 equine cases
(Figure 5A). The phenology of epizootic transmission in 2018
was fairly representative of the 10-year average with one notable

exception. The peak in equine cases in 2018 occurred earlier
in the year, with greater than normal cases in May, and fewer
than normal cases in July (Figure 5A). The reason behind the
early peak in EEEV is unclear. However, our data from Central
Florida show that during May Cs. melanura had relatively high
parity (c.f. Figure 3C) and the species took a relatively large
fraction of bloodmeals from non-avian hosts during this period
(Figure 3B). Surprisingly, Cs. melanura abundance was not
particularly high in May 2018, although the population had been
increasing steadily since February.

Vectorial Capacity

Our study represents an important step in demonstrating links
between seasonal variation in vectorial capacity and epizootic
spillover of a zoonotic vector-borne pathogen and indicates that
concepts developed to describe relationship between entomologic
factors and anthroponotic vector-borne disease also apply to
vector-borne zoonoses. Interestingly, vectorial capacity of Cs.
melanura explained a larger fraction of the variation in historical
(10-year average) EEEV epizootic cases (75%) than that of the
concurrent year (36%). Notable departures from the relationship
between epizootic EEEV cases and C occurred in August and
December, when C was estimated to be relatively high, but
the numbers of equine cases were relatively low (Figure 5A).
The disparity in December is likely due to low sample sizes
of mosquitoes (<20) used to calculate relative avian host use
(66.6%) and proportion of parous females (38%) in that month
(Figure 3A), possibly artificially inflating the estimates of C
for December. Conversely, C values in August were based
upon robust numbers of females used to determine host use
(n = 44) and parity (n = 111). The low numbers of equine
cases in August is therefore perplexing. Bridge vector species,
such as Cx. erraticus and Cq. perturbans, were also common
during August, and would have presumably contributed to EEEV
transmission, further confounding the low numbers of equine
cases. Vaccination rates in horses could increase in response to
the outbreak, lowering the numbers of cases reported. Additional
work should be done to understand how C of a zoonotic
pathogen vector might fundamentally differ from that of vectors
of anthroponotic pathogens.

This work has several limitations, many of which are the
result of difficulties studying field populations of mosquitoes that
feed principally on wild vertebrate hosts. Using the number of
females per resting shelter is an indirect method of estimating
density, in contrast to measuring incidence of bites per host
per day. Previously, measuring density indirectly resulted in
three to four times lower density of Anopheles than using direct
measurements (Garrett-Jones, 1964a). If density of Cs. melanura
was measured directly using landing rates on birds, density
values would likely be higher and better reflect the actual contact
rates between vectors and amplifying hosts. One assumption of
vectorial capacity is that the pathogen is transmitted by only
one species of vector to one type of host (Dye, 1986). The
a for our calculation assumes that all avian hosts are equally
competent. But avian EEEV competence has not been measured
in all avian hosts found in this study. The host competence of
an avian species may differ depending on family, size, recent
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exposure to an exotic species, or could differ between individuals
(Komar et al., 1999). The parity rates of winter and autumn were
based upon low sample sizes (<30 per month) which may have
affected the accuracy of parity estimates, and variables that were
calculated from it. In addition to environmental factors such as
predation, infection with EEEV may decrease the survival rate
of mosquitoes (Scott and Lorenz, 1998; Moncayo et al., 20005
Kramer and Ciota, 2015). Importantly, few data are available to
accurately estimate the relationship between temperature and EIP
for Cs. melanura. These relationships are likely population/strain
dependent and correlated with not just mean, but also min/max
temperatures. Future experimental studies with the population
used here over a range of temperatures regimes would be
invaluable to parameterize models.

CONCLUSION

In conclusion, a positive association between monthly EEEV
infections in equids and vectorial capacity of the vector was
observed, supporting the hypothesis that enzootic transmission
by Cs. melanura has a large effect on epizootic outbreaks. This
study reveals how aspects of the biology of an important enzootic
arbovirus vector, such as abundance, host use and longevity,
change throughout the year, and how these changes possibly drive
to spillover of a human pathogen. This information may aid in
the prevention, monitoring, and control of arboviruses, including
EEEV, by providing detailed information on the relationships
between key biological variables of the vector and seasonal
patterns of pathogen transmission.
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