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ABSTRACT

Insectivorous bats are integral components of terrestrial ecosystems. Despite this, a growing
number of factors causing world-wide declines in bat populations have been identified.
Relatively abundant species are important for bat conservation because of their role in ecosys-
tems and the research opportunities they offer. In addition, species that have been well-studied
present unique opportunities to synthesize information and highlight important areas of
focus for conservation and research. This paper focuses on a well-studied abundant bat,
Eptesicus fuscus. 1 review the relevant literature on habitat use, diet and roost selection by E.
fuscus in North America, and highlight important areas of conservation and research for this
species, including the effects of roost disturbance, control of economically important insect
pests, exposure to pesticides, long-term monitoring of populations, and the potential conse-
quences of expanding populations. These issues have broad implications for other species and
can be used to focus future research and conservation efforts.
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INTRODUCTION

Bat populations are declining world-wide as a result of a growing number of factors, includ-
ing habitat loss and fragmentation, disturbances to roosts, exposure to toxins, human hunting
pressures and introduced predators (McCracken, 1989; Fenton, 1997; Arita & Ortega, 1998;
Fenton & Rautenbach, 1998; Marinho-Filo & Sazima, 1998; Pierson, 1998; Racey, 1998;
Rainey, 1998; Richards & Hall, 1998; Utzurrum, 1998; O’Donnell, 2000). This makes it dif-
ficult to draw general conclusions about bat conservation, which may require species-specific
conservation plans (Fenton, 1997). Insectivorous bats are major consumers of nocturnal
insects, many of which are economically important pests. This presents both ecological and
economic rationales for their protection (Grinnell, 1918; Constantine, 1970; Whitaker, 1995;
Pierson, 1998). In addition, bat guano is rich in nitrogen and other nutrients. Bats may trans-
fer significant amounts of nutrients in ecosystems as guano accumulates at roosts (e.g. tree
hollows; Kunz, 1982; Rainey et al., 1992; Zielinski & Gellman, 1999) and is spread across the
landscape while bats forage (Pierson, 1998). Bats are also important components of cave envi-
ronments, where the accumulation of guano supports a diverse invertebrate community
(Poulson, 1972; Culver et al., 2000). Some bat assemblages may be useful indicators of habitat
disturbance and quality (Fenton et al., 1992; Medellin, Equihua & Amin, 2000).

Like most conservation efforts in North America, bat conservation has focused primarily
on rare and endangered taxa (Pierson, 1998). However, because of their potential role in con-
trolling insect populations and distributing nutrients across landscapes, Pierson (1998: 318)
argued that widespread, abundant, species may be the most ecologically and economically
important. In the UK, recent attention has been directed towards a national landscape-level
bat conservation and management plan (Racey, 1998). The broad strategies gleaned from this
effort have centred mainly around data collected from the Common Pipistrelle (Pipistrellus
pipistrellus), one of the most widespread and abundant bats in Europe (Racey, 1998). This
work illustrates the importance of abundant species, not only because of their numerical
abundance and ecological impact, but also because of the research opportunities they present.
In North America, several of the most abundant bats (e.g. Eptesicus fuscus and Myotis lucifu-
gus) readily roost in buildings and artificial bat boxes (Tuttle & Hensley, 2000), presenting a
practical means for ensuring their continued abundance.

Fenton (1997) and Pierson (1998) identified several components of bat conservation.
These include (i) protection of foraging habitat; (ii) protection of the prey base; and (iii)
protection of roosts. The objective of this paper is to review the relevant literature on
habitat use, diet and roost selection by a relatively abundant bat species, E. fuscus (Chiroptera:
Vespertilionidae), in North America. I focus on these broad components of bat conserva-
tion, using a well-studied species to illustrate the importance of species-specific information
for determining conservation goals. In addition, I address the importance of conserving abun-
dant bat species, because of both their role in ecosystems and the research opportunities they
present. Finally, I identify some specific areas of research that relate directly to the conser-
vation of E. fuscus and more broadly to bats in general.
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THE BIG BROWN BAT

The Big Brown Bat (Eptesicus fuscus) is one of the most widespread mammals in North
America, ranging from Canada throughout the United States and Central America, and into
north-western South America (Kurta & Baker, 1990). It also occurs on several islands, includ-
ing Cuba, Jamaica and Puerto Rico. This bat is the only North American representative of
the genus Eptesicus north of Mexico, and probably has been widespread throughout the
Pleistocene (Kurta & Baker, 1990). Eptesicus fuscus exhibits significant morphological vari-
ation across its range (Burnett, 1983) and is represented by 11 subspecies (Kurta & Baker,
1990). Across its range, it is distinguished from sympatric species by its relatively large size
(14-30 g; Nowak, 1999), bi-coloured pelage (blackish-brown to pinkish-tan above, paler
underneath), short blunt tragus and long fur (Kurta & Baker, 1990). Because of its wide-
spread distribution and relatively high abundance, E. fuscus may play a particularly impor-
tant role in many ecosystems. Compared with other species, E. fuscus has been well-studied
(Kurta & Baker, 1990). This reflects its colonial behaviour and close association with humans
(Davis, Barbour & Hassell, 1968; Barbour & Davis, 1969).

HABITAT USE

For many species, bat-habitat relationships are poorly understood. Several factors compli-
cate this relationship, including the high mobility of bats, which gives them access to a wide
range of habitats (Fenton, 1997). Recent advances in radio-tracking and bat-detector tech-
nology have allowed for significant progress in our understanding of bat-habitat relation-
ships (Fenton, 1997). The UK National Bat Habitat Survey, for example, has developed
important generalizations and produced powerful predictive equations regarding habitat use
by bats at local and landscape levels (Walsh & Harris, 1996a, 1996b).

Big Brown Bat habitat associations

Studies of E. fuscus in North America have failed to establish unique associations with spe-
cific habitats (Bell, 1980; Geggie & Fenton, 1985; Furlonger, Dewar & Fenton, 1987; Krusic
& Neefus, 1996) and suggest that this bat is a habitat generalist (Furlonger ez al., 1987; Krusic
& Neefus, 1996). No clear associations are documented between city, town and rural settings
(Geggie & Fenton, 1985; Furlonger et al., 1987) or between forest types (Bell, 1980; Krusic
& Neefus, 1996). Some habitat features appear to be important to E. fuscus when foraging.
In the White Mountains of New Hampshire, Krusic & Neefus (1996) found that the activity
of E. fuscus was highest near standing water and roads. In Arizona, Bell (1980) observed
higher activity in riparian zones. In topographically diverse regions, foraging activity by repro-
ductive females appears to be greater at lower elevations where insect densities are higher
(Cryan, Bogan & Altenbach, 2000). Foraging activity has also been shown to decrease with
increasing urbanization, possibly because of lower insect abundance in these areas (Geggie
& Fenton, 1985).

Habitat is probably a less important conservation component for E. fuscus than for other
species, although current forestry practices may exert a negative impact on some tree-
roosting populations (Betts, 1996; Vonhoff, 1996; Vonhoff & Barclay, 1996; Kalcounis &
Brigham, 1998; Rabe et al., 1998). Eptesicus fuscus readily takes advantage of insect con-
centrations near lights (Geggie & Fenton, 1985; Furlonger et al., 1987) and readily uses
human-made structures as roosts (Whitaker & Gummer, 1992, 2000; Williams & Britting-
ham, 1997). These two behaviours have probably lessened any potential impacts of habitat
loss on E. fuscus. Several factors related to diet and roost selection, however, may confound
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the otherwise neutral (or positive; Whitaker & Gummer, 1992; Fenton, 1997) impacts that
human modification of the environment has had on this species.

THE PREY BASE

Insectivorous bats are susceptible to the accumulation of toxins (e.g. pesticides) because of
their high trophic rank and longevity (Clark, 1988). Knowledge of the food habitats of bats
is useful for identifying potential sources of toxins (Clawson & Clark, 1989). In addition,
knowledge of food habits enables the identification of agricultural pests consumed by bats
(Whitaker, 1995) and publicizing this information can be a powerful conservation tool. These
two issues (exposure to pesticides and consumption of insect pests) are closely linked, and
both are important when considering the conservation of bats.

Food habits

A number of studies in the US and Canada have examined the food habits of E. fuscus;
however, studies on more southern populations are generally lacking (Table 1). Black (1974)
classified E. fuscus as a beetle-strategist (predator of Coleoptera) in New Mexico; the current
literature appears to support this, with a few notable exceptions. Studies in Arizona (Warner,
1985) and Oregon (Whitaker, Maser & Keller, 1977; Whitaker, Maser & Cross, 1981) have
found moths (Lepidoptera) to be major prey items, although moths are generally minor com-

Table 1. Summary of Eptesicus fuscus food habits in North America

Dominant prey

Location Method*  items Second major prey items Source
Indiana, Illinois ~ %v Coleoptera: Hemiptera: Pentatomidae ~ Whitaker (1995)
Scarabaeidae,
Diabrotica
Indiana %ov Coleoptera: Hemiptera: Pentatomidae ~ Whitaker (1972)
Carabidae,
Scarabaeidae,
Diabrotica
Oregon Yov Lepidoptera Coleoptera: Scarabaeidae ~ Whitaker et al. (1977)
%ov Coleoptera: Lepidoptera Whitaker ez al. (1981)
Scarabaeidae,
Carabidae
%ov, Yof Trichoptera Coleoptera: Scarabaeidae  Verts et al. (1999)
New Mexico %of Coleoptera Not applicable Black (1974)
Arizona %of Lepidoptera Coleoptera Warner (1985)
West Virginia %of Coleoptera: Hymenoptera Hamilton (1933)
Scarabaeidae
Kansas Yov Coleoptera: Hemiptera: Pentatomidae  Phillips (1966)
Scarabaeidae,
Carabidae
Maryland %of Coleoptera Hemiptera: Pentatomidae  Griffith & Gates (1985)
British Columbia ~ %a Trichoptera Diptera Brigham (1990)
Yoa Trichoptera Diptera, Coleoptera Brigham & Fenton (1991)
Alberta Yov Coleoptera Hemiptera Brigham & Saunders (1990)
%ov Coleoptera Hemiptera, Lepidopterat, Hamilton & Barclay (1998)

Dipterat

*04v = percentage volume of prey type in faecal or stomach sample; %f = percentage frequency of
occurrence of prey type; %a = percentage abundance of prey type.
fSecond major prey items in the second year of the study.
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ponents of the diet (Hamilton, 1933; Ross, 1967; Black, 1972, 1974; Whitaker, 1972, 1995;
Griffith & Gates, 1985; Brigham & Saunders, 1990; Hamilton & Barclay, 1998). In parts of
British Columbia and Oregon the dominant prey of E. fuscus appears to be large caddisflies
(Trichoptera), whereas beetles are relatively unimportant (Brigham, 1990; Brigham & Fenton,
1991; Verts, Carraway & Whitaker, 1999). It should be noted that dietary studies are often
limited temporally (e.g. Verts et al.’s 1999 data were restricted to July), which may bias con-
clusions on overall diet in an area.

The diets of most insectivorous bats probably reflect temporal, seasonal and geographical
variation in insect abundance, with some degree of flexibility in prey selection (Kunz, 1974a;
Anthony & Kunz, 1977; Jones, 1990; Whitaker, 1995; Whitaker, Neefus & Kunz, 1996).
Eptesicus fuscus has large, powerful, jaws (Freeman, 1981) and preys mainly on beetles and
other hard-bodied insects (e.g. Hemipterans; Table 1; S. J. Agosta & D. Morton, unpublished
data from Pennsylvania and Maryland) in regions that have been studied. However, this bat
can exploit a variety of other prey types and is flexible both temporally and spatially with
regard to prey use (Brigham, 1991; Whitaker, 1995; Hamilton & Barclay, 1998; S. J. Agosta
& D. Morton, unpublished data).

Whitaker (1995) did the most extensive study of the food habits of E. fuscus, examining
variation among and within maternity colonies in Indiana and Illinois. Significant varia-
tion in diet existed among and within colonies, but beetles and stink bugs (Hemiptera:
Pentatomidae) comprised the majority of prey. A number of food items found by Whitaker
(1995) and others (Table 1) are important agricultural pests (Table 2). Estimates of the actual
numbers of these pests consumed annually by one mid-western E. fuscus colony are sub-
stantial (Table 2), and the potential utility of this bat as a biological control agent for harmful
insects has been emphasized (Whitaker, 1993, 1995).

Pesticides

Currently, pesticides are the primary means of controlling agricultural pests, which undoubt-
edly places wildlife at risk of chemical exposure (Smith, 1987; McLaughlin & Mineau, 1995).
Pesticides have a variety of effects on E. fuscus and other bat species. These include direct
mortality (Clark, Laval & Krynitsky, 1980; Clark, 1981; Clark, Clawson & Stanford, 1983),
altered behaviour (Clark, 1986; Clark & Rattner, 1987) and transfer of toxins to nursing

Table 2. Agricultural pests commonly preyed on by Eptesicus fuscus

Estimated number
consumed by a
mid-western colony

Pest Common name of 150 bats/yearf Some crops damaged§
Chyrsomelidae
Diabrotica
Adults Cucumber beetles 600 000 Cucumbers, other cucurbits, corn
Larvae* Rootworms 33,000,000
Pentatomidaet Stink bugs 335 000 Soybean, cotton
Scarabaeidae Scarab beetles 194 000 Various crops, lawns and nurseries
Cicadellidae Leafhoppers 158 000 Various crops, including potato, apple and corn

*Secondary effect of preying on adult females.
tMainly the Green Stink Bug (Acrosternum hilare).
Sources: fWhitaker (1995); § Davidson & Lyon (1987).
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young (Clark & Lamont, 1976). The adverse effects of organochlorine pesticides (e.g. DDTs)
on bats have been well-documented (Jefferies, 1972; Clark, 1981, 1988). In the US,
organochlorines have been banned and replaced with organophosphate and carbamate pes-
ticides, although organochlorine residues still persist in soils and still accumulate in some bat
populations (Thies, Thies & McBee, 1996).

Organophosphate and carbamate pesticides are expected to be less toxic than organochlo-
rines (Smith, 1987; Clark, 1988); however, some currently used pesticides reportedly cause
mortality in birds and other mammals (Grue ez al., 1983; Smith, 1987; Augspurger et al.,
1996). Pesticide exposure may be an important cause of decline for some populations of insec-
tivorous bats (Jefferies, 1972; Reidinger, 1972), particularly species whose diet includes a sub-
stantial portion of agricultural pests. McCracken (1989) concluded that pesticides are usually
not a major factor in the decline of bats, and emphasized the role of roost disturbance (see
below). Despite this, little field research has been conducted on the levels of exposure or the
sublethal effects of these chemicals on bats (but see Swanepoel ez al., 1999). In addition, few
studies have attempted to link pesticide exposure to specific insect prey or specific habitats
where bats are foraging (Clawson & Clark, 1989). Research is also needed to address the indi-
rect effects of pesticide use in habitats where bats forage, particularly the potential for overall
reductions of the prey base.

ROOST SELECTION

Roost selection by bats has implications for a variety of life-history traits and is vital for sur-
vival and reproduction (Kunz, 1982; Tuttle & Stevenson, 1982). Roost selection often varies
seasonally and roosts serve a number of functions (reviewed by Kunz, 1982). For many tem-
perate bats, these can be separated into winter hibernacula, maternity roosts and summer
roosts (males and non-reproductive females). Selection of suitable roosts is important for
growth, development and survival of young (Tuttle, 1975; Tuttle & Stevenson, 1982), pro-
tection from predators (Fenton, 1983), protection from the elements (Vaughan, 1987), and
reduction of thermoregulatory costs (Kurta, 1985). In addition, many bats use specific night
roosts in close proximity to foraging areas (Kunz, 1982). Night roosts may function as resting
places that facilitate digestion between feeding bouts and may provide opportunities for social
interactions (Kunz, 1982). Thus, it is important to understand the roosting requirements of
bats to ensure adequate roost protection and availability. In general, protection of only one
roost type is not adequate and temporal variation in roost selection must be accounted for
when determining conservation goals (Fenton, 1997; Pierson, 1998).

Eptesicus fuscus roosts in a wide variety of structures. These include caves, tunnels and
mines (Rysgaard, 1942; Twente, 1955; Beer & Richards, 1956; Mumford, 1958; Phillips, 1966;
Mills, Barrett & Farrell, 1975; Gates et al., 1984; Dalton, 1987; Raesly & Gates, 1987), build-
ings (Whelden, 1941; Davis et al., 1968; Brigham & Fenton, 1986; Williams & Brittingham,
1997; Whitaker & Gummer, 2000), bat boxes (Brittingham & Williams, 2000; Tuttle &
Hensley, 2000) and tree cavities (Table 4). Roosts also have been located in rock crevices
(Brigham, 1988), storm sewers (Goehring, 1972) and wood piles (Mills ez al., 1975). Most
observations of E. fuscus roosts have come from studies that have not focused specifically on
roost selection. A few studies have examined roost selection by comparing occupied vs. unoc-
cupied sites (Table 3 and see below; for factors influencing tree-roost selection see Betts, 1996;
Vonhoff, 1996; Vonhoff & Barclay, 1996; Kalcounis & Brigham, 1998; Rabe et al., 1998).
Such studies are necessary to understand roost selection by bats fully, especially when the
goal is to develop useful conservation strategies (Crampton & Barclay, 1998).
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Buildings, caves and mines

Raesly & Gates (1987) examined winter roost selection in caves and mines by several species
of bats in the north-eastern US. Factors that influenced site selection by E. fuscus are sum-
marized in Table 3. Among available hibernacula, E. fuscus selected larger caves and mines
with relatively high airflow. Within hibernacula, E. fuscus was a solitary hibernator (but may
form small clusters; Rysgaard, 1942; Mumford, 1958; Phillips, 1966; Whitaker & Gummer,
1992) that occupied relatively cool, dry cave walls in areas with noticeable airflow. Rysgaard
(1942) observed similar conditions among hibernacula in Minnesota. In buildings, selection
of hibernacula may be correlated with the presence of heating that maintains temperatures
above freezing (Whitaker & Gummer, 1992, 2000). Buildings otherwise suitable for maternity
colonies are not always utilized as hibernacula and vice versa (Whitaker & Gummer, 1992,
2000), a fact that further complicates roost protection.

Eptesicus fuscus primarily forms maternity colonies in buildings (Davis et al., 1968;
Barbour & Davis, 1969; Mills et al., 1975; Whitaker & Gummer, 1992, 2000; Williams & Brit-
tingham, 1997) but also in tree cavities (Table 4). Williams & Brittingham (1997) examined
factors influencing the selection of buildings by E. fuscus in Pennsylvania. Important site-
selection variables are summarized in Table 3. Maternity roosts were typically present in older
buildings with numerous access points (see also Schowalter & Gunson, 1979; Brigham &
Fenton, 1986, 1987). Occupied buildings exhibited higher daytime temperatures and wider
temperature gradients than unoccupied buildings. Roost temperature is important for growth
and development (Tuttle, 1975; Tuttle & Stevenson, 1982) and it is hypothesized that bats
select roosts to take advantage of factors that enhance reproductive success (Brigham &
Fenton, 1986; Williams & Brittingham, 1997).

Table 3. Habitat characteristics important to roost selection by Eptesicus fuscus

Roost type/structure Important habitat variables§ Location
Hibernacula/cave* Entrance area Maryland, Pennsylvania,
Average passage height West Virginia
Maximum passage height
Airflow

Number of entrances
Minimum ambient temperature (-)
Maximum ambient temperature (-)
Maximum wall temperature (-)
Minimum relative humidity (-)
% standing water (1 km? radius)
Maternity/buildingt Number of access points Pennsylvania
Building age
Attic height
Roof material (tin/steel)
Maximum daytime temperature
Temperature gradient
% surrounding agriculture
Hibernacula/building} Heated attic** Indiana, Illinois
Maintenance of temperature
above freezing**

Sources: Raesly & Gates (1987)*; Williams & Brittingham (1997)1; Whitaker & Gummer (1992)3.
§Variables were considered important if significantly different from unoccupied sites (P < 0.05).
9/(—), variable less than that of unoccupied sites.

**Did not perform statistical analyses.
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Roost site selection by male and non-reproductive female E. fuscus is not constrained by
the costs of reproduction, and they are typically not associated with maternity colonies (Mills
et al., 1975; Hamilton & Barclay, 1994); although males may occupy separate portions of
maternity roosts or gradually move into maternity roosts as the young become weaned (Davis
et al., 1968). Selection of summer roosts by E. fuscus has received little attention, probably
because aggregations are often small and dispersed (Barbour & Davis, 1969). It is expected
that, because males and non-reproductive females are not tied to maternity roosts, they select
cooler roosts that facilitate entry into torpor (Hamilton & Barclay, 1994; Grinevitch, Holroyd
& Barclay, 1995). Summer roosts have been found in caves and abandoned mines (Phillips,
1966) and a variety of other structures, including buildings, shutters and wood piles (Mills
et al., 1975). Recently, bridges have been implicated as important night roosts for both male
and female E. fuscus in the western US (Pierson, Rainey & Miller, 1996; Adam & Hayes,
2000). In the eastern US, E. fuscus reportedly uses caves (Davis et al., 1968) and mines
(Agosta, Kuhn & Morton, in press) as night roosts.

Tree cavities

Although often referred to as a cave bat, E. fuscus also utilizes tree cavities in some regions
(Table 4). Tree-roosting E. fuscus, primarily maternity colonies, occur mainly in the western
US and Canada (Table 4). However, the current distribution of tree-roosting populations may
reflect a bias in study objectives and methods (e.g. radio-tracking individuals). Brigham
(1991) studied eight E. fuscus maternity colonies in British Columbia that primarily occupied
tree cavities. This suggests that the availability of tree cavities is important to some popula-
tions. In parts of Saskatchewan, E. fuscus is a secondary cavity rooster, occupying Trembling
Aspens (Populus tremuloides) excavated by Sapsuckers (Sphyrapicus varius) (Kalcounis &
Brigham, 1998). They concluded that aspen cavities may be a limiting resource for E. fuscus
in Saskatchewan.

Historically, E. fuscus probably formed maternity colonies exclusively in tree cavities
(Whitaker & Gummer, 1992; Williams & Brittingham, 1997). More recently, the incidence of
tree-roosting behaviour may be interpreted either as a preference for natural roosts where
they are available or the use of natural roosts where buildings are not abundant (Brigham,
1991). Human development may actually have decreased the relative importance of natural
roosts in regions where buildings are abundant and offer relatively large, permanent, struc-
tures. Higher fidelity by E. fuscus to buildings than to tree cavities (Brigham, 1991) suggests
that buildings offer some advantages. Buildings may often be more abundant than tree cavi-

Table 4. Tree-roost associations of Eptesicus fuscus in North America

Location Tree species Roost type Source
British Columbia Pinus ponderosa Maternity Brigham (1991), Vonhoft (1996)
Thuja plicata Maternity Vonhoff & Barclay (1996)
Populus tremuloides Maternity Vonhoff (1996)
Psuedotsuga menziesii Maternity Vonhoff (1996)
Saskatchewan Populus tremuloides Maternity Kalcounis & Brigham (1998)
Arizona Pinus ponderosa Maternity Rabe et al. (1998)
Oregon Pinus ponderosa, Populus Maternity Betts (1996)
trichocarpa
California Sequoia sempervirans Hibernacula Rainey ez al. (1992)
Maryland Quercus spp. Maternity Christian (1956)
Michigan Fagus grandifolia Maternity Kurta (1980)
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ties near preferred habitat features (e.g. lights, water and roads) and may offer more stable
microclimates.

More work is needed on tree-roost selection by E. fuscus to warrant a discussion on the
importance of these roosts relative to building roosts (Brigham, 1991); however, previous
authors discuss some important management implications (Vonhoff & Barclay, 1996;
Kalcounis & Brigham, 1998). Eptesicus fuscus has been found roosting in trees in Michigan
(Kurta, 1980) and Maryland (Christian, 1956), suggesting that this behaviour is more preva-
lent in the eastern US than the current literature indicates. Radio-tracking studies of E. fuscus
in the eastern US are needed. The remainder of this discussion focuses on building-, cave-
and mine-roosting populations, while acknowledging that natural tree cavities are an
important component of the roosting ecology of E. fuscus.

Human impacts to roosts

Bats roosting in buildings, caves and mines are particularly vulnerable to human disturbance
and exclusion. Human disturbance to roosts, including the activities of researchers, can
have deleterious effects on resident bat populations (Mohr, 1972; Reidinger, 1972; Tuttle &
Stevenson, 1982; McCracken, 1989). For example, Tuttle (1975) reported that disturbances to
Gray Bat (Myotis grisescens) maternity colonies can result in heavy mortality of the young,
who may be abandoned by fleeing females. Reidinger (1972) attributed declines in several
Arizona bat populations partly to human disturbances at roosts. Recently, Thomas (1995) has
shown that increased flight activity by hibernating bats occurs subsequent to human presence,
which may cause premature depletion of fat reserves and increased winter mortality. This
potentially important source of mortality requires more study, particularly because researchers
often conduct population censuses when bats are highly aggregated in hibernacula.

Although many natural caves and mines are now protected (e.g. gated and fenced), unau-
thorized visitation still occurs and the effects of these disturbances have not been properly
assessed in most situations. Culver ez al. (2000) have even suggested that current methods of
cave gating, while providing protection for bats, may have negative impacts on other cave
fauna. Many obligate cave fauna in the US are considered vulnerable or threatened
(e.g. > 95% of the terrestrial and aquatic species). Evidence that current methods of cave
gating negatively impact these species may create a need for new solutions that provide pro-
tection for a broader array of cave fauna, not only bats (Culver et al., 2000). Bats roosting
in caves and mines are also vulnerable to environmental disturbance (e.g. floods and struc-
tural collapse). With some foresight, structural collapse and floods may be avoided, although
providing protection for all roosts is probably not feasible. Caves and mines supporting large
populations or high species diversity should be assessed at a state-wide level and given special
concern (Gates et al., 1984; Dalton, 1987; Arita, 1996).

Bats that roost in buildings are often perceived as a nuisance and are vulnerable to exclu-
sion and eradication attempts (Brigham & Fenton, 1986, 1987; Neilson & Fenton, 1994;
Williams & Brittingham, 1997; Brittingham & Williams, 2000). Little information exists on
the effects of the displacement of bats from buildings on their reproductive and survival
success. Radio-tracking has shown that E. fuscus excluded from buildings readily moves to
nearby buildings, but that reproductive output may be reduced (Brigham & Fenton, 1986,
1987). Goehring (1972) observed an increase in a population of E. fuscus roosting in a sewer
that coincided with the removal of old buildings in the area. Neilson & Fenton (1994) banded
547 Little Brown Myotis (M. lucifugus) prior to exclusion from buildings. Only five individ-
uals were found to relocate to nearby buildings, suggesting a significant decline in the local
population. Assuming that attempts at exclusion from buildings are similar to disturbances
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at caves and mines, the effects of these practices on bats may be expected to include reduced
survival and reproduction. Proximate causes of these effects may include occupation of build-
ings with less desirable microclimates and greater distances to water and foraging areas.

SYNTHESIS

Conservation implications

As theory in conservation science shifts from a single species or closed system approach to
an ecosystems approach (Minta, Kareiva & Curlee, 1999), the importance of abundant
species becomes clearer. Insectivorous bats, as a group, are primary insect consumers. In this
context, abundant species (e.g. E. fuscus, M. lucifugus and Tadarida brasiliensis in North
America) probably play critical ecosystem roles (Pierson, 1998). Therefore, while in practice
conservation efforts may continue to focus on rare and endangered species, relatively abun-
dant species should be considered important for bat conservation as a whole. Continuing
research to identify sources of population declines and important life-history requirements
of abundant bats, so defining their conservation needs, should be useful in directing research
for other species. In addition, preserving the continued abundance of abundant bats, in an
otherwise declining group of mammals, is consistent with an ecosystems approach to con-
servation.

What lessons concerning bat conservation can we learn from the well-studied Big Brown
Bat? First, this species illustrates the difficulty of applying dietary information from one area
to unstudied areas. This may be particularly important when trying to monitor the prey base
for potential sources of toxins or when trying to determine the extent of predation on agri-
cultural pests. For example, the vast majority of food habits studies suggest that beetles, par-
ticularly scarab beetles (Scarabaeidae), are the major prey of E. fuscus throughout its range
(Table 1). However, in certain areas beetles appear to be relatively unimportant, whereas large
caddisflies are (Table 1). Vaughan (1997) reviewed the diets of British bats and observed that
many species exhibit geographical variation in diet, but she concluded that the source of this
variability was unclear. For E. fuscus, it is possible that either a temporal (e.g. seasonal and
yearly) or spatial component is the key factor in the disparity between dietary studies. It may
be significant, however, that studies where caddisflies were the dominant prey are restricted
to the north-western portion of its range (Table 1). Are E. fuscus populations that feed pri-
marily on caddisflies less susceptible to pesticide exposure than, for example, the mid-western
colony cited in Table 2?

Secondly, a review of roost use and selection by E. fuscus illustrates the difficulty of pro-
viding adequate roost protection for bats. A threatened population may require simultane-
ous protection of a maternity roost, a variety of summer day roosts, a variety of summer
night roosts, and a number of hibernacula that may or may not be different from the mater-
nity roost. In Indiana, Whitaker & Gummer (2000) estimated that a single maternity colony
of 150 E. fuscus will disperse into about 85 building hibernacula. Protecting roosts is further
complicated by the fact that maternity roosts and hibernacula are often located in buildings
that are privately owned, and the remaining roost types are difficult to locate. For E. fuscus
and other species associated with humans, local and regional initiative is needed to encour-
age the public to report bat roosts routinely to state agencies or local researchers. This can
best be done with continued emphasis in the media on the importance of bats and their depen-
dence on anthropogenic structures.

A further consideration is regional differences in the relative importance of roost types.
Currently it appears that distinct regional differences exist in the selection of maternity roosts
by E. fuscus (see above); however, more work is needed to determine the relative importance
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of roost types in these regions (Brigham, 1991). If regional differences in roost selection do
exist, caution must be taken when trying to apply information from one area to another. An
important issue that needs to be addressed in the future is the degree to which populations
and individuals exhibit plasticity in roost selection. Brigham (1991) compared two E. fuscus
populations in British Columbia and Ontario and observed differences in roost structure and
roost fidelity, indicating flexibility among populations. Unfortunately, long-term data are
lacking on the reproductive and survival success of individual bats forced to exploit alterna-
tive roost types after former roost types or conditions become unavailable.

Future research

Several areas of research regarding the conservation and protection of E. fuscus populations
in North America can be identified from this discussion. These should apply to other rela-
tively abundant bat species and/or species with similar food or roost habits. In addition, the
information gained from this research should allow for useful generalizations regarding bat
conservation.

Effects of roost disturbance

More research is needed on the levels and effects of disturbance at E. fuscus roosts, particu-
larly buildings that house maternity colonies. It is likely that many roosts have not been
accounted for (Mills et al., 1975; Whitaker & Gummer, 2000) and that most disturbances
have gone unnoticed. In addition, public concern about rabies continues to pose threats to
bats roosting in anthropogenic structures, and attempts at exclusion are likely to continue.
Often, buildings (and caves and mines) may act as ecological traps (sensu Hassinger, 1994;
Pulliam, 1996), whereby they offer suitable roost characteristics but ultimately lead to popu-
lation declines because of human activities (Hassinger, 1994). This issue should be addressed,
particularly in the context of source-sink dynamics (Pulliam, 1996).

More work is also needed to determine the effects of exclusion in order to develop methods
that minimize human-bat conflict (Brigham & Fenton, 1987) and maximize reproductive and
survival success. One option is to encourage bats to occupy alternative roosts, such as bat
boxes (Williams & Brittingham, 1997; Brittingham & Williams, 2000; Tuttle & Hensley, 2000).
Success in encouraging evicted maternity colonies to occupy bat boxes has been variable
(Neilson & Fenton, 1994). In Pennsylvania, Brittingham & Williams (2000) have demon-
strated that E. fuscus and M. lucifugus maternity colonies excluded from buildings will move
successfully to bat boxes, provided the boxes are in close proximity to previous roosts and
offer suitable microclimates.

Biological control

More research is needed to address the role of E. fuscus and other bats as biological agents
for controlling harmful insects (for a review of biological control see Waage & Mills, 1992).
Efforts to quantify (rather than speculate about) the potential economic benefits of bats to
the agricultural industry may lead to reductions in the use of pesticides and an increase in
the acceptance of bats. Demonstrating and quantifying the credibility of bats as an alterna-
tive to some pesticides will take creative manipulative experiments, such as those applied to
insectivorous birds (Holmes, Schultz & Nothnagle, 1979; Atlegrim, 1989). However, the ben-
efits to be gained from such studies should be considered. The success of projects such as Bat
Conservation International’s North American Bat House Research Project (Tuttle & Hensley,
2000) are encouraging, and suggest that large populations of bats (notably E. fuscus and M.
lucifugus) are readily established in a variety of settings. Similar success has been reported
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with Brown Long-eared Bats (Plecotus auritus) in Europe (Boyd & Stebbings, 1989; Benzal,
1991).

Pesticides

More research is needed on the presence and levels of pesticides in bats, the presence and
levels of pesticides in prey, and the effects of these pesticides on the reproduction and sur-
vival of both bats and their prey. The toxicity of different pesticides to wildlife is varied
(Clark, 1981; Smith, 1987). This dictates a need for food habits studies that examine sources
and types of pesticide exposure to bats. Once the important prey items are identified, efforts
should be made to examine pesticide levels in insects sampled in potential foraging areas
(Clawson & Clark, 1989). In addition, knowledge of the relationship between pesticide
residues in bats captured at roosts and the proximity of roosts to known areas of pesticide
use would be useful (Reidinger, 1972). Geographic information systems (GIS) have been used
increasingly as a conservation tool and could be used to develop spatial models relating pes-
ticide use in the surrounding landscape to risk of exposure to bats. For E. fuscus and other
species that commonly form maternity colonies in anthropogenic structures, the well-
documented detrimental effects of chemically treated wood on European bats (Racey & Swift,
1986; Mitchell-Jones et al., 1989) should be a cause for concern and immediate research.

Autecological studies

Although well-studied compared with other species, more research is needed on the general
ecology of E. fuscus throughout much of its extensive range. In addition, little attention has
been given to the possibility of ecological variation between subspecies. From a conservation
standpoint, more information is needed on diet and roost selection, particularly outside the
US and Canada. Information on summer roost selection by male and non-reproductive
female bats is practically non-existent, and factors influencing selection of night roosts are
just beginning to be understood (Adam & Hayes, 2000). More information is especially
needed on the relationship between prey selection and specific habitats where bats forage (J.O.
Whitaker, personal communication), and on the foraging habitat preferences of bats at a land-
scape level (cf. Walsh & Harris, 1996a, 1996b).

Long-term population monitoring

Long-term monitoring of E. fuscus populations needs to be initiated or continued. Because
this species is widespread, it can be found in areas impacted to varying degrees by humans.
This presents the opportunity to assess the effects of various types of land use and distur-
bance on reproduction and survival by comparing long-term population trends. Care should
be taken to design robust monitoring programmes, in which representative E. fuscus popu-
lations associated with different types of land use and degrees of disturbance are monitored
at suitable spatial and temporal scales. Such monitoring programmes are essential to extrap-
olate population trends to larger scales and to make meaningful comparisons of population
trends across different habitats (Gibbs, 2000). Comparing population trends under a variety
of conditions (e.g. high vs. low pesticide-use areas) may help to determine what factors
are limiting to E. fuscus populations; the factors limiting bat populations have been a long-
standing question among bat biologists (Fenton, 1997).

Demographic data suitable for risk assessment

Long-term E. fuscus monitoring programmes should include the collection of demographic
data suitable for models of risk assessment. Population viability analysis (PVA), for example,
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has been used increasingly as a conservation tool to model the persistence (probability of
extinction) of populations over specified periods of time, and to investigate the sensitivity
of populations to changes in parameters that affect population persistence (Boyce, 1992;
White, 2000). Demographic models of population persistence are often applied to small pop-
ulations with some form of conservation status (e.g. endangered species). Demographic
modelling may also be useful with species such as E. fuscus to make relative comparisons
between the trajectories of populations associated with different types of land use and levels
of disturbance.

A major problem with demographic modelling is obtaining empirical data to drive the
models (i.e. the parameters of the model are often based on limited data or guess-work),
resulting in many applications that are of little practical use for conservation and manage-
ment (Beissinger & Westphal, 1998; White, 2000). Essential data needed to conduct demo-
graphic risk assessment, in which conservation and management decisions can be based,
include at a minimum estimates of age-specific survivorship and fecundity. For these models
to perform realistically, some estimate of spatial, temporal and individual variation in these
parameters must also be available (White, 2000). Collecting data suitable for models of risk
assessment thus requires long-term demographic studies at suitable spatial scales. However,
conducting these studies on endangered, rare or small populations is often impossible. In
such cases, White (2000) recommended using surrogate data from closely related species or
species in similar ecological guilds. Although this recommendation referred to the use of long-
term data sets available from game species, it can be extended to include data collected from
readily studied, relatively abundant, species such as E. fuscus.

Currently, data suitable for demographic analysis do not exist for most bat species. One
problem is that the structure and dynamics of bat populations are not well-understood
(Fenton, 1997), although recent studies have elucidated the population structure of some
species (Burland ez al., 1999; Entwistle, Racey & Speakman, 2000). Entwistle ez al. (2000),
for example, found that colonies of P. auritus occupying bat boxes exhibited minimal immi-
gration and emigration and high roost fidelity, which is consistent with a metapopulation
model (Hanski & Gilpin, 1997). While good data on E. fuscus colony size (Whitaker &
Gummer, 2000) and roost fidelity (Brigham, 1991) exist for some regions, little or no data
exist on immigration and emigration. Estimates of E. fuscus survival rates (Beer, 1955;
Goehring, 1972; Mills et al., 1975; Hitchcock, Keen & Kurta, 1984) and mean litter sizes
(Kunz, 1974b) are available, although most studies do not include data on spatial or tempo-
ral variation in these parameters (but see Hitchcock et al., 1984). The available data also come
from various locations at various points in time, which would reduce the reliability of demo-
graphic models applied to real populations.

Long-term E. fuscus monitoring programmes are therefore needed to (i) detect changes in
abundance; (ii) relate population trends to various types of land-use; and (iii) collect demo-
graphic data suitable for modelling population persistence, both for E. fuscus and as surro-
gate data for other bat species. Parallel research is also needed to determine the structure and
dynamics of E. fuscus populations at various scales. Currently, E. fuscus population struc-
ture is being investigated at a regional scale (A. Turmelle ef al, unpublished data), which
should give valuable insights into the proper scale and design of monitoring programmes.

Expanding Big Brown Bat populations?

Finally, research is needed to address the possibility of expanding E. fuscus populations.
Historically, the abundance of E. fuscus in the northern portion of its range may have
been limited by the availability of suitable winter hibernacula (e.g. hibernacula that maintain
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temperatures above freezing). Whitaker & Gummer (2000) suggested that E. fuscus
populations are increasing in the northern portion of its range because of the availability of
buildings with heated attics. One consequence of expanding E. fuscus populations may be
competition with other bat species, particularly M. lucifugus, which often forms summer
colonies in buildings (Whitaker & Gummer, 2000).

Competition for resources has been difficult to demonstrate with bats, primarily because
experimental manipulations are extremely difficult (Findley, 1993). Researchers have
documented evidence of competition between sibling bat species (Arlettaz, Perrin &
Hausser, 1997) and of past competitive interactions that may have shaped some New World
bat assemblages (Stevens & Willig, 1999). Recently, Arlettaz, Godat & Meyer (2000) found
evidence of competition for food between P. pipistrellus and the Lesser Horseshoe Bat
(Rhinolophus hipposideros) in Switzerland. They suggested that competition with expanding
P, pipistrellus populations may contribute to dramatic declines of R. hipposideros in western
Europe.

Comparative studies indicate little dietary overlap between E. fuscus and M. lucifugus
(Whitaker, 1972; Whitaker et al., 1977, 1981; Griffith & Gates, 1985). If expanding E. fuscus
populations are causing increased competitive interactions with M. lucifugus, competition for
roosts, not food, seems likely. Eptesicus fuscus is twice the size of M. lucifugus (14-30 g and
5-14 g, respectively; Nowak, 1999) and direct (interference) competition within roosts would
probably favour the larger species. Mills e al. (1975) observed the movement of E. fuscus
into the attic of a church that was occupied by 600 M. lucifugus. After a year, the E. fuscus
colony increased from 20 to 50 individuals while the M. lucifugus colony decreased by 75%.
Roost sites previously occupied by M. lucifugus, but later occupied by E. fuscus, have also
been reported (Cope, Whitaker & Gummer, 1991).

CONCLUSIONS

Eptesicus fuscus is unique in many North American bat assemblages in that it is often the
most abundant species adapted to a hard-bodied diet (Freeman, 1981). As a result, it con-
tributes the greatest level of consumption of certain insects, several of which are important
agricultural pests. In addition, the ability of E. fuscus to take advantage of human-made
structures as roosts and exploit a variety of foraging habitats has probably lessened any poten-
tial impact of habitat loss, and increased its abundance from historical levels (Whitaker &
Gummer, 1992), as has the presence of human-induced prey concentrations (e.g. lights;
Fenton, 1997). This may further the potential of this bat to be utilized as a biological agent
for controlling economically important insect pests. However, this may be confounded by the
fact that bats living in anthropogenic landscapes are subjected to a variety of pressures that
may limit populations.

Currently, two issues complicate our ability to understand the conservation needs of bats.
First, we have yet to define, unequivocally, the structure and dynamics of bat populations
(i.e., what constitutes a population of bats), although important advances have been made
by use of molecular genetics (Burland er al., 1999). Secondly, although we have a general idea
of the factors negatively affecting bats (e.g. roost disturbance, pesticide exposure, habitat loss,
etc.), the natural history of many species is poorly understood. Without specific information
on habitat use, roost selection and diet, and how these vary over space and time, it is diffi-
cult to draw conclusions regarding species-specific conservation needs. Fortunately, studies
of widely distributed and relatively common species can provide, and have provided (e.g. UK
National Bat Habitat Survey; Racey, 1998), valuable information that can be built into broad
conservation and management plans.
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In light of these issues, the importance of abundant bats should be continually empha-
sized. In our race to conserve rare and endangered species, we must also conserve the abun-
dance of species such as E. fuscus. Their ecosystem role may vastly exceed the role of
inherently rare or currently endangered species. In addition, widespread, abundant bats such
as E. fuscus provide a wealth of research opportunities from which we may be able to draw
some general conclusions about bat conservation as a whole.
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acid) 7 6.5 (singlet). Ultraviolet absorption
in 0.1N HCI showed peaks (Amax) at 231 nm
(e =10,700); and at 284 nm (e =9,650). In
0.IN NaOH, Amax was 269 nm (e =10,150)
and at 309 nm (e = 12,800).

12. The data for 1-methylhydantoin-5-oxime are as
follows. Calculated (percent) for CsHsN3Os:
C, 33.57; H, 3.50; N, 29.37. Values (percent)
found were C, 33.30; H, 3.54; N, 29.36. The
mass spectrum [m/e (relative intensity)] indi-
cated 143 ‘[parent mass ion (23)], 127 (11);
126 (50); 83 (15); 72 6(4); 70 (44); 57 (11);
56 (47); 55 (32); 54 (23); 53 (20); 43 (27);
42 (100); 41 (12); 30 (18). The infrared
data (cm-1) showed 3260 (s, broad); 1780
(m); 1730 (s); 1655 (s); 1440 (s); 1240 (w);
1130 (m); 1070 (m); 1000 (s) NMR (in

D,0/NaOD) showed 7 6.55 (singlet); (in
trifluoroacetic acid) 7 6.9 (singlet). Ultraviolet
absorption in 0.IN HCl showed Amax at 225
nm (¢ = 6300); 283 nm (e =5750). In 0.IN
NaOH, \,.. Wwas 259 nm (e =9000); 311
nm (e = 8850).

13. E. H. White, J. Amer. Chem. Soc. 717, 6008
(1955).

14. G. Edgar and H. E. Shirer, ibid. 47, 1179
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Isolation and Characterization of Larvicidal Principle of Garlic

Abstract. The larvicidal principles of garlic, Allium sativum L., have been
isolated and identified as diallyl disulfide and diallyl trisulfide. Both natural and
synthetic samples of these larvicides are fatal at 5 parts per million to Culex

pipiens quinquefasciatus Say.

Active search for effective plant
agents that will destroy mosquitoes has
been prompted by the controversy con-
cerning the general harmfulness of
DDT and by thiievelopment by insect
pests of resistanice_to various other
chemical insecticides. At one time
DDT was considered a panacea for
climinating the mosquito problem. Al-
though medicinal and antibacterial
properties of garlic (Allium sativum
L., N.O. Liliaceae) have been exten-
sively studied (), only recently has
the larvicidal property of its oil, for at
least four species of mosquitoes in
Culex and Aedes genera (2), been
demonstrated. Greenstock (3) has
shown that garlic oil could destroy
aphids, cabbage-white butterfly cater-
pillars, and Colorado beetle larvae.
We now report the isolation, charac-
terization, and testing of the active
principle in garlic responsible for the
mosquito control. We used Culex
pipens quinquefasciatus Say (the same
as C.p. fatigans Wiedemann) as test
organism.

The medicinal properties of garlic
and related plants have prompted study
of their chemical composition (4).
Several S-substituted cysteines and cys-
teine sulfoxides, partly in the free form
and partly as y-glutamyl peptides have
been isolated from various species of
Allium. However, it has been proved
that the physiologically active com-
pounds are formed through the enzy-
matic reactions and spontaneous de-
composition of parent compounds. The
alkyl sulfides, cysteine sulfoxides, and
thiols that have been reported to be
present are produced by the degrada-
tions of the precursors (1).
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In our work the crude garlic oil was
obtained by steam distillation of ho-
mogenized garlic cloves. The oil was
purified on a silica gel column and was
eluted with solvents of increasing po-
larity. The fractions obtained from the
column were tested for larvicidal ac-
tivity as described (2). The fractions
eluting with light petroleum had pro-
nounced larvicidal activity, The active
fraction contained sulfur. The infrared
spectrum (1640, 990, and 910 cm—1),
nuclear magnetic resonance (NMR)
spectrum (3.5 8, 2H; 5.25 §, 2H; 5.98
8, 1H), and mass (m/e, 41) spectrum
show the presence of allyl (CH,=
CH—-CH,~) group. Color reactions
and absence of lowfield signal in the
NMR spectrum indicated the absence
a thiol group. Since there are no
sulfur-oxygen absorptions (5) in the
infrared spectrum, sulfur should be
present as sulfide linkage only. Gas-

liquid chromatography (GLC) (6) in-
dicated the presence of several compo-
nents. Two major components could be
separated by preparative GLC and
were subjected to mass spectroscopy.
The more volatile component was iden- -
tified as diallyl disulfide (m/e, 146)
while the other fraction corresponded
to diallyl trisulfide (m/e, 178). A trace
amount of dialyl tetrasulfide (m/e,
210) was also indicated. The above
conclusions were confirmed by com-
parison with synthetic preparations.
Diallyl disulfide was prepared as was
described by Carson and Wong (7).
A mixture of diallyl disulfide and dial-
1yl trisulfide was obtained by the inter-
action of sodium polysulfides and allyl
bromide. Diallyl trisulfide could be
separated from the mixture by prepara-
tive GLC (6). The presence of diallyl
disulfide and- diallyl trisulfide in the
natural sample was confirmed by the
infrared and mass spectra and GLC
comparisons with the synthetic samples.
The larvicidal action of the natural
samples has been compared to several
synthetic samples as shown in Table 1.
The relative effectiveness of diallyl di-
sulfide and diallyl trisulfide alone or in
mixture even at a concentration of 5
ppm, as against the ineffectiveness of
the related compounds diallyl sulfide
and dipropyl disulfide and dipropyl
trisulfide at 200 ppm is noteworthy.
We have also observed that antagonistic
properties of diallyl di- and trisulfides
against several pests of economic and
medical importance such as potato
tuber moth, red cotton bug, red palm
weevil, houseflies, and mosquitoes. The
nontoxic nature of garlic to higher ani-
mals has been established on the basis
that it has been used for edible pur-

Table 1. Toxicity tests of active fraction of garlic oil and synthetic samples to late third-
instar larvae of laboratory-reared Culex pipiens quinquefasciatus Say.

Mean percentage of mortality at indicated treatment

Compounds concentrations (ppm)*
used
1 3 N 7 10 50 100 200

Natural samplet 3 64 100 100 100
Synthetic mixture 4 76 100 100 100

of diallyl di-

and trisulfides
Diallyl disulfide 4 70 - 100 100 100
Diallyl trisulfide 0 49 92 100 100
Diallyl sulfide 0 0 0 0 0 0 16
Dipropyl disulfide 0 0 0 0 V] 0

and dipropyl
trisulfide

* Each mean based on five replications; 50 larvae per replicate; mortality scored after 24 hours.
1 The ratio of diallyl di- and trisulfide varies with the variety of garlic used.
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poses for a long time. This, together
with the wide range of activity of the
oil, suggests that garlic oil or its active
principle, whether natural or synthetic,
could be used as pesticides.

S. V. AMONKAR

A. BANERJI

Biology Division, Bhabha Atomic
Research Centre, Modular Laboratories,
Trombay, Bombay-85, India
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Evidence for Two Different Mechanisms

Abstract. Antibody to angiotensin 11, or a specific peptide competitive inhibitor
of angiotensin 1l, was used to investigate the role of the renin-angiotensin system
in two types of renal hypertension in rats. The data indicate that angiotensin II is
in fact critically involved in the pathogenesis of the form of renal hypertension
in which one renal artery is clamped and the contralateral kidney is left in place,
but that it probably plays no significant role in the maintenance of experimental
- renal hypertension in which the opposite kidney has been removed.

Goldblatt and co-workers first in-
duced chronic arterial hypertension in
dogs by partially occluding one renal
artery and removing the opposite kid-

ney (7). Subsequently, increased renin -

secretion by such clipped kidneys was
demonstrated (2). Renin acts enzy-
matically to release angiotensin I from
a plasma globulin (3). Angiotensin I
is then converted by other enzymes to
the active octapeptide angiotensin II,
the most potent pressor substance
known. Accordingly, it has seemed
reasonable to assume that increased
plasma angiotensin II is the cause of
experimental renal hypertension and its
various naturally occurring counterparts
in man. However, numerous studies
have failed to establish this assumption
as fact, and both plasma renin and
angiotensin II levels are often normal in
chronic renal hypertension of various

species, including man (4). Further-

more, in other studies in which anti-
bodies to renin or angiotensin were
either administered or induced it very
often has not been possible to correct
this type of hypertension (5, 6). There-
fore, the etiologic role of angiotensin II
in causing or maintaining renal hyper-
tension is open to question.

In our experiments reported here,
angiotensin II antibodies were ad-
ministered intravenously to rats with
chronic renal hypertension, and the ef-
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fects were compared with the adminis-
tration of a new highly specific syn-
thetic peptide competitive inhibitor of
angiotensin II. This compound, [sar-
cosine!-Ala®]angiotensin II, completely
blocks the pressor action of exogenous
angiotensin II in rats and dogs when
given in approximately equimolar
amounts (7). The compound itself has
no pressor or depressor activity when
given intravenously. Its biological half-
life is approximately 12 minutes. The
use of a similar peptide inhibitor of
angiotensin II has been described (8).

Two types of renal hypertension were
studied. In the first type a silver clip
was placed on the left renal artery and
the other kidney was left untouched
(this is referred to as two-kidney Gold-
blatt hypertension). In the second, a
silver clip was placed on the left renal
artery, and the contralateral kidney was
removed (one-kidney Goldblatt hyper-
tension). The two groups of hyperten-
sive animals, together with an additional
control group, were maintained for 6
weeks on Purina rat chow (0.42 per-
cent sodium content) and allowed free
access to water. All animals weighed
350 to 450 g. A mean blood pressure
of 121.3 + 6.6 mm-Hg (mean = stan-
dard error) was found in normal rats.
The mean blood pressure of two-kid-
ney hypertensive animals was 195.6 =
10.8 mm-Hg. The difference in blood

pressures between the two hyperten-
sive groups was not statistically signifi-
cant, :

Antibodies to angiotensin II were pre-
pared in rabbits (9). The apparent af-
finity constant of the antibody was
calculated to be 3 X 101 liter/ mole.

The animals were anesthetized with
intraperitoneal pentobarbital (5 mg/
100 g). Both jugular veins were can-
nulated (PE-10 catheter) for injection
or infusion, and the blood pressure was
continuously monitored with a strain
gauge through a carotid artery catheter
(PE-50). During an initial control
period standard doses of angiotensin II
(50 ng) and of norepinephrine (100
ng) were injected through the cannula;
pooled rabbit serum was then injected
as a control, and the animals were
challenged with angiotensin II and nor-
epinephrine standards. Then, either un-
diluted serum containing angiotensin
II antibody (0.3 or 0.6 ml) was injected
as a single dose or, alternatively, the
angiotensin II inhibitor was infused at
a rate of 4 pg/min for 1 hour. After
the antibody injection or during infusion
of the inhibitor, the pressor effects of
the standard amounts of exogenous
angiotensin II and norepinephrine were
checked periodically.

The blood pressure response to ex-
ogenous angiotensin II in normal rats
(n =10) was blocked by as little as
0.3 ml of antibody. The amount of anti-
body also induced an immediate fall in
blood pressure of 47.5 = 2.5 mm-Hg,
which was sustained for about 5 min-
utes, before it gradially réturned to
baseline levels (in the next 10 minutes).
However, the pressor effects of exog-
enous angiotensin II remained com-
pletely blocked for up to 3 hours. Blood
pressure response to exogenous nor-
epinephrine was never affected by the
administration of the antibody. Admin-
istration of the pooled rabbit serum had
no effect on the blood pressure or the
pressor activity of angiotensin II or
norepinephrine.

Twice as much antibody (0.6 ml)
was required to abolish the pressor
effect of exogenous angiotensin II in
the two-kidney hypertensive rats (n = 6)
and in the one-kidney rats (n =6).
However, in the two-kidney animals
antibody administration induced a fall
in mean blood pressure of 41.0 * 4.0
mm-Hg (P < .001), whereas in the
one-kidney rats the blood pressure fell
by only 10.0 = 6.4 mm-Hg, and this
change was not significant (P > .1)
(Fig. 1). The reduction in blood pres-
sure lasted for an average of 16 min-
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INTRODUCTION

The New Jersey Agricultural Experiment Station annually reviews the selection of
insecticides to be used by the county mosquito control commissions and agencies
responsible for reducing the populations of nuisance and vector species of mosquitoes in
New Jersey. This is done by faculty in the Department of Entomology who have experience
in mosquito research and control, including factors of safety, economy and efficiency under
New Jersey conditions. These recommendations are produced as a service to the residents
of New Jersey and are for use in New Jersey only. The New Jersey Agricultural Experiment
Station takes no responsibility for their use elsewhere. Selection of insecticides depends on
environmental considerations and on continued information exchange between the State
and Federal authorities and the professional organizations in mosquito research and control
in New Jersey. Professional mosquito control in New Jersey relies on the surveillance of
mosquito sources and problems and the proper consideration of options for control, such as
water management, biological control, and insecticides. This integrated and comprehensive
approach to the control of mosquitoes utilizes all available control strategies to reduce the
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occurrence of mosquitoes as pests to tolerable levels while maintaining a quality
environment.

When mosquito problems necessitate the use of insecticides, it is generally best to employ
larvicides and pupicides, as they are directed efficiently at the most concentrated
developmental stages of the mosquito population and reduce the need for large-scale and
expensive adulticiding. Only the public county and state commissions or agencies charged
with the responsibility for mosquito control may perform larviciding and pupiciding. If
weather or environmental concerns prevent such efforts, adulticides can be used shortly
after emergence when adult mosquitoes are still concentrated in their source area and
before they have dispersed. The purpose of mosquito control is to reduce nuisance and
disease potential, not to eradicate mosquitoes. In an integrated approach to mosquito
control, adulticiding may be necessary for dispersed or migrating adult mosquitoes. Special
attention should be given to the level of mosquito activity and the prevailing environmental
conditions in order to insure maximum efficiency of the application.

All applications of synthetic or biological insecticides for larviciding, pupiciding, or
adulticiding purposes must be consistent with and comply with the principles of integrated
pest management (IPM) as described in the APPENDIX, entitled “Best Management
Practices for Mosquito Control in New Jersey”. This text (revised in 2008) is an excerpt of
all clauses pertaining to mosquito control in New Jersey from “The Environmental Protection
Agency'’s Pesticide Environmental Stewardship Program* and contains detailed and
comprehensive (http://www-rci.rutgers.edu/~insects/psd.htm), information on integrated
practices for mosquito control in New Jersey.

A county commission or agency wanting to test an insecticide not included in these
recommendations can request, in writing, support for such testing from the New Jersey
Agricultural Experiment Station (NJAES) (write to or e-mail Dr L. B. Brattsten, Rutgers
University, Department of Entomology, Blake Hall, 93 Lipman Drive, New Brunswick, NJ
08901, brattsten@aesop.rutgers.edu). Please include in your letter details of locations and
target species. All such applications of insecticides should follow the manufacturer’'s
recommendations. For the benefit of mosquito control in New Jersey, information gathered
on control efficacy for the target species and any effects on non-target species should be
shared with members of the Associated Executives of Mosquito Control Work in New Jersey
and the NJAES.

Just as bacteria evolve resistance to antibiotics, mosquitoes evolve resistance to
insecticides used for their control. Selection for resistance can result from the repeated use
of the same insecticide exclusively and from slow-release formulations of insecticides. To
avoid or delay resistance, a variety of different insecticides and other control methods must
be used in rotation. Reliance on a single insecticide frequently or over large contiguous
areas is likely to produce resistance to that control agent. The three major larvicides
recommended for use in New Jersey, temephos, S-methoprene, and BTI are ideal for use in
rotations as each has low environmental stability, a separate molecular mode of action, and
significant differences in detoxification mechanisms. For adulticiding, malathion is the least
likely to trigger evolution of resistance and synergized pyrethroids the most likely.

For any application of an insecticide by a mosquito control professional, including any
pesticide application in public places, the applicator or the direct supervisor must be certified
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and licensed as a “Commercial Pesticide Applicator” by the NJ DEP PCP Bureau of
Pesticide Operations (N.J.A.C. 7:30-6). The correct license category is Category 8B -
Mosquito Control. The Category 8C — Campground Pest Control license may be appropriate
under certain circumstances. Pilots applying insecticides to control mosquitoes must have
Category 11 - Aerial Pest Control in addition to 8B - Mosquito Control. The same holds true
for research and demonstration applications, Category 10 - Demonstration and Research
Pest Control and 8B - Mosquito Control are required. Training manuals may be obtained
from your local county cooperative extension office. Certified and licensed applicators may
have employees applying insecticides using non-aerial equipment under their direct
supervision provided that these employees are registered as “Commercial Pesticide
Operators” (N.J.A.C. 7:30-5). Contact the New Jersey Department of Environmental
Protection, Pesticide Control Program (www.pcpnj.org) in Trenton for additional information
regarding pesticide applicator permit details, 1 609 984 6614.

Common names of insecticides (along with Trade Names®) are used in the interest of
increasing the understanding of the materials used. The trade or brand names given
herein are supplied with the understanding that no discrimination is intended
(against similar products not mentioned) and no endorsement by the New Jersey
Agricultural Experiment Station is implied.

CONVERSION FACTORS AND ABBREVIATIONS

To aid in the use of the metric system, the rates and dilutions in these recommendations are
given in the metric system units with the United States equivalent in parenthesis. Below is a
list of the conversion factors and abbreviations used in these recommendations:

1 kilogram, kg = 2.2 pounds, Ibs 1 fl ounce, 0z = 29.6 mL
1 gram, g = 0.002 Ibs 1 Ib/acre = 1.12 kg/ha
1 hectare, ha = 2.47 acres 1 pint/acre = 1.17 L/ha
1 liter, L = 1.056 quarts 1 quart/acre = 2.34 L/ha
1 milliliter, mL = 0.001 L 1 fl oz/acre = 73.2 mL/ha

active ingredient (Al); aqgueous suspension (AS); emulsifiable concentrate (EC);
extended release (XR); kilometer per hour (kph); international toxic units (ITU)

LARVICIDAL APPLICATIONS

The following insecticides are recommended for the control of larvae of nuisance and vector
species in various larval habitats. The insecticides are listed alphabetically, not in order of
expected efficacy.

A. Catch basins
(1) Temephos (Abate®) emulsion or 5% extruded pellets according to product label.
(2) S-methoprene (Altosid®, Aquaprene®) pellets and standard briquets according to
product label.
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(3) Monomolecular films (Agnique®MMF, Golden Bear Oil, i.e. Mosquito Larvicide GB-
1111°®) as a larvicide/pupicide, according to product label.

(4) Bacillus thuringiensis israelensis serotype H-14 (BTI) briquets or other formulations,
including Aquabac®, Teknar®, Vectobac®, Bactimos® (see B3).

(5) Bacillus sphaericus (BSP) (see C4), including Vectolex® WSP (7.5% BSP)
water-soluble pouch for use in catch basins.

B. Fresh flood water areas, woodland pools

(1) Temephos (Abate®) emulsion, granules, 5% extruded pellets according to product
label.

(2) S-methoprene (Altosid®, Aquaprene®) liquids, pellets, or briquets (standard)
according to label.

(3) BTl according to manufacturer’s directions. BTI must be ingested to be toxic to
mosquito larvae. Larval toxicity depends on the species, its feeding activity and
various environmental factors. BTI formulations (e.g., flowables, briquets, granulars,
and pellets) may vary in their potency and the means used to express such potency
(e.g., ITU/g). Attention should be given to this aspect in the purchase and use of BTI
products. Where such formulations are meant to be suspended in water for
application, agitation must be provided to insure uniform application.

C. Polluted and/or impounded waters

(1) Temephos (Abate®) emulsion, 1 or 2% granules, 5% extruded pellets according to
product label. See also E3.

(2) S-methoprene (Altosid®, Aquaprene®) liquids, pellets, briquets (standard) according
to label.

(3) Monomolecular films (Agnique®MMF, Golden Bear Oil, i.e., Mosquito Larvicide GB-
1111°) as a larvicide/pupicide, according to product label.

(4) BSP recommended for the control of Culex larvae: use according to manufacturer’s
directions. BSP may also be an effective larvicide for non-Culex species.

D. Prehatch for woodland pools with a record of annual early larval activities
(1) S-methoprene (Altosid®, Aquaprene®) pellets briquets (standard) according to
product label.
(2) BTI briquets, according to product label.

E. Salt marsh

(1) The use of larvicides on the open tidal marsh should be in conjunction with a plan
involving water management for long-term reduction of the mosquito problem and of
insecticide use. Heavy rains or exceptionally high tides may make it necessary to
larvicide in defined areas.

(2) Temephos (Abate®) 2% or 5% granules, emulsion, in sufficient water to accomplish
efficient distribution at rates according to product label.

(4) S-methoprene (Altosid®, Aquaprene®) (see B2).

(5) BTI Neither flowable nor granular formulations of BTl used on salt marshes have
been consistently efficient in the recent past (see B3).



F. Fresh water marsh
(1) Temephos (Abate®) (see B1).
(2) S-methoprene (Altosid®, Aquaprene®) (see B2); liquids, pellets, briquets (standard)
according to product label.
(3) BTI (see B3).

SPECIFICATIONS, FORMULATIONS and DILUTIONS for LARVICIDES

Emulsifiable concentrates
These formulations, which are to be diluted generally with water prior to spraying, may
contain a small percentage of volatile solvent.

Dilution of concentrates
Temephos (Abate®) emulsions are prepared from a 4E concentrate 0.48 kg/L (4 Ibs/
gallon). For most larviciding, dilute 36.6 mL in 93.5 L water/ha (0.5 fl oz in 10 gallons
water/acre). For waters high in organic matter content, the concentration may be
increased 2-3 fold.

Granular larvicides
All granular formulations should be formulated to insure efficient release of the
insecticide in water. Temephos (Abate®) granules may employ carriers such as sand,
celatom, Plaster of Paris, or Biodac® (a cellulose product); inclusion of an oil solvent
does not appear necessary. S-methoprene (Altosid®, Aquaprene®) carriers include
Plaster of Paris and Biodac®. No highly volatile solvents should be used in granular
formulations. For celatom carrier, the optimum patrticle size for aircraft application is
24/48, with no more than 15% above 48 mesh, to minimize drift. For ground application,
30/60 to 60/80, depending on equipment, is optimum; more than 10% (by weight) in
particles outside these specified size ranges is considered unsatisfactory.

PUPICIDAL APPLICATIONS

The pupal stage is the briefest stage in the development of the mosquito. Although pupae
are unaffected by organophosphates, pyrethroids, and other nerve poison type insecticides,
BTI, or S-methoprene, there are some very effective pupicides. These agents will also
control fourth instar larvae, which may be present when it is necessary to pupicide. As with
larviciding, timely efforts to control concentrated populations of pupae can be of value in
preventing the emergence of adult mosquitoes and reducing the need to adulticide. The
following insecticides are recommended for the control of pupae of nuisance and vector
species.

« Monomolecular films (Agnique®MMF, Golden Bear Oil 1111, Bonide Mosquito
Larvicide) according to product labels.



ADULTICIDAL APPLICATIONS

While the control of mosquitoes is generally most efficiently accomplished in the immature
stages, conditions may sometimes necessitate the use of adulticides. If agencies other than
county mosquito control commissions or agencies responsible for mosquito control wish to
adulticide, they should contact the NJ Pesticide Control Program (609-984-6666)
concerning regulations. Community or area-wide notification of adulticiding is required
according to NJAC 7:30-9.10 (www.pcpnj.orq).

Particular attention should be given to temperature, as it may affect droplet behavior, and
the toxicity of the insecticide to the target mosquito. Of the types of adulticide
recommended, the organophosphate malathion has a positive temperature coefficient, i.e.,
more toxic at higher temperatures; resmethrin and other pyrethroids have a negative
temperature coefficient, i.e., they are more toxic at lower temperatures. Ambient
temperature, therefore, can influence the selection of the insecticide.

The New Jersey Agricultural Experiment Station recommends the following adulticide
measures. Synergized pyrethroid formulations (Scourge®, Anvil®, Duet®) should be used as
rarely as possible and not over large contiguous areas to avoid or delay insecticide
resistance evolution in local populations. Synergized pyrethroid formulations are most
appropriately used only for barrier treatments.

A. Adulticiding with ground equipment

1. Thermal aerosols, fogging
Insecticide fogging can be an effective method in mosquito control. It is not meant to be
used routinely but only when populations of adult mosquitoes reach public health or
nuisance levels. These levels are highly variable and depend on the mosquito species
involved as well as local environmental conditions. The final decision to fog should rest with
the mosquito control professionals in each county. Trained personnel at these institutions
are expertly knowledgeable about local mosquito populations and conditions. When fogging
is deemed necessary, the following physical conditions, mostly encountered in the early
evening and morning hours, should exist:

a. Air temperature: 15°C or higher (60°F)

b. Light intensity: below 20 foot candles, with light meter

c. Wind velocity: 5-8 kph (3 to 5 mph)

d. Stable thermal conditions to allow the fog to travel at ground level.

The only material recommended for fogging is malathion. The 95% malathion concentrate
should be diluted as follows for fogging: 15 L (4 gal) concentrate is added to sufficient
solvent to make 379 L (100 gal) final volume (0.4%). The diluted material is applied at a flow
rate of 151 L/h (40 gal/h) with a vehicle speed of 8 kph (5 mph). An experienced and
knowledgeable operator and a properly equipped vehicle and fogger are absolutely
essential.

Per label, attention should be given to the flash point of the solvent used as measured by
the “closed cup” method.


http://www.pcpnj.org/�

2. Sprays by mist blowers and hydraulic sprayers

While mainly intended for use with residual insecticides, this equipment can be employed to
apply dilute emulsions of the non-persistent insecticide malathion to foliar surfaces for short-
term residual mosquito control. The materials should be diluted and applied according to
label recommendations for such equipment.

3. ULV (ultra low volume) spray applied by ground equipment
The technique of ULV has the advantage over fogging of being less dense and, therefore,
less hazardous in urban traffic. Physical conditions as stated for fogging are generally
desirable, and application should coincide with times of maximum adult mosquito activity in
order to achieve maximum efficiency.

The technique of ULV employs more concentrated insecticides and the equipment for their
application must be properly calibrated and serviced. Ground ULV applications do not
always penetrate dense foliage as well as do fogging applications. Application of any
ground ULV material should be performed under conditions also known to be best for
efficient fogging operations (Al above); wind speeds up to 16 kph (10 mph) are acceptable.
Application should be made after sunset or before sunrise at temperatures of 15 to 28°C (60
to 82°F).

(a) Malathion (Fyfanon®, Atrapa®, 96-98%) at the flow rate of 90 mL/min at 16 kph or 45
mL/min at 8 kph (3 fl 0z/min at 10 mph or 1.5 fl 0z/min at 5 mph). With a constant
volume flow meter and depending on conditions, e.g., acreage to be treated and period
of mosquito activity, application may be made at 20 mph. According to the labeling of
these products, their application by ground ULV is restricted to professional mosquito
control personnel who have the experience, knowledge and equipment necessary to
follow the technical instructions for their use.

(b) Pyrethroid/piperonyl butoxide mixtures such as Scourge® (resmethrin/piperonyl butoxide
in a 1:3 ratio), Anvil® (d-phenothrin/piperonyl butoxide 2+2) or Duet® (d-phenothrin/
prallethrin/ piperonyl butoxide — 5/1/5). Scourge® (4 +12) is available in a formulation for
use without further dilution. Use these products according to instructions on the label
and as seldom as possible.

B. Adulticiding by aircraft

Application from aircraft may only be performed according to Federal Aviation Regulations,
by the county mosquito control commissions, equivalent county units, or the State Mosquito
Control Commission using materials specifically labeled for application by aircraft (N.J.A.C.
7:30-6.3). To insure that the droplets descend from the aircraft to the areas of mosquito
activity, these applications should be made close to sunset or thereafter, or early morning,
when a deep temperature inversion occurs. For further discussion of this aspect see A. V.
Havens, Proc. N. J. Mosq. Ext. Assoc., 60:59-63 (1973).

1. LV (low volume) spraying
(a) 148 mL of 96-98% malathion per 2.3 L of No. 2 fuel oil/ha (2 fl 0z 95% malathion in 1
guart of solvent/acre) (EPA SLN No. NJ-950003).



2. ULV (ultralow volume) spraying

(a) 220 mL/ha (3 fl oz /acre) of 96-98% malathion as applied by fixed wing aircraft or
helicopter equipped with a rotary atomizer (e.g., a Beecomist nozzle) according to
insecticide manufacturer’s specifications with the additional stipulation that wind velocity
be no greater than 8-16 kph (5-10 mph). To insure that the equipment performs correctly
and produces proper droplet sizes, the equipment should be periodically calibrated and
examined closely. Systems should include elements for positive shutoff of delivery.
Spray droplet size should be determined periodically. To prevent malfunction of the
system, the malathion should be filtered just prior to use by a method similar to that
described by H. R. Rupp, Mosquito News, 33:463-464 (1973).

(b) Resmethrin/Piperonyl butoxide in a ratio of 1:3 by weight, such as Scourge® at rates
according to the label.

INSECTICIDE FORMULATIONS UNDER OBSERVATION FOR USE IN NEW
JERSEY

Several other released materials could be useful for mosquito control in New Jersey. They
have not yet been fully investigated for suitability. We recommend that exploratory
applications be performed with the following:

« Anvil® (d-phenothrin 10% + PBO 10%) for ground or aerial adulticiding
« Aqua-Reslin® (permethrin 20% + PBO 20%) for barrier treatments
e Duet® (d-phenothrin/ prallethrin/ piperonyl butoxide — 5%/ 1%/ 5%)

These applications should be relatively small-scale and employ a variety of measurements
of effectiveness, e.g., caged mosquitoes, light trap counts, or landing counts. It would also

be of interest to make qualitative observations of possible effects on non-target organisms.
NJAES relies on results from experimental applications to use for decisions of the inclusion
of these materials in the recommended insecticides.

PRECAUTIONS AND SAFETY

Most insecticides are not only toxic to mosquitoes but can also be toxic to humans and other
forms of life in the environment. It is necessary for all persons responsible for the use of
insecticides to recognize this and take precautions to insure that these chemicals not only
do not cause human iliness or death but also absolutely minimally contaminate the
environment. Further information is available from the National Pesticide Information Center
(1 800 858 7378 or at npic.orst.edu). Public notice about planned spray operations must be
issued according to NJAC 7:30-9.10 (www.pcpnj.org).

Manufacturers are required by law to list on the insecticide label those precautions to be
followed to reduce hazards. Such precautions include not only appropriate concentrations to
be used but also protective clothing for applicators, antidotes for poisoning, and conditions
of storage.
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Precautions should also be taken at other times. Insecticides should be stored in a manner
inaccessible to people who are not knowledgeable of their toxicity and hazards. Storage
should be in an area set aside solely for that purpose, and the area should be well
ventilated to prevent overheating and subsequent noxious fumes of solvents or insecticides.
When empty, insecticide containers should be triple rinsed, punctured and disposed of
according to the product label, or returned to the supplier. Containers should not be burned
because of air pollution by smoke and residual insecticide in the containers. Unused
insecticides should not be discarded in drainage systems but should be turned over to
authorized agencies for appropriate disposal. Regulations for storage can be found at NJAC
7:30-9.5 and 9.6, and general regulations on disposal are at 7:30-9.7. More specific
requirements and guidance for the disposal of waste are available from NJ DEP PCP at 1
609 530 4070 or www.pcpnj.org or from NJDEP at 1 877 927 6337.

NEW JERSEY POISON INFORMATION AND EDUCATION

During the mixing and application of insecticides, all precautions listed on the insecticide
labels should be followed. We recommend establishing background acetylcholinesterase
activity levels by the appropriate test in all personnel working with organophosphate
insecticides, during periods of extended use, and periodically thereafter. For information and
aid regarding acute insecticide poisoning, call either the NJ Poison Information and
Education System, 1 800 222 1222; http://www.njpies.org or the National Pesticide
Information Center, 1 800 858 7378; http://npic.orst.edu/ . Please consult available web
sites for extensive information on safety and other aspects on insecticides.

NEW JERSEY POISON INFORMATION
AND EDUCATION SYSTEM
1 800 222 1222
or
WWW. nhjpies.orqg
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COMMON NAMES AND PROPRIETARY EXAMPLES

Common name Proprietary examples®

Bacillus sphaericus (BSP) Vectolex

BTI Bactimos, Teknar, Vectobac, Aquabac
Ethoxylate surfactant Agnique MMF

Malathion Fyfanon, Atrapa

S-Methoprene Altosid, Aquaprene

Permethrin/piperonyl butoxide Aqua-Reslin

Petroleum derivative Mosquito Larvicide GB 1111
d-Phenothrin/piperonyl butoxide Anvil, Sumithrin
Resmethrin/piperonyl butoxide  SBP-1382, Scourge

d-phenothrin/ prallethrin/ Duet

piperonyl butoxide

Temephos Abate
APPENDIX

“Best Management Practices for Mosquito Control in New Jersey”*

OVERVIEW OF MOSQUITO CONTROL IN NEW JERSEY

New Jersey has a diverse ecology that provides habitat for more than 60 species of
mosquitoes. New Jersey also has more human residents per square mile than any other
state. At the turn of the 20" century, New Jersey functioned as the center for mosquito

research and the early (http://www-rci.rutgers.edu/~insects/wiab.htm) workers developed

many of the basic concepts used in mosquito control today. Their successes led to the
creation of organized, multidisciplinary mosquito control as a proper function of

government. Information sharing among researchers and control workers was recognized
as an important component of responsible mosquito management and was formalized in the
early 1900’s.

The philosophy of mosquito control in New Jersey is to target mosquitoes and/or their
habitat as specifically as possible in a financially efficient manner. Minimizing insecticide
impact on non-target organisms has always been vital to public acceptance and was
incorporated into the goals of the mosquito control community. The need to be specific in
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the selection and application of insecticides is fundamental to the methods we use in New
Jersey.

The sanitation and habitat modification procedures developed or enhanced by the early
mosquito control workers in New Jersey form the foundation for today's source reduction
activities. The water management techniques pioneered by New Jersey's early workers
have been honed into the most efficient long term methods available today to reduce
mosquito production. Enhancement of natural predators was deemed important in the early
days of mosquito control and is now an accepted component of New Jersey's program that
is funded and coordinated by our state agencies.

Surveillance is one of the best tools we have for focusing mosquito control on specific pest
and vector species. Sampling and identification allow problem species to be recognized and
targeted for control. Early mosquito control workers in New Jersey benefited greatly from the

landmark investigations of John B. Smith (http://www-rci.rutgers.edu/~insects/early.htm), a

legendary taxonomist and founder of organized mosquito control. Surveillance programs to
monitor disease organisms and their mosquito vectors were not available to early workers

but are fundamental to New Jersey's programs today. In New Jersey, the need for control,

type of management employed and alternatives to insecticides are all weighed against the

surveillance data we collect.

The history of mosquito control in New Jersey shows long standing environmental
awareness and the ability to select insecticides, only when necessary, from the broad array
of techniques we have at our disposal.

NEW JERSEY'S CONCEPT OF A RESPONSIBLE MOSQUITO CONTROL PROGRAM

Mosquito control in the state of New Jersey is mandated by law under Title 26, Chapters 3 &
9 of the NJ Health Statutes.

Title 26 assigns the control of pest and vector species to county mosquito control
commissions which function as autonomous units of county government. Activities and
expenditure of funds are overseen by a body of commissioners appointed by the board of
chosen freeholders in each county. Tax levies provide the operational budget on a county-
by-county basis. Autonomous mosquito commissions have the powers of a local board of
health regarding mosquitoes including the right of entry onto public and private properties.
They have the power to make a declaration regarding mosquito nuisance and can issue an
abatement notice whenever necessary. Seven New Jersey counties currently maintain
autonomous commissions and 14 counties have mosquito control responsibilities assigned
to other agencies of county government.

The laws enacted by Title 26 mandate the Director of the NJ Agricultural Experiment Station
(NJAES) at Rutgers University to function in an advisory capacity to all mosquito control
agencies in the state. Specific duties of the Director include: 1) annual review of mosquito
commission plans & estimates, 2) conducting surveys for county agencies upon request, 3)
investigating the life histories of individual species, 4) recommending methods for control,
and 5) conducting extension related activities that educate the public and advocate
responsible mosquito control. A primary objective of NJAES involvement in Title 26 is to
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maintain professionalism within the mosquito control community in New Jersey that is
consistent with current environmental concerns.

Title 26 also provides for a State Mosquito Control Commission (SMCC) that functions in an
advisory capacity to the Governor. Composition of the SMCC includes 6 public members
appointed by the Governor and representatives from the New Jersey Department of
Environmental Protection (NJDEP), the NJ Department of Health and Senior Services
(NJDHSS), the NJ Department of Agriculture (NJDA) and the NJAES. The SMCC is
mandated to carry on a continuous study of mosquito control operations in the state,
recommend the amounts of money deemed necessary for mosquito control purposes and
allocate state aid to counties from an annual appropriation. The Office of Mosquito Control
Coordination (OMCC), within the NJDEP, administers SMCC funding and expedites
operational programs advocated by that body. Representation of the above mentioned
departments of state on the SMCC board fosters a network of communication that
recognizes the interdepartmental nature of mosquito control problems and activities in the
state.

The operational aspects of mosquito control in New Jersey are conducted by the
autonomous mosquito control commissions described above, mosquito control agencies
within other county departments as well as federal, municipal and private mosquito control
programs. Regardless of the agency, the NJMCA advocates the following as necessary
components of responsible programs.

A. SURVEILLANCE. NJ believes that mosquito control begins with a surveillance program
that targets pest and vector species and justifies the need for control. We believe that
species-specific records should be kept on the composition of mosquito populations prior
to enacting control of any kind. We also advocate records on the composition of
mosquito populations after management to determine the effectiveness of control
operations. The New Jersey light trap was designed as a surveillance tool more than 50
years ago for that purpose. Most mosquito control agencies use light traps in their
programs but have additional tools that provide data to guide their activities. The
following list of surveillance methods is available for use by mosquito control agencies in

New Jersey.

1. Larval Surveillance. Larval surveillance involves sampling a wide range of aquatic
habitats for the presence of pest species during their developmental stages. Most
counties have a team of inspectors to collect larval specimens on a regular basis. A
mosquito identification specialist normally has the task of identifying the larvae to
species. Properly trained mosquito identification specialists can separate mosquito
species that cause nuisance and disease from those that are non-pests or beneficial
species. Responsible control programs target pest populations for control and avoid
managing habitat that supports benign species.

2. Adult Surveillance. Adult surveillance measures mosquito populations that have
successfully developed and emerged from aquatic habitats. The New Jersey light trap
has been the standard for collecting adult mosquitoes and most county agencies operate
light traps from early May through October. Portable traps baited with carbon dioxide are
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useful in areas where electricity is not available. Not all mosquito species are attracted to
light and other forms of adult surveillance are frequently employed, e.g., gravid traps. In
coastal areas of New Jersey, 1-minute landing rates are used to assess the comparative
size of host seeking salt marsh mosquitoes during daylight hours. At inland areas, 10-
minute bite counts measure annoyance after dark. Resting boxes are frequently used to
measure populations of Culiseta melanura, a bird-feeding mosquito that functions in the
amplification of eastern equine encephalitis (EEE) virus. Bird-baited traps are sometimes

employed to measure Culex mosquitoes that amplify St. Louis encephalitis virus.

3. Virus Surveillance. The New Jersey SMCC funds a virus surveillance program that
estimates the size of virus vector populations during the summer season and tests
specimens for virus presence weekly. Mosquito collections are made at permanent study
sites by staff from the NJAES. A wide range of assistance and support is provided by
local mosquito control agencies in this effort. Specimens are tested for virus at the
NJDHSS and some county laboratories by immunoflourescent antibody and polymerase
chain reaction (PCR) technology. In addition, some county mosquito control agencies
run sentinel chicken programs to identify areas where mosquito-borne encephalitis virus
is active and test mosquitoes for virus by PCR to keep their control activities current. The
status of mosquito borne encephalitis virus is disseminated to all mosquito control
agencies in the State in a weekly summary throughout the encephalitis season.

. SOURCE REDUCTION. Source reduction is the alteration or elimination of mosquito
larval habitat. This remains the most effective and economical method of providing long-
term mosquito control in New Jersey. Source reduction can include activities as simple
as the removal of used tires and the cleaning of rain gutters and bird baths by individual
property owners, to extensive regional water management projects conducted by
mosquito control agencies on state and/or federal lands. All of these activities eliminate
or substantially reduce mosquito breeding and the need for repeated applications of
insecticides in the affected habitat. Source reduction activities within New Jersey can be
separated into the following two general categories:

1. Sanitation. The by-products of the activities of people have been a major contributor
to the creation of mosquito larval habitats. An item as small as a bottle cap or as large
as the foundation of a demolished building can serve as a mosquito larval habitat.
Sanitation is a major part of all IPM programs exemplified by tire removal, de-snagging
waterways, catch basin cleaning, and container removal.

Mosquito control agencies in New Jersey have statutory police powers that allow for
due process and summary abatement of mosquito-related public health nuisances
created on both public and private property. The sanitation problems most often
resolved by agency inspectors are problems of ignorance, neglect, oversight or laziness
on the part of property owners. Collectively, they result in a major use of agency
manpower and resources.

Educational information including videos, slide shows and fact sheets distributed at
press briefings, fairs, schools and other public areas have information regarding the
importance of sanitation. We must continue to emphasize the role of sanitation as an
effective mosquito control modality that is a cost effective, low tech, high result method
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of preventing disease potential and mosquito interference with our ability to enjoy the
outdoors.

2. Water Management. Water management for mosquito control is a form of source
reduction that is conducted in fresh and saltwater larval habitats.

a. Freshwater Wetlands Management - In 1987 the NJ State Legislature enacted into
law the New Jersey Freshwater Wetlands Protection Act (NJSA 13:9b-1 et seq.) All ditch
maintenance, stream and storm water basin cleaning, and/or restoration activities for
mosquito control are now regulated by the NJDEP. Best Management Practices for
Mosquito Control and Freshwater Wetlands Management (BMP) (NJMCA Proceedings,
2002, p.88) have been compiled through the cooperative efforts of the mosquito control
community, the NJDEP and other state and federal environmental agencies. These
practices are applicable to mosquito control activities in stream corridor wetlands, isolated
freshwater wetlands, palustrine wooded wetlands, and storm water facilities. Using
mosquito surveillance data and BMP's, New Jersey's mosquito control agencies now
conduct water management activities in the state's freshwater wetlands under a number
of different "statewide general permits” (i.e. GP-1, GP-7, GP-15) or individual permits
when necessitated by the complexity of the project.

In the past, the absence of design and maintenance standards for storm water
management facilities throughout New Jersey resulted in many of the facilities becoming
major mosquito producers. In the late 1970's, a 4-year study of storm water facilities in
New Jersey showed that due to poor design, construction and/or lack of maintenance,
67% of all basins surveyed contained mosquito larval habitat with some facilities found to
be suitable habitat for up to 8 mosquito species.

In 1989, a storm water management facilities maintenance manual was produced by
NJDEP. The manual is available to all developers, engineers and planning agencies
statewide. This document contains specific guidelines and recommendations relative to
design, construction and maintenance of storm water facilities and mosquito control ().

b. Salt Marsh Water Management - Control of the aquatic stage of the mosquitoes that
are produced on New Jersey's tidal wetlands requires a complete understanding of tidal
marsh ecology. Two water management techniques were developed in New Jersey to
control salt marsh mosquito larval populations through the cooperative efforts of county
mosquito control agencies, Rutgers University, the State Division of Fish, Game and
Wildlife, the Environmental Protection Agency and the U.S. Army Corps of Engineers.
These are Tidal Restoration of Salt Hay Impoundments (TRSHI) and Open Marsh Water
Management (OMWM), practices that now serve as models for water management
activities worldwide.

TRSHI (P. Slavin, J. Shisler,& F. Ferrigno, 1978. Current status of tidal restoration of salt
hay impoundments for mosquito control in Cumberland County, New Jersey, NJMCA
Proceedings, p. 214) involves the removal and/or modification of ditch plugs and other
water control structures to permit daily tidal inundation to occur in salt hay
impoundments. Salt hay farming was once a major industry in the Delaware Bay area of
New Jersey with over 11,000 acres of salt hay impoundments located in the counties of
Cape May and Cumberland. These impoundments created ideal conditions for the
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production of salt marsh mosquitoes and required repeated applications of insecticides
each season to control the larval populations originating in the impounded areas. The
daily tidal exchange as a result of TRSHI eliminates mosquito breeding and eventually
restores the area to a productive salt marsh. Over 7,500 acres of salt hay impoundments
in New Jersey have been restored using TRSHI. Although TRSHI is utilized extensively
to control mosquito production in salt hay impoundments, the techniques are also
applicable to control mosquito breeding in other impounded marshes.

Open Marsh Water Management was developed in New Jersey in the mid-1960s through
the cooperative efforts of mosquito control and wildlife agencies. OMWM (K. W. Bruder,
1980. The establishment of unified open marsh water management standards in New
Jersey, NJMCA Proceedings, p. 72.) standards have been established for use by county
mosquito control agencies, which address how and where the technique should be
implemented. OMWM is now the major source reduction technique used by coastal
mosquito control agencies in New Jersey. OMWM has been found to effectively control
mosquito production on salt marshes through a combination of biological control and
habitat manipulation. Three basic alterations are employed in OMWM, the construction
of: 1) permanent ponds, 2) pond radials and, 3) tidal ditches. The selective excavation of
the ponds, pond radials, and ditches eliminate mosquito breeding sites and provide
permanent habitat for mosquito-eating killifish. In areas where OMWM is practiced,
pesticide applications are substantially reduced.

C. CHEMICAL CONTROL. When source reduction and water management are not feasible
or sufficient, chemicals are carefully used to control both adult and immature mosquito
populations. The chemicals used by New Jersey's mosquito control agencies comply
with state and federal requirements, as well as recommendations provided annually by
the NJAES. All pesticide applicators and operators in New Jersey are required to be
licensed by the NJDEP. Judicious chemical control activities, as part of New Jersey's
IPM approach to reducing mosquito populations, use the most appropriate products
available to the professionals of the mosquito control community. Chemical treatments
can be directed against either the immature or adult stage of the mosquito life cycle.

1. Larviciding. Larviciding, the application of chemicals to kill the immature stages of
mosquitoes by ground or aerial treatments, is typically more effective and target specific
than treating adults. The objective is to target the immature stages at the larval habitat
before populations have had a chance to disperse. New Jersey's IPM approach to
mosquito control emphasizes larviciding only when source reduction is not feasible.
Larvicides are applied to fewer acres than adulticides because treatments are made to
relatively small areas where larvae are concentrated as opposed to larger regions where
adults are present. The larvicides used for mosquito control in New Jersey include:
Bacillus thuringiensis israelensis and Bacillus sphaericus (bacterial larvicides), S-
methoprene (insect growth regulator), temephos (organophosphate), and petroleum oils.

2. Adulticiding. Adulticiding is the use of chemicals to reduce adult mosquitoes by
ground or aerial applications. Adulticiding is used when biting populations reach critical
levels. In New Jersey, adulticides are commonly applied as an Ultra-Low Volume (ULV)
spray in which the small amounts of active ingredient range from 0.0035 to 0.24 Ib/acre.
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The adulticides are dispensed through properly maintained and calibrated equipment.
Adulticides used in New Jersey include pyrethroids and malathion (an organophosphate).

3. The New Jersey State Airspray Program. This program was established by state
legislation in 1949 to assist coastal counties in the control of salt marsh mosquitoes. This
ongoing program is now coordinated through OMCC within the NJDEP. Over the past
decade this program has integrated a number of newer management techniques to
provide for a more environmentally sound approach to pesticide applications. Emphasis
is now focused on larviciding and an increased reliance on biorational pesticides. Many
of the changes in the airspray program philosophy have been fostered from relationships
cultivated between NJMCA members and federal and state wildlife refuge managers.

D. BIOLOGICAL CONTROL. Biological control is the manipulation of natural agents and
their by-products to control pest and vector species. Biological control is advantageous
because it is generally host-specific with limited non-target effects. In New Jersey, fish are
the primary biological control agent used to suppress mosquito populations. Predacious
fish, typically Gambusia species, are reared and stocked in mosquito larval habitats.

For many years, individual county mosquito control agencies raised and released their own
fish. In 1990, the State of New Jersey established a statewide mosquito fish program with a
specific protocol for use. With annual funding from the SMCC, the program utilizes the
existing resources of the Division of Fish, Game and Wildlife's staff, hatchery and other
facilities. While originally designed for G. affinis, the program now offers other species for
mosquito control including the fathead minnow, the freshwater killifish and two species of
sunfish. The use of State resources has expanded the concept of predatory fish for
biological mosquito control in New Jersey.

E. EDUCATION.

1. Continuing Education. Continuing education is directed toward operational workers
to instill or refresh knowledge related to practical mosquito control. Training is primarily in
safety, applied technology and requirements for our State's regulated certification
program. Examples of continuing education include: the NJMCA Pesticide Training
Program, State-mandated Right to Know training for hazardous substances, the
Northeast Aerial Applicator's Conference, monthly meetings of the Associated Executives
of Mosquito Control Work in NJ, the annual meeting of NJMCA and meetings of other
mosquito control associations in our geographic area.

2. Public Education. Public education is designed to teach the general public
mosquito biology and to encourage residents to use simple preventive sanitation
techniques. Examples include: fact sheets and brochures, classroom lectures at schools,
slide shows, films and videos on mosquitoes and their control, and exhibits at fairs.
NJMCA regularly interacts with civic leaders, politicians and professionals through the
annual conventions of the NJ Educational Association and the NJ League of
Municipalities. NJMCA produces and distributes proceedings of its annual meeting and
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coordinates activities in support of the recently enacted national Mosquito Control
Awareness Week. NJMCA believes that public education reduces homeowner insecticide
applications and the general misuse of toxic materials. Public education encourages
support for organized mosquito control rather than crisis management, which relies
heavily on insecticides.

Excerpt, revised 2008, from: "ENVIRONMENTAL PROTECTION AGENCY'S PESTICIDE
ENVIRONMENTAL STEWARDSHIP PROGRAM" http://www-rci.rutgers.edu/~insects/psd.htm

SEBS and NJAES are Equal Opportunity Employers and provide information and educational
services to all people without regard to sex, race, color, national origin, disability, or age.
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URBAN LAND USE PREDICTS WEST NILE VIRUS
EXPOSURE IN SONGBIRDS
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Abstract. Urbanization is a widespread phenomenon that is likely to influence the
prevalence and impact of wildlife pathogens, with implications for wildlife management and
public health policies toward zoonotic pathogens. In this study, wild songbird populations
were sampled at 14 sites along an urban—rural gradient in the greater metropolitan Atlanta
(Georgia, USA) area and tested for antibodies to West Nile virus (WNV). The level of
urbanization among sites was quantitatively assessed using a principal component analysis of
key land use characteristics. In total, 499 individual birds were tested during the spring and
summer over three years (2004-2006). Antibody prevalence of WNV increased from rural to
urban sites, and this trend was stronger among adult birds relative to juveniles. Furthermore,
antibody prevalence among Northern Cardinals (Cardinalis cardinalis) was significantly higher
than in other songbird species along the urban gradient. Findings reported here indicate that
ecological factors associated with urbanization can influence infection patterns of this vector-
borne viral disease, with likely mechanisms including changes in host species diversity and the
tolerance or recovery of infected animals.

Key words: antibody presence; Cardinalis cardinalis; host—pathogen interactions, Northern Cardinal;
spatial epidemiology; urbanization; vector-borne disease; West Nile virus (WNV); wildlife disease, zoonotic

pathogens.

INTRODUCTION

Increasing urbanization, characterized by drastically
altered landscapes and dense human populations, is a
worldwide phenomenon. Fully two-thirds of the world’s
population, or 4.9 billion people, are expected to reside
in cities by 2030 (United Nations Department of
Economic and Social Affairs 2005). Studies exploring
the influence of urban landscapes on wildlife ecology
demonstrate lowered biodiversity and shifting commu-
nity assemblages (McKinney 2002, Olden et al. 2006),
changes in interspecific competition, individual stress
and reproduction, and altered trophic interactions in
these urbanized areas (Faeth et al. 2005, Partecke et al.
2006, Shochat et al. 2006).

Urbanization can also affect the dynamics of infec-
tious diseases in wildlife, with several recent articles
pointing toward potential underlying mechanisms such
as altered host contact rates, changes in vector ecology,
or factors that affect host susceptibility to infection
(Patz et al. 2004, Bradley and Altizer 2007). For
example, recent work by Farnsworth et al. (2005)
showed that chronic wasting disease is significantly
more prevalent in mule deer (Odocoileus hemionus)
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populations inhabiting developed areas than in those
in natural areas. This is potentially due to increased
contact with the infective agent, or to higher rates of
intraspecific contact as a result of habitat loss. In
another example, Cooper’s Hawks (Accipiter cooperii)
nesting in urban areas demonstrated more than double
the nest failure rate of hawks residing in more rural
environments; a likely cause was trichomoniasis, which
was observed more commonly in the urban-dwelling
hawks (Boal and Mannan 1999).

West Nile virus (WNV; Flaviridae; Flavivirus) is a
vector-borne zoonotic virus maintained in avian hosts
and principally transmitted by mosquito species in the
Culex genus (Peterson et al. 2004). After the initial
introduction of WNV to North America in New York
City in 1999, the virus rapidly spread and reached
Georgia by the summer of 2001 (Petersen and Hayes
2004). The virus has been associated with thousands of
avian mortalities since its initial introduction to North
America, with significant impacts to highly susceptible
species. For example, Caffrey et al. (2005) reported an
estimated 72% decline in an American crow (Corvus
brachyrhynchos) population after the first year of WNV
exposure; similarly, four Greater Sage-Grouse (Centro-
cercus urophasianus) populations experienced a 25%
reduction in late-summer survival upon the arrival of
WNYV (Naugle et al. 2004). Such high mortality rates are
probably due to the virulence of the WNV strain
introduced into North America, coupled with a lack of
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immunologic resistance that might have been provided
by previous exposure to other closely related flaviviruses
(Brault et al. 2004, Peterson et al. 2004).

Mechanisms that cause variation in WNYV prevalence
are not well understood, but recent work indicates that
changes in host community composition can influence
patterns of viral transmission. Specifically, high host
species diversity can lower the transmission of some
vector-borne diseases if less competent reservoir hosts
dilute pathogen transmission between vectors and highly
competent hosts (a mechanism termed the “dilution
effect”; Ostfeld and Keesing 2000, Allan et al. 2003,
Ezenwa et al. 2006). Passeriformes, an order that
includes most songbirds, represent highly competent
hosts for WNV (Komar et al. 2003). However, the
ability to contract, amplify, and transmit the virus varies
greatly among bird species (Komar et al. 2003, Marra et
al. 2004, Gibbs et al. 2006a). If habitat changes
associated with urbanization function to lower host
species diversity and also increase the relative abundance
of key hosts, then WNV transmission could be higher
than expected at urban sites.

Vector feeding preferences will also affect the dynam-
ics of this multi-host arbovirus. This was demonstrated
by Kilpatrick et al. (2006), who showed that American
Robins (Turdus migratorius), relatively uncommon in
their sample population, accounted for a large fraction
of mosquito blood meals in the Washington, D.C., USA
area. Shifts in vector population dynamics associated
with increasing breeding sites or warmer microclimates
in urban areas could increase exposure to West Nile
virus among birds and humans inhabiting urban
environments (Epstein 2001, Campbell et al. 2002).

As a third mechanism, resource provisioning in urban
environments (e.g., bird feeders and fruiting plants in
residential areas) could improve avian host condition or
immune defenses, facilitating host survival following
infection (Bradley and Altizer 2007). Thus, the observed
frequency of exposed and recovered birds could increase
with greater urbanization, not because of differential
viral transmission, but owing to differential host
recovery or tolerance of infection.

In this study, songbird populations were sampled
along an urban-rural gradient to evaluate how West
Nile virus antibody prevalence in natural avian com-
munities covaried with urban land use in Atlanta,
Georgia, USA, a rapidly growing metropolitan area.
Urban sprawl in this area is associated with the net loss
of 133 acres (~54 ha) of forest each day (American
Forests 2001), and a recent state-wide survey of wild
songbirds in Georgia demonstrated a weak positive
association between WNV antibody prevalence in
songbirds and urban/suburban land use on a broad
spatial scale (Gibbs et al. 20065). We also investigated
the role of host age, nest type, diet, and taxonomic
family in explaining variation in WNV antibody
prevalence. Finally, a subset of analyses focused on
patterns of antibody prevalence and body condition
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across the urban—rural gradient in Northern Cardinals
(C. cardinalis), an abundant species in the southeastern
USA. Northern Cardinals have been shown to be
competent hosts of WNV in studies of captive birds,
and display significant tolerance to the infection, as
evidenced by the high seroprevalence rates observed in
wild populations (Komar et al. 2005, Gibbs et al. 2006a).

METHODS
Site selection and characterization

Between April and August of 2004-2006, wild
songbirds were captured and sampled at 14 sites in
and around metropolitan Atlanta, Georgia (Fig. 1).
Sites were chosen to reflect variation in land use
(residential, commercial, or recreational), human pres-
ence (e.g., residential areas or nature preserves), and
distance from the city’s center (Table 1). Selection was
also based on landowner permission, accessibility, and
the presence of woody vegetation to facilitate the
capture of birds using mist nets. Birds were captured
within a 50 X 50 m area in the center of each site, and
adjacent sites were separated by a minimum of 1 km.
The degree of urbanization at each site was evaluated
using a 44-class land use map of Georgia with 30 X 30 m
resolution, developed by NARSAL (the Natural Re-
sources Spatial Analysis Laboratory, University of
Georgia, 1998). The coverage area of each land use
class was calculated at a radial distance of 500 m from
the center of the sampling area (see Appendix B: Fig.
B1b), using spatial analyst in ArcMap 8.3 (ESRI,
Redlands, California, USA) and V_LATE (Vector-
based Landscape Analysis Tools Extension, available
online).5 From these data, four variables were extracted:
impervious (i.e., road or building) surface coverage (m?),
total forested area (m?), number of forest patches, and
total core forest area given a 10-m buffer edge (m?). The
total forest area was divided by the number of forest
patches to obtain an average measure of forest
continuity, hereafter termed “average forest patch size.”

To compare urbanization measures derived from the
NARSAL land use map with those from finer resolution
aerial images, we obtained digitized orthophoto quarter-
quadrangles (DOQQs) compiled in 1999 and provided
by the Georgia GIS Data Clearinghouse (available
online).® At the same 500 m radius, land use objects
were digitized using a GIS database in ArcInfo 8.3
(ESRI, Redlands, California, USA). For this classifica-
tion, building, road, forest canopy, yard, water, and
pasture were delineated (see Appendix B: Fig. Blc).
Each map was ground-truthed by recording the geo-
graphic coordinates of land use boundaries using a
hand-held GPS unit (Magellan Pro-Tracker, Santa
Clara, California, USA) to account for any digitizing
errors or recent development that would not be observed

5 (http://www.geo.sbg.ac.at/larg/vlate.htm)
6 (http://www.gis.state.ga.us)
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on the DOQQ. As previously described, V_LATE was
used to obtain three variables: impervious surface
coverage (m?), total core forest area (m?), and average
forest patch size. Digitizing and ground-truthing of
DOQQs provides detailed information but is very time
consuming. Therefore, we compiled DOQQ data from
seven of the 14 sampling sites (4, 6, 7, 8, 10, 11, and 13)
chosen to represent a range of high to low urbanization,

TABLE 1.
locations around Atlanta, Georgia, USA.

and used these data to examine correspondence with
measures derived from the NARSAL land use map.
Finally, human population density was estimated for
each site using 2000 census data available at the finest
scale level of the census block group. Here, it was
assumed that the human population was evenly distrib-
uted throughout the block group and we used ArcMap
to calculate the proportion of each block group

Quantitative measures of urbanization (urban score, described in Methods) and habitat description for the sampling

Site ID Urban score Category Site description

1f 1.419 U dense urban residential area

2 1.391 U forest fragment located inside dense urban area

3 1.203 U border of central city park and downtown residential neighborhood

4 0.983 U Emory University campus annex with low use

5 0.540 U Emory University main campus

6 0.481 U forest fragment in a residential neighborhood with little active management
7 0.205 U urban neighborhood and park mix

8 —0.400 NU relict farmland preserved by county park department; low-density residential
9 —0.708 NU suburban residential neighborhood
10t —0.711 NU forest fragment preserved by local climbers as a bouldering site
11 —0.963 NU relict farmland preserved by county park department
12 —0.998 NU habitat set aside for songbirds within managed park
13 —-1.219 NU rural, low-density; farm and residence mix
141 —1.223 NU rural, low-density; farm and residence mix

Note: Key to abbreviations: U, urban; NU, nonurban.

T Sites omitted in the analyses restricted to sites with >30 samples.
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comprising a site. This proportion was then multiplied
by the population in the census block. Because most
sites contained portions of 2-3 census block groups,
population estimates were summed to provide a single
estimate of human population density for each sample
site.

Field sampling and data collection

Wild birds were sampled 3-6 times per year at each
site (see Fig. 1) during 2004, 2005, and 2006. We
captured animals during the breeding season (April-
August) and sampled each location for 2-3 consecutive
days every 6-8 weeks (Fig. 1). Using 30-mm mesh mist
nets 6 m and 9 m long, (Avinet; Dryden, New York,
USA) open from dawn until late morning, we trapped a
total of 802 birds; blood samples from 534 individuals
were collected across all sites and years (details are
provided in Appendix A).

Species identity, age, and sex were determined
following Pyle (1997); age was assigned as juvenile
(hatch-year) or adult (after-hatch-year) based on plum-
age, gape, and skull ossification; we also examined
adults for the presence of a brood patch or cloacal
protuberance (indicative of breeding status). For each
individual, body mass to the nearest 0.1 g and length of
the right tarsus to the nearest 0. mm were measured.
Two categorical measures of condition were also noted.
The pectoral muscle development around the carina (or
breastbone) was scored following Gosler (1991) as: 1,
severely sunken pectoral muscle; 2, sunken pectoral
muscle; 3, pectoral muscle even with the carina; or 4,
pectoral muscle development beyond the carina. The
amount of visible subcutaneous fat in the furculum was
similarly scored (following Hartup et al. 2001) as: 0, no
fat visible; 1, furculum one-third full; 2, furculum one-
third to two-thirds full; 3, furculum full; or 4, fat bulging
from the furculum. Data on species nest location
(ground, brush, cavity, or tree canopy), and primary
diet (seed or insect) were later recorded based on species
accounts from the Birds of North America periodical
series (American Ornithologists’ Union, 1992-2002).
Northern Cardinals were banded using U.S. Fish and
Wildlife Service metal bands; all other species were
color-marked to track recaptures.

From birds weighing >10 g, 50-100 pL of blood was
collected by ulnar (wing) venipuncture. Blood samples
were maintained at ambient temperature for at least 10
minutes and were then kept cool until returning to the
lab. The samples were then centrifuged at 10000 g
(98066 m/s*) for 10 minutes and both serum and
erythrocytes were stored at —70°C until the WNV
antibody assay was performed.

Assays to detect antibodies to WNV were conducted
using an epitope-blocking ELISA (enzyme-linked immu-
nosorbent assay) developed by Blitvich et al. (2003). The
assay employs the flavivirus-specific MAb6B6C-1 and
the WNV-specific monoclonal antibody (MAb)3.112G
to distinguish WNV from other flaviviruses including St.
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Louis encephalitis. An inhibition value of >30% was
considered to indicate the presence of viral antibodies.
All tests were repeated and samples too small to perform
replications were excluded from the analyses. Previous
work demonstrated that the assay was valid across a wide
range of avian taxa and results were in good agreement
with those from plaque-reduction neutralization tests,
PRNT (Blitvich et al. 2003). In one study involving Rock
Pigeons (Columba livia), ELISA results detected circu-
lating antibodies at least 45 weeks postinfection (Gibbs et
al. 2005).

Analysis of land use variables

All land use data were transformed using the z score
(Ix — x,)/xsp; Gotelli and Ellison 2004) to place
measures on the same proportional scale prior to
analysis. A principal component analysis (PCA) was
conducted using JMP 4.0.4 (SAS Institute, Cary, North
Carolina, USA) to derive a composite measure of
urbanization for each site (Table 1). The results from
all unique four-, three-, and two-way combinations of
land use variables (impervious surface coverage, total
core forest area, and average forest patch size) and
human population density were evaluated. Because
average forest patch size is the ratio of total forested
area and number of forest patches, we did not include
these latter two variables separately in the analysis. The
PCA with the highest variable loadings, highest per-
centage of variance described, and best fit to the
seroprevalence data was retained. Hereafter, this vari-
able is referred to as the “urban score.” Principal
component analyses were performed separately for the
Georgia land use map and the DOQQ-derived data, and
we used Spearman’s correlation to compare urban score
variables obtained from these two approaches.

Analysis of antibody prevalence, host condition,
and urbanization

To investigate the association between antibody
prevalence and urban score, we used generalized linear
models (glm) with binomial errors in R 2.2.0 (available
online).” The fullmodelincluded host age, year and month
of sampling, urban score, and all relevant two- and three-
way interactions as explanatory variables. The minimum
adequate model was obtained by removing nonsignificant
terms, starting with the highest order interactions, and
model comparison was performed based upon P values
and Akaike’s information criterion (following Crawley
2002). Two separate sets of analyses were conducted, first
using data from all 14 locations, and second using data
from nine sites where >30 individual birds had been tested
(sites removed: 1, 3, 8, 10, and 14). Taxonomic (species
and family) and ecological (nest type and primary diet)
associations with antibody prevalence were tested sepa-
rately using an analysis of deviance with binomial errors,

7 (http://www.r-project.org)
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treating site as a categorical variable (urban or nonurban;
Table 1). Only species with 10 or more individuals
(American Robin, Carolina Wren (Thryothorus ludovi-
cianus), Eastern Towhee (Pipilo erythrophthalmus), Tuft-
ed Titmouse (Baeolophus bicolor), Gray Catbird
(Dumetella carolinensis), House Finch (Carpodacus mex-
icanus), and Northern Cardinal), and families with 15 or
more individuals sampled (Cardinalidae, Emberizidae,
Mimidae, Paridae, Troglodytidae, Turdidae) were in-
cluded in the taxonomic comparisons. All models were
checked for overdispersion, and models where quasibi-
nomial distributions were required are noted in the results
(Crawley 2005). West Nile Virus antibody proportions
reported in the text were compared using a binomial
proportions test with 95% CI.

Because Northern Cardinals were well represented in
the data set and accounted for over one-half of the
seropositive samples from all birds (described in
Results), we conducted a final set of analyses focused
on antibody prevalence, body condition, and urban land
use for this species. To develop a composite measure of
individual body condition, a PCA was performed using
the ratio of body mass to tarsus length, pectoral muscle
development score, and subcutaneous fat score. The first
principal component was retained as a measure of
individual condition. An analysis of covariance in JMP
4.0.4 was used to examine the association between
individual condition in Northern Cardinals, host age,
exposure to WNV (presence of antibodies as a fixed
factor), urban land use (as a continuous covariate), and
all two- and three-way interactions. Model simplifica-
tion was performed as described previously.

RESULTS
Land use characterization

Urban score values were derived from a PCA of two
variables, human population density and average forest
patch size, explaining 85.2% of the variation in land use
measures between sites. Individual variable loadings
were human population density (0.707) and average
forest patch size (—0.707). Therefore, a high urban score
represents a site characterized by high human popula-
tion density and low average forest patch size (Table 1).
Urban scores obtained from analysis of DOQQ-derived
data were highly correlated with those from the Georgia
land use map (Spearman’s r = 0.93, P = 0.007),
supporting use of the NARSAL Georgia land use data
for further analyses.

WNV antibody prevalence

From the 802 birds captured throughout the course of
the study, 23 individuals (2.9%) were recaptured and
only data from the first sample obtained are included in
this study. Of the 534 samples collected for testing, assay
results were obtained from 499 samples. The remaining
35 samples were excluded either because they were too
small to perform replicate tests or results were incon-
clusive. A total of 73 samples (14.6%) were positive for
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antibodies to WNV (see Appendix A). Among the 14
study sites, WNV antibody prevalence ranged between
6.3% (N =43 birds) and 30.8% (N = 52 birds). There was
no significant difference in WNV antibody prevalence by
month or year of sampling. However, WNV antibody
prevalence was higher among adult birds (18.3%)
relative to juveniles (10.8%; x> = 7.0429, P = 0.008). Of
adult birds, Northern Cardinals represented 37.0% of
the total sample population (N,q = 257 birds) and were
the only species sampled across all 14 sites. Antibodies
to WNV were detected in 18.8% of all sampled Northern
Cardinals (N = 170 birds), and 27.4% of all adult
Northern Cardinals (N = 95 birds). Adult Northern
Cardinals accounted for 55.3% of all seropositive
samples obtained from adult birds (N = 47).

WNV antibody prevalence and urban land use

Model simplification showed that urban score and
host age were strong predictors of seroprevalence, but
the two-way interaction between these factors was not
significant (for urban score, > = 43.994, df = 1, P =
0.006; for age, x> = 36.512, df = 1, P = 0.006). Because
WNYV antibody prevalence differed significantly between
age groups, the strength of the association between
urban score and WNV antibody prevalence was
examined separately for each age class. West Nile virus
antibody prevalence in adult birds increased with higher
urbanization (3> = 14.306, df = 1, P=0.003, R =0.77),
but no relationship was detected between urban score
and antibody prevalence in juveniles (x> = 21.4596, df =
1, P=0.251, R*>=0.89). When the statistical model was
repeated using only data from sites with >30 samples, P
values and fit of the regression lines were similar for the
adult population, but improved considerably for juve-
niles (for adults, > =7.2738, df =1, P=0.005, R*=0.72;
for juveniles, x* = 8.2910, df = 1, P = 0.064, R* = 0.76;
Fig. 2).

Sites were categorized as urban (positive urban score)
and nonurban (negative urban score) to compare
observed patterns in WNV antibody prevalence by host
species, taxonomic family, nest location, and diet.
Overall, antibody prevalence in urban sites (18.5%)
was higher than at nonurban sites (9.6%; x> = 6.832,
df = 1, P = 0.009). Each species with >10 sampled
individuals and each family with >15 sampled individ-
uals (see Methods) were compared to all others
combined to test for taxonomic associations with
WNYV antibody prevalence. Northern Cardinals showed
significantly higher seroprevalence than all other species
combined (x> = 4.763, df = 1, P = 0.03) and, similarly,
Cardinalidae differed from all other families combined
(x>=5.049, df =1, P=0.0046). No other comparisons of
WNYV antibody prevalence among different species or
families were statistically significant. The slope and
strength of the relationship between urban score and
antibody prevalence for adult Cardinals was similar to
the relationship observed among all other bird species
(Fig. 3; x> = 5.767, df = 1, P = 0.016 for Northern
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Cardinals; y?> = 5.147, df = 1, P = 0.023 for all other
species; models were run using the quasibinomial
distribution to account for overdispersion). Finally,
neither nest location nor primary diet explained
variation in WNYV antibody prevalence across all sites
or within site categories.

The association among WNYV antibody prevalence,
urban land use, and individual body condition was
examined in Northern Cardinals using data from the
nine sites where >30 individual birds were sampled. The
first principal component from a factor analysis of the
ratio of body mass to tarsus length and the subcutane-
ous fat score explained 62.6% of the total variance. Birds
with high condition scores had more subcutaneous fat
and weighed more relative to their body size than birds
with negative scores; component coefficients were
subcutaneous fat (—0.707) and mass:tarsus length
(0.707). Because visual inspection of the data suggested
a nonlinear relationship between urban score and the
condition of Northern Cardinals sampled at each site
(Fig. 4; condition was greatest at sites of intermediate
urbanization), we included both urban score and (urban
score)” in the full model, together with antibody status,
age, and all relevant interactions. Model simplification
provided no support for antibody status, age, or two-
way interaction effects on condition, but showed a
significant relationship between host body condition and
the squared term for urban score (F» 1490 = 3.27, P =
0.014).

DiscussioN

The prevalence of antibodies against West Nile virus
in wild songbird populations increased with greater
measures of urbanization across locations sampled
around Atlanta, Georgia, USA. Among adult birds,
seroprevalence was nearly 2.5 times higher at urban sites
than at nonurban sites. This association was not
significantly affected by month or year of sampling,
although adult birds were more likely to have WNV
antibodies than juveniles. The effect of host age
probably resulted from the limited sampling period each
year, because many juvenile birds were sampled before
the end of the peak transmission period. Moreover,
because we tested for antibodies to West Nile virus
rather than current infection, and because antibodies to
WNV can be long-lasting (Gibbs et al. 2005), greater
antibody prevalence among adult birds would also be
expected due to longer exposure times.

Northern Cardinals (Cardinalis cardinalis), the most
commonly sampled host species, had higher WNV
antibody prevalence than all other species combined.
This is consistent with previous studies conducted in the
southeastern United States (Godsey et al. 2005, Komar
et al. 2005, Gibbs et al. 2006a). The Northern Cardinal’s
ubiquitous occurrence along the urban-rural gradient
and high abundance points to their utility as a
surveillance species, as suggested in Gibbs et al.
(2006a). The role of Northern Cardinals in WNV
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epidemiology, however, is not well understood. High
WNV antibody prevalence rates observed across several
studies indicate that cardinals may tolerate infections
with WNV more successfully than other avian species
(e.g., Caffrey et al. 2005). Komar et al. (2003, 2005)
concluded that both Northern Cardinals and House
Sparrows (Passer domesticus) were important amplifying
hosts in southern Louisiana, based on species abun-
dances, exposure rates, and a competence index derived
from experimental infections (the product of suscepti-
bility, infectiousness, and the duration of infectious-
ness). Moreover, Apperson et al. (2002) observed that
American Robins, Northern Cardinals, and Northern
Mockingbirds (Mimus polyglottus) accounted for a high
percentage of mosquito blood meals around Queens,
New York (16%, 13%, and 13%, respectively). In
contrast, Kilpatrick et al. (2006) found that Northern
Cardinals were poorly represented in mosquito blood
meals around the Washington, D.C. area. Collectively,
these studies suggest that the role of Northern Cardinals
in WNV transmission could vary over space and time,
and point to the need for more data on the contribution
of different bird species to WNV transmission.

The positive association between WNYV antibody
prevalence and urban land use observed in this study
could arise from several mechanisms. First, several
previous studies of North American metropolitan areas
demonstrate declines in avian species diversity with
urban land use (Beissinger and Osborne 1982, Green
and Baker 2003, Chace and Walsh 2006), combined with
a dominance of nonnative and anthropophilic species
(Hennings and Edge 2003, Crooks et al. 2004). Because
viral amplification and transmission are known to vary
among avian species (Komar et al. 2003), host commu-
nities characterized by high species richness could dilute
the influence of highly competent hosts. This process,
termed the “dilution effect,” has been proposed as a
major cause of variation in Lyme disease occurrence in
response to suburban land use in the northeastern
United States (Schmidt and Ostfeld 2001, LoGuidice et
al. 2003, Keesing et al. 20006); its significance for other
pathogens in urbanized areas, however, remains un-
known (Bradley and Altizer 2007). Ezenwa et al. (2006)
found evidence for a dilution effect in West Nile virus
transmission by linking nonpasserine avian species
richness to reduced infection levels in mosquito vectors
and fewer human cases in Louisiana, USA. If host
species diversity affected patterns observed in the
present study, we would expect to find lower species
diversity and greater dominance of Northern Cardinals
with increasing urbanization. Thus, examining measures
of host diversity in conjunction with WNV antibody
prevalence in avian species represents an important goal
for future work.

Changes in vector ecology with increasing urbaniza-
tion could also affect viral exposure among wild
songbirds. Breeding in man-made water containment
systems (such as borrow pits, wastewater treatment
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plants, and sewers), Culex spp. mosquitoes are well
adapted to human-dominated environments, and an
increased abundance of mosquitoes could lead to higher
avian seroprevalence in urban environments. Indeed,
this has been suggested as a likely cause behind urban
foci in recent WNYV outbreaks in humans in the United
States (Epstein 2001, Campbell et al. 2002). Warmer
urban microclimates could also favor higher rates of
virus replication within the vector and more efficient
transmission to susceptible hosts (Reisen et al. 2006).
Finally, habitat changes associated with urban land-
scapes could affect a host’s tolerance to WNV infections.
Although urbanization can increase stress levels and
reduce immunocompetence in some host species, abun-
dant and consistent food resources available to urban-
adapted wildlife may improve host recovery or survival
following infection (Bradley and Altizer 2007). Because
this study examined only WNV antibody prevalence, it
is not possible to exclude the possibility that recovery,
rather than exposure, varies with the intensity of urban
development. Importantly, we observed significant
variation in individual Northern Cardinal condition
along the urban gradient, with greatest measures of
body condition at sites with intermediate levels of
urbanization. Because these sites are primarily suburban
or residential, a likely explanation is that supplemental
food sources (in the form of bird feeders and fruiting
vegetation) are also highest at these sites, leading to
increased foraging success and continuous access to
food throughout the seasons. If high nutrition or
reduced energy expenditure during foraging increases
the body condition of birds at these sites, their tolerance
to infection and survival following exposure might
increase. To the authors’ knowledge, there are no
published studies that report on the impact of nutri-
tional supplementation to WNYV tolerance and recovery

in wild birds. With respect to this field study, increased
body condition among Northern Cardinals at sites with
intermediate urbanization might partially explain the
pattern of low WNYV antibody prevalence at the least
urbanized sampling locations.

We found no evidence of yearly changes in average
WNV antibody prevalence, counter to Gibbs et al.
(2006a), who demonstrated increasing WNYV seroprev-
alence in wild avian hosts from 2000 to 2004 throughout
the state of Georgia. This is not surprising, however,
because data reported in Gibbs et al. (2006a) spanned
the period of virus introduction (with human cases
starting in Atlanta in 2001). Increasing prevalence of
WNYV antibodies in the primary hosts was observed
during the establishment phase of the pathogen, whereas
samples in the current study were collected several years
after viral introduction.

Finally, our analysis of land use characteristics
indicates that the composite measure of urbanization
derived from a previously developed map of Georgia
was an accurate and efficient manner of land use
characterization. In comparison to the more labor-
intensive method of digitizing and ground-truthing
orthophotographs, it appears that the coarser scale land
use map was an accurate reflection of land use at the
500-m scale. Such data could then be applied over larger
geographic areas to create predictive risk assessment
maps of WNV antibody prevalence in wild songbird
hosts.

The impact of urban landscapes on infectious disease
dynamics within wildlife hosts is significant for wildlife
management and public health policies (Bradley and
Altizer 2007). With respect to multi-host generalist
pathogens, the presence of more competent reservoir
hosts (and factors that increase their tolerance to
infection) can contribute to the extirpation of vulnerable
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host species that suffer high mortality rates following
infection (Woolhouse et al. 2001, Naugle et al. 2004,
de Castro and Bolker 2005). Because the majority of
emerging human infectious diseases are zoonotic (Taylor
et al. 2001), determining how urban landscapes influence
wildlife infectious disease will become increasingly
important for predicting human disease risks as well.
Our study represents an important step toward under-
standing the dynamics of WNV at a regional scale in a
rapidly growing metropolitan area by demonstrating
that WNV antibody prevalence in the avian community
was strongly associated with urbanization. Further
studies to identify the mechanisms driving this pattern
are critical for understanding the dynamics of this and
other complex multi-host infectious diseases.
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ABSTRACT Mosquito species abundance and composition estimates provided by trapping devices
are commonly used to guide control efforts, but knowledge of trap biases is necessary for accurately
interpreting results. We tested the hypothesis that commercially available traps (Mosquito Magnet-
Pro, the Mosquito Magnet-X) would be significant improvements over the CDC Miniature Light Trap
with respect to abundance, species diversity, and measures of recruitment in a wooded area of the
Bronx Zoo in New York City, NY. The Mosquito Magnet-Pro collected significantly more mosquitoes
(n = 1,117; mean per night, 124 = 28.3) than the CDC Miniature Light Trap (n = 167; mean per night,
19 = 5.5). The Simpson’s diversity index was greatest for the Mosquito Magnet-Pro. A CDC light trap
from a simultaneous surveillance project was located 15 m away and used as a control trap to test for
significant differences in mosquito counts on nights with or without the experimental traps. There
were no significant differences between nights, indicating the test traps did not recruit beyond 15 m.
The traps differed significantly in abundance, but they had similarly limited sampling areas. Measured
differences in abundance were independent of differences in diversity. This study highlights how

differences between traps might affect species abundance and composition estimates.

KEY WORDS mosquito, traps, surveillance, species diversity, trap area

Mosquito species abundance and composition esti-
mates can be used to target disease prevention efforts
by providing information regarding the spatial distri-
bution of vector species. Trapping, as a means to mon-
itor mosquito populations, is an integral component of
surveillance efforts, yet standard techniques for inter-
preting the results are lacking (Downing 1976, Jensen
et al. 1994). Trap design (e.g., Counterflow, down-
draft), placement (e.g., height above ground, time of
day), location (local environment, habitat specificity
of mosquito), and use of attractants (e.g., light, CO,,
octenol) influence mosquito abundance estimates
(Kline 1999, Mboera et al. 2000, Burkett et al. 2001,
Anderson et al. 2004). These factors affect the species,
number, and reproductive status (parity) of mosqui-
toes captured (Reisen et al. 1999, 2000; Mboera et al.
2000). Knowledge of trap biases is essential when
deciding what traps to use, where they are to be
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deployed, and how to interpret the results. Recogni-
tion of these biases is especially important when mod-
eling mosquito species distributions and designing
mosquito-borne disease surveillance programs.

In this study, we tested the hypothesis that com-
mercially available traps would show significant dif-
ferences from a standard surveillance trap with re-
spect to differences in abundance, species diversity,
and measures of recruitment. Species abundance is
the most commonly reported trap attribute. However,
understanding the mosquito species community com-
position is more complex than basic species abun-
dance measures such as richness. Therefore, this study
also evaluates species diversity among the three trap
types. Finally, the study tests whether results can be
explained by active recruitment of mosquitoes to the
collection site or if traps capture mosquitoes that are
fortuitously present at the trap site. The findings pre-
sented here are salient when collecting and interpret-
ing mosquito surveillance data. These additional facets
of surveillance trap data are germane to modeling
mosquito species distribution and abundance.

Materials and Methods

This study of trap effectiveness was nested in a
larger surveillance study occurring at the Bronx Zoo in

0022-2585/08/0517-0521$04.00/0 © 2008 Entomological Society of America
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New York City, NY, in collaboration with the Wildlife
Conservation Society. In the larger study, 12 CDC
Miniature Light Traps (MLT) were evenly distributed
over the park to target mosquito control efforts during
a West Nile virus (family Flaviviridae, genus Flavivi-
rus, WNV)epizootic and to evaluate results. The
Bronx Zoo is a 107-ha (265-acre) island of deciduous
forest situated in New York City along the Bronx
River.

This project used the larger study’s trapping infra-
structure to compare two commercially available traps
to the MLT. The American Biophysics Corporation
(North Kingston, RI) markets the Mosquito Magnet as
effective control devices for professional and home
use. Here, we evaluate how the Mosquito Magnet-Pro
(MM-Pro) and its prototype Mosquito Magnet-X
(MM-X) compare with the standard MLT with re-
spect to abundance, species diversity, and area of
recruitment.

The traps were run at three sites located 15 m
equidistant on 9 d between 3 August and 24 August
2000. Traps were systematically rotated between the
three sites each night to control for the effect of site.
All study sites were located in a continuous deciduous
forest with similar ground and canopy cover. One of
the surveillance MLTs ~15 m from the experimental
locations was used as a control for the recruitment
range comparison.

Traps. The MLT used is manufactured by Clarke
Mosquito Control (Roselle, IL) based on the Ameri-
can Biophysics Basic Light Trap. This trap remains
relatively unchanged since its 1962 inception (Sudia
and Chamberlain 1962). It is powered by a 6-V, 10-
ampere-h rechargeable gel-cell battery operating a
0.15-W light and a four-blade fan. The traps were
suspended 1.5-2 m above the ground and baited with
carbon dioxide provided by a 0.95 liter (1-quart) in-
sulated flask filled with dry ice (Rudolfs 1922).

The MM-X trap differs from the MLT in that it does
not use a light as an attractant and uses a different trap-
ping mechanism, namely, Counterflow geometry. Coun-
terflow is generated through the use of two fans simul-
taneously moving air in opposite directions (for details,
see Kline (1999). In brief, a COy-enriched plume is re-
leased through a center pipe by a motor-driven fan. This
center pipe is surrounded by a wider tube through which
air is sucked upward into the trap by a second fan into
awide plastic container to hold the mosquitoes attracted
to the trap. For this study, the MM-X was baited with dry
ice as with MLT and suspended between 1.5 and 2 m
above the ground. Two serially connected 6-V, 10-am-
pere-h rechargeable gel-cell batteries were used to pro-
vide the required 12-V power source.

The Mosquito Magnet-Pro (MM-Pro) has a power
head that catalytically converts propane into CO,,
heat, and water vapor. These attractants are exhausted
outside the trap through a center tube, similar to the
MM-X, providing a plume of mosquito attractants. As
with the MM-X, two fans work in opposition: one fan
provides the exhaust plume of attractants; the other
fan provides a counterflow updraft used to capture
mosquitoes. It is a freestanding unit with an intake 52
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cm above ground level and holds a 9-kg propane tank.
In the Northeast, the manufacturer recommends using
octenol as an additional attractant, but it was not used
for this study to facilitate direct comparisons among
the traps.

Traps were set between 8:00 a.m. and 9:00 a.m. with
dry ice, propane, fresh batteries, and collection units
as necessary. Collections of mosquitoes were recov-
ered 24 h later, frozen on dry ice, and transported to
the laboratory in New Haven, CT. Mosquitoes were
identified to species using an Industrial Inventions Inc.
(Monmouth Junction, NJ), model 1012 electronic chill
table under a 10-40X zoom dissection microscope,
and then they were frozen at —70°C for later virus
isolation as part of a WNV surveillance and control
program. Damaged mosquitoes that could not be iden-
tified to species were identified to genus when pos-
sible or placed into an unidentified class and excluded
from this analysis. These exclusions did not signifi-
cantly differ across the three trap types (Pearson x> =
18.0, P = 0.324).

Data Analysis. Count data were tested for normality
and transformed using log (count + 1). Differences in
abundance were tested by comparing the total num-
ber of mosquitoes per trap using Bonferroni analysis of
variance (ANOVA) and SAS version 8 software (SAS
Institute 2002). The analysis compared trap and site
specific differences.

Simpson’s diversity index (1-D) was used as a mea-
sure of species diversity for each of the three traps
(Simpson 1949). Simpson’s diversity index was calcu-
lated as follows:

where n is the total number of a particular species (i),
and N is the total number of individuals (in this case
per trap type).

This index measures the probability that two spec-
imens from a sample will be different species. Simp-
son’s diversity index increases in value as species di-
versity increases. It is sensitive to the numerical
abundance of dominant species (Magurran 1988).

Confidence intervals were calculated to determine
whether differences in diversity between the traps
was statistically significant (Grundmann et al. 2001):

Cl=D -2\’ D+ 2o
Variance (0?) is defined as

40 & .
o=~ X | X |
N i=1
where Nis the total number of individuals (in this case
per trap type), and m, is the relative frequency of n;
(species) /N (total individuals):
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m =
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Table 1. Mosquito species collected during trap nights
Species MM-Pro MM-X MLT Total
Aedes vexans 225 189 91 505
Ochlerotatus trivittatus 216 126 17 359
Ochlerotatus triseriatus 164 41 4 209
Culex pipiens 86 67 14 167
Psorophora ferox (von Humbolt) 128 39 0 167
Culex pipiens/restuans 117 13 17 147
Anopheles punctipennis (Say) 59 41 7 107
Aedes!/ Ochlerotatus (unknown) 74 11 3 88
Culex (unknown) 33 1 6 40
Culex salinarius Coquillett 0 18 2 20
Culex restuans Theobald 6 1 4 11
Aedes intrudens Dyar 3 1 1 5
Aedes canadensis (Theobald) 2 1 0 3
Coquilittidia perturbans (Walker) 2 1 0 3
Culex territans Walker 1 1 0 2
Aedes stimulans (Walker) 1 0 0 1
Culiseta morsitans (Theobald) 0 1 0 1
Orthopodomyia signifera 0 0 1 1
(Coquillett)
Psorophora ciliata (F.) 0 1 0 1
Total 1,117 553 167 1,837

Recruitment range was evaluated to assess whether
the experimental traps were attracting mosquitoes from
>15 m by comparing counts for the control trap (15 m
from the test sites) on the nine test nights to the seven
intervening nontest nights. This comparison was con-
ducted using the total mosquito count and by the com-
bined Aedes/ Ochlerotatus species total count and Culex
species total count using Kruskal-Wallis test (x* approx-
imation) and compared with Wilcoxon rank sum test.

Results

Over the 27 trap nights, 1,837 female mosquitoes
were collected, representing 16 species (Table 1).
Aedes vexans (Meigen) was found in the greatest num-
ber for all traps (27% of all mosquitoes trapped; range
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20-54%), followed by Ochlerotatus trivittatus (Coquil-
lett) (20%, range 10-23%), Ochlerotatus triseriatus
(Say) (11%, range 2-15%), and Culex pipiens L. (9%,
range 8-12%). Although the total number of mosqui-
toes collected was not particularly large, it is the result
of an operational mosquito surveillance program dur-
ing a WNV epizootic; therefore, it is representative of
an operational application of these traps.

Abundance. The MM-Pro collected the greatest num-
ber of mosquitoes (n = 1,117; mean per night, 124 =+
28.3), followed by the MM-X (n = 553; mean per night,
61 + 22.7), and the MLT (n = 167; mean per night 19 *
55) (Fig. 1). The ANOVA measure for multiple com-
parisons showed significant differences in count be-
tween the MM-Pro and MLT (ANOVA: F = 15.76, P <
0.01), but not the MM-X. There were no differences
when evaluating count by site (ANOVA: F = 0.23, P =
0.90) (Fig. 2). This lack of difference indicates the trap,
not the location of the trap, yielded significant differ-
ences in total mosquito counts.

Species Diversity. The MM-X collected the greatest
total number of species (n = 14) followed by the
MM-Pro (n = 12) and the MLT (n = 9). However,
Simpson’s diversity index, which accounts for sam-
pling in the estimation of diversity, was greatest for the
MM_-Pro (1-D = 0.87, 95% CI: 0.88-0.86) followed by
the MM-X (1-D = 0.80, 95% CI: 0.82-0.78) and the
MLT (1-D = 0.68, 95% CI: 0.75-0.60). Although the
MM-X collected the greatest number of species (spe-
cies richness), collections from the MM-Pro yielded
the greatest measure of species diversity.

Recruitment Range. Analysis of the attraction by
experimental traps on total mosquito count by
Kruskal-Wallis test (approximation) showed neither
significant differences for the total catch comparison
on test and nontest nights (Kruskal-Wallis = 0.06, P =
0.81), nor for the species group specific comparisons
(Aedes/ Ochlerotatus species, Kruskal-Wallis = 0.04,
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Fig. 1.

Box plot of the nightly counts by the three trap types: MLT (n = 167; mean per night, 19 * 5.5), MM-X (n = 553;

mean per night, 61 * 22.7), and MM-Pro (n = 1,117; mean per night, 124 + 28.3). There were significant differences in count
between the MM-Pro and MLT (ANOVA: F = 15.76, P < 0.01).
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Fig. 2. Box plot of the nightly counts by the three trapping sites shows there is not effect of the site on nightly count

(ANOVA: F = 0.23, P = 0.90).

P = 0.85 and Culex species, Kruskal-Wallis = 0.24, P =
0.62). See Fig. 3 for box plot comparison of nontrap
night and trap night counts. Likewise, analysis by Wil-
coxon rank sum test indicated no significant difference
in total count (Wilcoxon rank sum = —0.20, P = 0.85),
Aedes/ Ochlerotatus count (Wilcoxon rank sum =
—0.15, P = 0.89) or Culex (Wilcoxon rank sum = 0.44,
P = 0.65) on test compared with nontest nights. These
results indicate that the test traps did not influence
results from the surveillance trap located 15 m distant.

Discussion

This study confirms that traps using Counterflow
technology collect greater numbers of mosquitoes
than standard downdraft traps (Kline 1999, 2002; Bur-

kett et al. 2001). However, traps may be biased toward
specific species (Huffaker and Back 1943, Acuff 1976).
To understand the composition of the mosquito com-
munity this study also examined diversity. The find-
ings support the importance of diversity measures as
the trap yielding greatest species richness did not
capture the greatest diversity of mosquitoes. These
findings are important when comparing across differ-
ent trap types because greater richness does not nec-
essarily translate into greater diversity.

This study shows that all of the traps are spatially
limited with reference to the information they provide
about the local mosquito community. To detect what
species occur and their relative abundances within an
area, we would recommend using replicates of MLTs
rather than relying on only one Magnet (MM-X or
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Fig. 3. Box plot of count in the control trap for test versus nontest nights indicates no significant difference for the total
catch comparison on test and nontest nights (Kruskal-Wallis = 0.06, P = 0.81).
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MM-Pro). Although one MLT may yield lower counts,
multiple trap locations would offer similar abundance
data but with greater spatial resolution. The loss with
respect to species diversity might be with rare species
and this would have to be considered. However, this
duplicative sampling methodology may be more cost
effective and would allow for sampling in multiple
habitats. Regardless of the trap used, repetition of sites
would improve the study design, create greater con-
fidence in the information provided, and traps placed
>15 m apart might be independent. An alternative
would be to alter the CO, output or the wattage of the
light attractants, but we view this to be more difficult.

There is increasing use of spatial models to identify
high-risk areas for mosquito-borne disease control
(Barrera et al. 1999, Brownstein et al. 2003, Diuk-
Wasser et al. 2006). With improvements in disease risk
models and increasing use of these models to guide
intervention efforts, appreciation of the unavoidable
errors associated in parameter estimation become
more important (reviewed by Liebhold et al. 1993,
Rogers and Randolph 2003). Commenting on the in-
formation provided by mosquito light traps, Huffaker
and Back (1943) stated “the trap is only one compo-
nent of the picture.” Their 64-yr-old comment holds
true today, and researchers must ensure that they
address the biases inherent in the surveillance data
collected. This study quantifies how differences in
trap selected can alter the “picture” of mosquito abun-
dance and diversity. Understanding the limitations of
mosquito surveillance data is necessary to improve the
accuracy of spatial models.
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ABSTRACT: Thousands of flooded swimming pools were abandoned in New Orleans following Hurricane Katrina and
provided a natural experiment to examine colonization of a novel aquatic habitat by mosquito larvae and their aquatic
predators. We conducted a randomized survey of flooded swimming pools in two neighborhoods in January 2006 and
found that 64% contained mosquito larvae, 92% contained predatory invertebrates, and 47% contained fishes. We collected
12,379 immature mosquitoes representing five species, primarily Culiseta inornata, and secondarily, the arboviral vector
Culex quinquefasciatus. Dragonfly nymphs in the families Aeshnidae and Libellulidae were the most common predatory
invertebrates collected among a total of 32 non-mosquito invertebrate species. Eleven species of fishes were collected, with
Gambusia affinis accounting for 76% of the catch. Diversity of fishes in swimming pools was positively correlated with
proximity to a levee breach and the fish assemblage found in swimming pools was similar to that found along shorelines
of Lake Pontchartrain and drainage canals that flooded the study area. Mosquito larvae were rare or absent from pools
containing fishes; however, path analysis indicated that the presence of top predators or abundant competitors may somewhat

mitigate the effect of Gambusia affinis on mosquito presence. Journal of Vector Ecology 33 (1): 166-172. 2008.

Keyword Index: Swimming pools, mosquitoes, predators, Hurricane Katrina, path analysis.

INTRODUCTION

Tropical cyclones (hurricanes and typhoons) have pro-
found negative effects on natural and managed landscapes,
but they also provide unique ecological opportunities for
some species. For example, mosquito larvae and other
aerially dispersing insects with aquatic immature stages are
very successful at colonizing newly-flooded habitats (Durso
and Burguin 1988). Flood-induced changes may increase
the populations of hematophagous arthropods but are not
generally associated with increases in vector-borne diseases
in developed regions (Nasci and Moore 1998). However,
flooding often contributes to increased biting by nuisance
arthropods and may inhibit recovery and restoration of
storm-ravaged landscapes (Shultz et al. 2005). Changes in
the type and amount of larval habitat likely contributed to
observed changes in size and composition of adult mosqui-
to populations in New Orleans, LA, following the flooding
associated with Hurricane Katrina (Caillouét et al. unpub-
lished data).

Aquatic habitats in flooded urban areas include
lowlands, depressions, and artificial containers. Another
type of novel aquatic habitat created by natural disasters are
abandoned swimming pools that are not maintained during
therecoveryandrestorationofurbanlandscapes. Abandoned
swimming pools harbor vectors of human disease (Carlson
et al. 2004, Townsend 2005). There is little evidence that
pools abandoned following tropical cyclones contribute to
human disease risk because residents are typically able to

return home and resume maintenance of their swimming
pools within a few days. However, what happens to larval
mosquito populations when large numbers of residents are
unable to return home and flooded swimming pools are
necessarily abandoned for months or years?

An opportunity to address this question arose in
August 2005 when approximately 80% of New Orleans
was flooded as a result of levee failures associated with
Hurricane Katrina (Reichardt et al. 2005). Brackish
floodwater from Lake Pontchartrain inundated most areas
of the city for up to three weeks. Flooding resulted in the
creation of novel aquatic habitats that could be colonized
by opportunistic mosquito species. Furthermore, prolonged
inundation could facilitate dispersal of fishes and other
aquatic organisms that resided in Lake Pontchartrain,
drainage canals, and recreational lagoons and ponds. We
carried out a survey of New Orleans swimming pools about
four months after Hurricane Katrina in order to address
four related questions: Were mosquitoes using abandoned
swimming pools for larval development? Were fishes able
to move across the flooded urban landscape and colonize
abandoned swimming pools? Did aerially-dispersing insect
predators colonize abandoned swimming pools? Finally,
were fishes and predatory insects able to regulate larval
mosquito populations in abandoned swimming pools?
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MATERIALS AND METHODS

Study area

We surveyed swimming pools in the Lakeview and
Filmore neighborhoods in North Central New Orleans
(Figure 1) (North of I-610, South of Robert E. Lee Blvd.,
East of the 17" Street Canal, and West of the London Ave.
Canal) due to their proximity to breached levees and the
relative uniformity of flooding in this part of the city. Using
high-resolution aerial imagery captured before Hurricane
Katrina (Google Earth 4.0), we identified 270 swimming
pools in Lakeview and 166 swimming pools in Filmore.
We randomly selected and visited 50 swimming pools
from each neighborhood between 18" and 26" January
2006. We could not verify the existence of eight pools (8%)
either because of misclassification or because they were
above-ground pools that had been removed or destroyed.
Seven pools (7%) could not be accessed because of locked
gates and another 21 pools were excluded from the survey
because they had been drained (12%), cleaned (8%), or
covered (1%). We therefore sampled 64 of the 100 pools
originally selected, or 32 pools each from the Lakeview and
Filmore neighborhoods (Figure 1). The mean surface area
of the sampled pools was 50.7 m*+ 19.1 SD.

Sampling methods

We used a 300-ml dipper to sample mosquito larvae
(O’'Malley 1989). Ten dips were collected haphazardly
within 2 m of the edge of the pool and the contents of these
dips were filtered through a 200 um sieve and preserved in
70% ethanol. We used long-handled dip nets (mesh size = 6
mm, mouth area = 1400 cm?) to sample fishes and aquatic
invertebrates (Figure 2) large enough to prey upon mosquito
larvae (Turner and Trexler 1997). We made 40 1.5-m sweeps
in each swimming pool and included all microhabitats (i.e.,
bottom, mid-water, surface, and near debris). Each sweep
sampled about 210,000 cm®. Organisms were removed from
each sweep sample and preserved in 10% buffered formalin.
In the laboratory, mosquito larvae (Fox and Wesson 2005)
and other invertebrates were identified, enumerated, and
categorized by feeding guild (Merritt and Cummings
1996).

Data analysis

Using Global Positioning System (GPS) coordinates,
distances were calculated from each of the 32 Lakeview
swimming pools to the 17 Street Canal levee breach, which
was a likely source of fishes for the Lakeview neighborhood.
We used Pearson correlation analysis to test for a relationship
between fish species richness and distance to the 17% Street
Canal levee breach.

A model food web was created to evaluate the trophic
effects of predator combinations on the presence of mosqui-
to larvae (Figure 3A). This model is based on the hypoth-
esis that specialist predators (i.e., fish) are most efficient at
reducing prey (i.e. immature mosquitoes). Therefore, the
presence of top predators (i.e., belostomatids and nepids)
and competitors (i.e., odonates) will indirectly benefit prey

by interfering with the direct predatory effects of the spe-
cialist predator. This model was applied to the swimming
pools in this study, using presence of mosquito larvae as
the “prey,” Western mosquitofish (Gambusia affinis) abun-
dance as the “specialist predators,” Odonata abundance as
the “competitors,” and presence of large predacious bugs
(Heteroptera: Belostomatidae and Nepidae) as “top preda-
tors” (Figure 3B). Path analysis (AMOS 4.0) was used to
derive standardized coefficients to describe the relative in-
direct and direct effects in this food web. Path analysis uses
standardized coefficients from multiple regression analysis
to examine the relative strengths of various trophic interac-
tions within food web models (Miura and Takahashi 1988,
Manickchand-Heileman et al. 2004). Abundances of Odo-
nata and G. affinis were log-transformed to meet assump-
tions of normality.

RESULTS

Sixty-nine percent (64/92 existing pools) of the
swimming pools in our study area remained abandoned
four months after Hurricane Katrina. Of these pools, 64%
(41 pools) contained mosquito larvae, 92% (59 pools)
contained predatory invertebrates, and 47% (30 pools)
contained fishes. We collected 12, 379 immature mosquitoes
representing five species (Table 1). Eighty-six percent of all
mosquitoes collected were identified as Culiseta inornata.

Lake Pontchartrain\

o
.............
........

Industrial Canal
17" St. Canal
....................

London Ave. Canal

Orleans Outfall Canal

Extent of Flooding

French
Quarte

No Flooding

Figure 1. Map of study area and flooding extent, New
Orleans, LA. A. Lakeview neighborhood. B. Filmore
neighborhood. Large arrows indicate direction of storm
surge from Lake Pontchartrain. Small arrows indicate levee
breach (source of flooding).
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Culex quinquefasciatus (8%), Cx. salinarius (4%), Cx. tarsalis
(3%), and Anopheles atropos (0.1%) were also collected.

We collected 1,364 non-mosquito invertebrates
representing 16 families (Table 1). Dragonfly nymphs of
Families Libellulidae and Aeshnidae were the most common
large-bodied invertebrates collected, occurring in 47% and
56% of pools, respectively.

We collected 855 fishes belonging to 11 species (Table
2). The majority (76%) were G. affinis. Other numerically
dominant fishes included sailfin mollies (Poecillia latipinnia,
9%),leastkillifish (Heterandriaformosa,6%),and sheepshead
minnows (Cyprinodon varieagatus, 5%). Small numbers of
inland silversides (Menidia beryllina), rainwater Kkillifish
(Lucania parva), diamond killifish (Adinia xenica), bayou
killifish (Fundulus pulverous), golden topminnows (Fundulus
chrysotus), naked gobies (Gobiosoma bosc), and introduced
Rio Grande cichlids (Cichlasoma cyanoguttatum) were also
collected. Species richness of fishes in 32 non-maintained
Lakeview swimming pools was negatively correlated (r=-
0.404, P=0.022) with distance to the 17" Street Canal levee
breach.

Path analysis revealed that G. affinis had a very large
direct negative effect on the presence of mosquito larvae,
but that this effect was mitigated somewhat by the presence
of top predators and competitors (Figure 3B). We found
no direct effects of Belostomatidae/Nepidae presence on
Odonata abundance. Additionally, we found no direct
effect of Odonata abundance on mosquito presence. A
non-significant lack-of-fit test indicates there is agreement
between field data and the path model shown in Figure 3B
(x*=0.152, 1 df, p=0.696).

DISCUSSION

The floodwaters that covered 80% of New Orleans in
September 2005 did not fully recede for over three weeks,
and the extent of destruction has kept many homeowners
from returning to the city over two years later (Plyer and
Bonaguro 2007). In January 2006, immature mosquitoes
inhabited 64% of the abandoned swimming pools sampled.
Most of these mosquitoes were larvae of the seasonally
abundant winter mosquito Cs. inornata, which is a
laboratory vector of West Nile virus (WNV) (Goddard et
al. 2002), Saint Louis encephalitis virus, and Western equine
encephalomyelitis virus (Hammon and Reeves 1943a,
1943b). The New Orleans Mosquito and Termite Control
Board estimates that about 5,000 abandoned swimming
pools need long-term mosquito abatement (S. Sackett,
personal communication). The substantial number of
potential vector mosquitoes we collected per pool and the
significant number of flooded abandoned swimming pools
underscore the public health import of this newly-abundant
habitat.

The unexpectedly high density of larval mosquitoes
in swimming pools is especially surprising given that this
study was conducted in January, a month in which both
mosquito activity and arbovirus transmission are typically
very low (Michaels et al. 2005). The high productivity of
swimming pools in January suggests that, if left untreated,
these habitats will be important for both vector and nuisance
mosquitoes during warmer months. Though we collected
predominantly Cs. inornata from the pools, the second most
abundant mosquito in our study was Cx. quinquefasciatus,
the primary vector of WNV in Louisiana (Godsey et al.
2005). It is likely that as 2006 progressed, other mosquitoes,
including Cx. quinquefasciatus, became more prolific in the
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Table 1. Summary data for Hexapods collected from abandoned swimming pools in New Orleans in January 2006. Family
groups are presented in bold along with their corresponding total organisms collected (also in bold).

# Organisms

Order Family Species collected
Hemiptera Belostomatidae 38
Belostoma lutarium 6
Belostoma testacium 31
Lethocercus uhleri 1
Gerridae Gerris canaliculatus 4
Nepidae 30
Ranatra australis 29
Ranatra buenoi 1
Notenectidae 11
Buenoa margaritacea 2
Buenoa scimitra 2
Notonecta indica 2
Notonecta irrorata 5
Corixidae Tricorixa louisianae 2
Naucoridae Pelocoris carolinensis 1
Odonata Libellulidae Pantala hymanaea 289
Aeshnidae Anax junius 327
Coenagrionidae  Ishnura ramburii 174
Coleoptera Hydrophilidae 214
Tropisternus lateralis
nimbatus 81
Tropisternus collaris 16
Tropisternus quadristriatus 12
Tropisternus blatchleyi 99
Dytiscidae 238
Agabus sp. 3
Cybister fimbriolatus crotchi 5
Graphoderus sp.
Rhantus sp. 1
Thermonectes basillaris 223
Thermonectes ornaticollis 5
Haliplidae Peltodytes sp. 12
Ephemeroptera Baetidae Callibaetis sp. 17
Odontomyia Stratiomyidae 9
Catatasima sp. 6
Diptera Odontomyia sp. 3
Syrphidae Eristalis sp. 2
Ephyridae Brachydeutera sp. 1
Noctuidae Archanura sp. 1
Culicidae 12,379
Culiseta inornata 4th instar 1,570
Culex quinquefasciatus 4thinstar 138
Culex salinarius 4th instar 64
Culex tarsalis 4th instar 50
Anopheles atropos 4th instar 2
Unknown Pupae 655

3rd instar 3,084
2nd instar 3,799
1st instar 3,017
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Table 2. Summary of data for fishes collected from abandoned swimming pools in New Orleans in January 2006.

. ‘ . % of collected # of Swimming % Of-.k Mean Catch
Fishes Organisms (all species) Pools (n = 64) Swimming per + Pool*
collected Pools
Gambusia affinis 652 76.3% 16 25.0% 27.7
Poecillia latipinnia 81 9.5% 11 17.2% 2.7
Heterandria formosa 50 5.8% 9 14.1% 1.7
Cyprinodon varieagatus 42 4.9% 6 9.4% 1.4
Menidia beryllina 13 1.5% 1 1.6% 0.4
Lucania parva 8 0.9% 3 4.7% 0.3
Adinia xenica 4 0.5% 1 1.6% 0.1
Fundulus pulvereus 2 0.2% 2 3.1% 0.1
Cichlasoma cyanoguttatum 1 0.1% 1 1.6% <0.1
Fundulus chrysotus 1 0.1% 1 1.6% <0.1
Gobiosoma bosc 1 0.1% 1 1.6% <0.1
Total 855

* Mean Catch per + Pool refers to the average number of fish of each species collected in pools where at least one fish was

collected.

absence of the dominant winter mosquito Cs. inornata. Such
an increase in WNV vector abundance may increase WNV
transmission to humans. Indeed members of our research
team recently demonstrated a significant increase in West
Nile neuroinvasive disease in 2006 in the hurricane-affected
region (Caillouét et al. unpublished data).

Fishes, consisting predominantly of G. affinis, were
observed in about half of the swimming pools sampled.
Mosquitofish (Gambusia spp.) were used as the first
biological method of mosquito control in the early 20*
century and have since been distributed worldwide (Bay
1967). The native range of G. affinis is the Mississippi River
Basin (Ross 2001), and it is fortuitous that this species
continues to perform its natural role in the very area where
it honed its mosquito hunting skills. Other fishes found in
swimming pools are commonly found in Lake Pontchartrain
and the drainage canals that flooded the Lakeview area
(Duffy and Baltz 1998). No aquarium species were collected,
but a single non-native Rio Grande cichlid (O’Connell et al.
2002) was collected. Species richness of fishes was strongly
correlated to the proximity of the flooding source (the 17"
Street Canal) further implicating the levee breach as the
source of fishes in this study.

Insect predators have received a great deal of interest
as potential biological control agents due to their ability
to rapidly disperse into new habitats (Lacey and Orr 1994,
Bay 1974). Of the predatory invertebrates we collected,
only odonate larvae appeared abundant enough to have a
direct effect on immature mosquitoes. Nymphal odonates
are voracious predators of mosquito larvae in controlled
settings and small natural habitats (Fincke et al. 1997, Lacey
and Orr 1994, Stav et al. 2000, Yanoviak 2004). However,
in our study, path analysis concluded that odonate nymphs
did not have a significant direct impact on mosquitoes
in abandoned swimming pools. Sunahara et al. (2002)
proposed that the tendency for odonate nymphs to cling

to the walls and bottom of large deep containers may limit
their efficacy in controlling mosquitoes. It is likely that the
odonate nymphs observed in our study have few encounters
with surface-breathing mosquitoes due to the depth and
structurally simple walls of swimming pools.

In many cases, the presence of competing predators or
top predators has significant non-linear implications for the
survival of prey (Wissinger and McGrady 1993, Finke and
Denno 2005). Because of the potential for predator-predator
antagonisms, trophic relationships should be evaluated prior
to manipulating assemblages in biological control efforts
(Brodeur and Boivin 2006). Such antagonisms may result
in the local extinction of mosquito predators when “top
predator” species are also present (Marten et al. 2004), or
in “prey switching” in the presence of alternate prey sources
(Chesson 1989), or when competitors are present. Members
of the Heteropteran families Belostomatidae and Nepidae
are piscivorous as well as insectivorous. While these “top
predators” did not affect Odonata abundance in this study,
they had a large negative effect on G. affinis abundance. This
resulted in an equally large positive indirect impact on the
presence of mosquitoes. However, this indirect effect was
less than half the magnitude of the direct effect of G. affinis
on mosquito presence, suggesting that at the time of this
study G. affinis were effective in controlling mosquitoes
despite the presence of strong top predators.

Because abundance of native fishes had a large negative
effect on mosquito abundance even with top predators and
competitors present, manual distribution of G. affinis was
suggested as an effective intervention at the time of this
study. Larval control of mosquitoes is an effective, cost-
efficient method used to reduce mosquito populations and
the diseases they vector (Keiser et al. 2005). Based in part
on our findings, the New Orleans Mosquito and Termite
Control Board initiated a large-scale program of introducing
locally-collected G. affinis into abandoned pools throughout
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Figure 3. (A) Proposed model depicting expected direct effects (solid lines) and indirect effects (dashed lines) in a three-tiered
food web with both specialist predators and other competitors present. The indirect effects (curved lines) of competitors and
top predators on prey are expected to be positive due to direct suppression of specialist predators. Lines ending in arrows
indicate a positive effect while those ending in circles indicate a negative effect. (B) Path diagram depicting observed direct
(straight line) and indirect effects (curved line) of predators on the presence of mosquitoes in flooded swimming pools.
Relationships that are statistically significant (P<0.05) are represented with solid lines. Widths of lines are proportional to
the magnitude of effect with standardized coeflicients next to each line. For this model, Chi-square = 0.152 with 1 degree of

freedom resulting in a P-value of 0.696.

Orleans Parish during Spring 2006. Given the mitigating
effect that top predators and competitors had on mosquito
presence via suppression of G. affinis, these pools will need
to be periodically reevaluated to determine the need for
additional control measures.
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INTRODUCTION over”) to infect humans and other domestic and wild mam-

The remarkable mammals known as “bats” and “flying
foxes” (order Chiroptera [“hand wing”]) may be the most
abundant, diverse, and geographically dispersed vertebrates
(Table 1). Although a great deal is known about them, detailed
information is needed to explain the astonishing variations of
their anatomy, their lifestyles, their roles in ecosystems ecol-
ogy, and their importance as reservoir hosts of viruses of
proven or potential significance for human and veterinary
health.

Bats fly with wings which range in span from 130 mm to 2 m.
Bats of various species feed on insects, mammals, fish, blood,
fruit, and pollen. Bats of most species echolocate to navigate
and to find prey. Bats are found on all continents except Ant-
arctica. Bats also are being increasingly recognized as reservoir
hosts for viruses which can cross species barriers (i.e., “spill
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mals. Nonetheless, studies of the natural histories of bats and
their importance as reservoir hosts of zoonotic viruses largely
have been underappreciated and underfunded, except for their
role in maintaining and transmitting rabies virus. Irrespective
of the negative public perception of bats, they are critical
elements of all terrestrial biotic communities. They help con-
trol insects, reseed cut forests, and pollinate plants that provide
food for humans and other species, and their guano is used as
a fertilizer and for manufacturing soaps, gasohol, and antibi-
otics (21, 69, 83). Bat echolocation and signal processing have
provided models for sonar systems (112, 130).

Myths and misunderstandings about the roles of bats in
ecosystems and their danger to other species as hosts of rabies
virus have led to efforts to extirpate bat populations, with
serious consequent effects on insect control and crop produc-
tion, without coincidental reduction in the already low inci-
dence of rabies virus transmission by bats (93).

This paper summarizes what is known about viruses isolated
from bats. Although there is serologic evidence for infection of
bats with many viruses (see, for example, references 82 and
101), we will focus here only on the 66 viruses that have been

6002 ‘0E aun[ uo saleIqI] pJeAreH Je B1o wse  wd woly papeojumod


http://cmr.asm.org

532 CALISHER ET AL.

TABLE 1. Species of bats (order Chiroptera), by family and genus

Family and subfamily No. of genera No. of species

Megachiroptera, Pteropodidae 42 186

Microchiroptera
Craseonycteridae 1 1
Emballonuridae 13 51
Furipteridae 2 2
Hipposideridae 9 81
Megadermatidae 4 5
Molossidae 16 100
Mormoopidae 2 10
Mystacinidae 1 2
Myzopodidae 1 1
Natalidae 3 8
Noctilionidae 1 2
Nycteridae 1 16
Phyllostomidae 56 160
Rhinolophidae 1 77
Rhinopomatidae 1 4
Thyropteridae 1 3
Vespertilionidae 47 407

isolated from or detected in bat tissues (Table 2) and the roles
of bats in maintaining and transmitting viruses. Some of these
bat-borne viruses can cause diseases of humans and other
animals. The roles played by bats in the maintenance and
transmission of viruses require consideration of the unique
characteristics that distinguish bats from all other mammals.
Examples are drawn from the extensive literature on rabies
virus in bats, as well as from recent data on the roles of bats in
the natural cycles of other viruses.

Evolution and Phylogeny of Bats

Whereas other mammals, such as certain species of rodents
(order Rodentia) and carnivores (order Carnivora), may pos-
sess traits in common with species of bats, such as the ability to
hibernate, no group of mammals shares the full suite of at-
tributes that make bats unique. Of the more than 4,600 recog-
nized species of mammals, 925 (about 20%) are bats (147).
Bats are grouped into two suborders: Megachiroptera, contain-
ing a single family, Pteropodidae (42 genera, comprising 166
species), and Microchiroptera, containing 16 bat families (135
genera, comprising 759 species) (Table 1) (138).

Bats evolved early and have changed relatively little in com-
parison with mammals of other taxa (69). Although the fossil
record of bat evolution is incomplete (77), a recent analysis of
17 nuclear genes dated the origin of chiropterans to the Eo-
cene period (52 to 50 million years ago), coincident with a
significant rise in global temperature (147). Three major mi-
crochiropteran lineages were traced to Laurasia and a fourth
to Gondwana (147). The correspondingly ancient origins de-
duced for certain zoonotic viruses maintained in bats, such as
the henipaviruses (60) and lyssaviruses (10), suggest a long
history of cospeciation. Viruses that evolved with bats may
have used for replication cellular receptors and biochemical
pathways which are conserved in mammals that evolved later
and which underwent radiation in later geological periods. If
so, these conserved cellular receptors and pathways could en-
hance the capacity for transmission of bat-associated viruses to
other mammals.
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Ability To Fly

Bats are unique among mammals in their ability to fly. Bats
fly daily in pursuit of food, and bats of many species fly long
distances during seasonal migrations (62). For example, bats of
Mpyotis spp. may travel 200 to 400 miles from their winter
hibernation sites (reviewed in reference 62), and Mexican free-
tailed bats (Tadarida brasiliensis mexicana) migrate at least 800
miles between their summer caves in Texas and New Mexico
and their overwintering sites in Mexico (36) and are otherwise
very widely distributed. In France, rabies virus infections have
been associated with the migratory routes of Nathusius’ pipis-
trelle (Pipistrellus nathusii) bats (20). Silver-haired bats (La-
sionycteris noctivagans) seasonally range from Alaska, across
Canada, and south to Texas (13). Rabies virus variants associ-
ated with silver-haired bats and the Eastern pipistrelle (Pipis-
trellus subflavus) have been identified from numerous locations
throughout the geographic range of these bats (106, 124), and
the same variants have been identified as the cause of the
majority of cases of indigenously acquired human rabies in the
United States and Canada (127).

Different patterns of migration within the same species of
bat, as occurs with relatively solitary species, such as the silver-
haired bat (69), and colonial cave-dwelling species, such as
Mexican free-tailed bats (128), may permit exchange of novel
viruses or virus variants between migrating and nonmigrating
subpopulations of conspecifics or bats of other species. A Mex-
ican free-tailed bat infected with a rabies virus variant normally
associated with hoary bats (Lasiurus cinereus), suggests inter-
species transmission (124). In the field, rabid bats of one spe-
cies have been observed to be aggressive toward bats of other
species (14). Moreover, Shankar et al. (136), in a study of the
phylogenesis of divergence of rabies viruses from bats and
terrestrial animals in Colorado, found that bats of different
species had the same genotypic variants, indicating active in-
terspecies transmission of rabies virus. They concluded that, at
least in Colorado, animal rabies occurs principally in bats and
that identification of bat-associated variants of rabies viruses in
domestic cats, gray foxes (Urocyon cinereoargenteus), and
striped skunks (Mephitis mephitis) demonstrates the impor-
tance of rabies virus spillover from bats to domestic and ter-
restrial wild vertebrates.

Torpor and Hibernation

An important trait of temperate bats of the families Vesper-
tilionidae and Rhinolophidae is their ability to enter into daily
torpor and seasonal hibernation to conserve energy during
cool nights and winter months (89). The impact of torpor and
hibernation on the pathogenesis and maintenance of viral in-
fections in bats has not been studied extensively. However,
viruses may overwinter in bats, and persistently infected bats
may shed viruses, such as lyssaviruses (family Rhabdoviridae)
or flaviviruses (family Flaviviridae) for extensive periods with-
out evidence of disease (143). Virus isolation and antibody
studies suggest that many viruses can cause persistent infec-
tions in bats (82).

When big brown bats (Eptesicus fuscus) and little brown bats
(Myotis lucifigus) were experimentally infected with Japanese
encephalitis virus (JEV) and then subjected to temperatures
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TABLE 2. Viruses isolated from naturally-infected bats worldwide

Virus Bat species (common name)®

Family Rhabdoviridae, genus Lyssavirus
Rabies virus Numerous bat species, essentially worldwide
Lagos Dat VITUS......ccoeueueveucreerereecreeecrerreeacuenne Eidolon helvum (African straw-colored fruit bat), Micropteropus pusillus (Peters’ lesser epauletted
fruit bat), Epomops dobsonii (Dobson’s epauletted fruit bat), Nycteris gambiensis (Gambian
slit-faced bat), Epomophorus wahlbergi (Wahlberg’s epauletted fruit bat)

Duvenhage virus Miniopterus sp., Nyctalus noctula (noctule), Vespertilio murinus (particolored bat), Nycteris
thebaica (Egyptian slit-faced bat)
Australian bat lyssavirus........c.cccccoeeverveuennee Megachiroptera (multiple Pteropus spp.), Microchiroptera sp. from Australia, Saccolaimus

flaviventris (yellow-bellied pouched bat)

Eptesicus serotinus (common serotine), Rousettus aegyptiacus (Egyptian rousette)

Myotis myotis (mouse-eared myotis), Myotis dasycneme (pond myotis), Myotis nattereri (Natterer’s
myotis), Miniopterus schreibersii (Schreibers’ long-fingered bat), Rhinolophus ferrumequinum
(greater horseshoe bat), Myotis daubentonii (Daubenton’s myotis)

ATAVAN VITUS oot Myotis blythii (lesser mouse-eared myotis)

Khujand virus.. ....Myotis mystacinus (whiskered myotis)

Irkut virus.......ceeceeeee ....Murina leucogaster (greater tube-nosed bat)

West Caucasian bat VIrus .........ccccceeececcnnne Miniopterus schreibersii (Schreibers’ long-fingered bat)

European bat lyssavirus 1
European bat lyssavirus 2

Family Rhabdoviridae, genus unassigned

Gossas virus Tadarida sp.

Kern Canyon Virus ........ccccccceeeevecccceenns Myotis yumanensis (Yuma myotis)

Mount Elgon bat virus Rhinolophus eloquens (eloquent horseshoe bat)

Oita 296 VITUS...c.ceueuimemiiiiireccneiciceeeeieenens .Rhinolophus cornutus (little Japanese horseshoe bat)

Family Orthomyxoviridae, genus
Influenzavirus A, influenza A virus............ Nyctalus noctula (noctule)

Family Paramyxoviridae, genus Henipavirus

Hendra VIrus ......occeecceeenenceeneneceennenccuennes .Pteropus alecto (black flying fox), Pteropus poliocephalus (gray-headed flying fox), Pteropus
scapulatus (little red flying fox), Pteropus conspicillatus (spectacled flying fox)
Nipah VIFUS ..o .Pteropus hypomelanus (variable flying fox), Pteropus vampyrus (large flying fox), Pteropus lylei

(Lyle’s flying fox)

Family Paramyxoviridae, genus Rubulavirus

MaAPUETA VITUS ..oveeerrnceereeeeeeneeescseseeeecsenens Sturnira lilium (yellow epauletted bat)
Menangle virus ....Pteropus poliocephalus (gray-headed flying fox)
TIiOMAN VITUS ..o .Pteropus hypomelanus (variable flying fox)
Family Paramyxoviridae, genus
undetermined, a parainfluenzavirus......... .Rousettus leschenaultia (Leschenault’s rousette)

Family Coronaviridae, SARS coronavirus ....... .Rhinolophus sinicus (Chinese horseshoe bat), Rhinolophus pearsonii (Pearson’s horseshoe bat),
Rhinolophus macrotis (big-eared horseshoe bat), Rhinolophus ferrumequinum (greater
horseshoe bat)

Family Togaviridae, genus Alphavirus

Chikungunya virus” Scotophilus sp., Rousettus aegyptiacus (Egyptian rousette), Hipposideros caffer (Sundevall’s leaf-
nosed bat), Chaerephon pumilus (little free-tailed bat)

SindbiS VITUS ...cvviiiiiiicciceecee Rhinolophidae sp., Hipposideridae sp.

Venezuelan equine encephalitis virus........... Desmodus rotundus (vampire bat), Uroderma bilobatum (tent-making bat), Artibeus phaeotis

(pygmy fruit-eating bat)

Family Flaviviridae, genus Flavivirus

Bukalasa bat VIrus .........cocevvevreeerecerereeineee Chaerephon pumilus (little free-tailed bat), Tadarida condylura (Angola free-tailed bat)

Carey Island Virus.........ccccoeeceececccccnenas Cynopterus brachiotis (lesser short-nosed fruit bat), Macroglossus minimus (lesser long-tongued
fruit bat)

Central European encephalitis virus............. Unidentified bat

Dakar bat VIrus ....ocoeeeevevevireeerreeereeeeeeeees Chaerephon pumilus (little free-tailed bat), Taphozous perforatus (Egyptian tomb bat), Scotophilus
sp., Mops condylurus (Angola free-tailed bat)

Entebbe bat VIrus ....ccceeveeeveeevreeeerecnrieeeee Chaerephon pumilus (little free-tailed bat), Mops condylurus (Angola free-tailed bat)

Japanese encephalitis Virus ..........ccccceueveeneee Hipposideros armiger terasensis (great roundleaf bat; also known as Formosan leaf-nosed bat),

Miniopterus schreibersii (Schreibers’ long-fingered bat), Rhinolophus cornutus (little Japanese
horseshoe bat)
JUGIA VITUS covviiiciieceececeeees Cynopterus brachiotis (lesser short-nosed fruit bat)
Kyasanur Forest disease virus .Rhinolophus rouxi (rufous horseshoe bat), Cynopterus sphinx (greater short-nosed fruit bat)
Montana myotis leucoencephalitis virus.......Myotis lucifugus (little brown bat)
Phnom-Penh bat virus.........cccccceoeveeeinennns .Eonycteris spelaea (lesser dawn bat), Cynopterus brachyotis (lesser short-nosed fruit bat)

Continued on following page
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TABLE 2—Continued

Bat species (common name)®

Ri0 Bravo Virus.......ccceceevevveverenieneeenrennne.

St. Louis encephalitis virus.

Saboya VIrus .......ceeveveeirivivirieierieceieeees
SOKUIUK VITUS....oueveveiiniicieiieieeeieeeiine

Tamana bat virus...
Uganda S virus....

YOKOSE VITUS..cuveueereeereerenreieesreaeeesesaenenes

Family Bunyaviridae, genus Bunyavirus

CatU VITUS .ot eeeeenens

Guama virus.

NEPUYO VITUS oo

Family Bunyaviridae, genus Hantavirus,

Hantaan virus.......ccoceeeeeeeeeveeceeenesnenens

Family Bunyaviridae, genus Phlebovirus
Rift Valley fever virus

...... Tadarida brasiliensis mexicana (Mexican free-tailed bat), Eptesicus fuscus (big brown bat)

Tadarida brasiliensis mexicana (Mexican free-tailed bat)

...... Nycteris gambiensis (Gambian slit-faced bat)
...... Vespertilio pipistrellus (probably Pipistrellus pipistrellus; common pipistrelle)

Pteronotus parnellii (Parnell’s mustached bat)
Rousettus sp., Tadarida sp.

...... Unidentified bat

...... Molossus obscurus (possibly Molossus currentium; Thomas’ mastiff bat)
....Unidentified bat

Artibeus jamaicensis (Jamaican fruit-eating bat), A. lituratus (great fruit-eating bat)

...... Eptesicus serotinus (common serotine), Rhinolophus ferrumequinum (greater horseshoe bat)

Micropteropus pusillus (Peters’ dwarf epauletted fruit bat), Hipposideros abae (Aba leaf-nosed

TOSCANA VITUS .evveveeiererenereieeeieieneeeseeeeanen

Family Bunyaviridae, genus unassigned

Kaeng Khoi Virus.......cccoceevevivireiririnnninnes

Bangui virus

bat), Miniopterus schreibersii (Schreibers’ long-fingered bat), Hipposideros caffer (Sundevall’s
leaf-nosed bat), Epomops franqueti (Franquet’s epauletted bat), Glauconycteris argentata
(common butterfly bat)

...... Pipistrellus kuhlii (Kuhl’s pipistrelle)

...... Chaerephon plicatus (wrinkle-lipped free-tailed bat)

Scotophilus sp., Pipistrellus sp., Tadarida sp.

Family Reoviridae, genus Orbivirus

T VITUS .covieviieeeteeceeeeeeeee e

...... Eidolon helvum (straw-colored fruit bat)

Japanaut virus

Fomede VIrus......ccoevevevievieeeenieeeeseceeenen

Family Reoviridae, genus Orthoreovirus

Syconycteris australis (southern blossom bat)
Nycteris nana (dwarf slit-faced bat), Nycteris gambiensis (Gambian slit-faced bat)

Nelson Bay virus

Pulau VIruS.....cceeeveeieerieieieeeeeese e

Broome virus

Pteropus poliocephalus (gray-headed flying fox)
.Pteropus hypomelanus (variable flying fox)
Pteropus alecto (black flying fox)

Family Arenaviridae, Tacaribe virus............

Family Herpesviridae, genus unassigned
Agua Preta virus....
A cytomegalovirus.

ParixXa VIrus.....ccoeeeeeeereeeeeeeeeeseseeeeenen

Family Picornaviridae, genus undetermined,
JUIuaca Virus ..o

Unclassified

Issyk-kul (Keterah virus)“.......ccceoeeecucunenee

Mojui dos Campos VIrus.........ceceeeereeveeneee

Yogue Virus ........cceeeee.
Kasokero virus

Artibeus lituratus (great fruit-eating bat), A. jamaicensis (Jamaican fruit-eating bat)

....Carollia subrufa (gray short-tailed bat)
....Myotis lucifugus (little brown bat)

.Lonchophylla thomasi (Thomas’ nectar bat)

...... Unidentified bat

...... Nyctalus noctula (noctule), Eptesicus serotinus (common serotine), Pipistrellus pipistrellus

(common pipistrelle), Myotis blythii (lesser mouse-eared myotis), Rhinolophus ferrumequinum
(greater horseshoe bat), Scotophilus kuhlii (lesser Asiatic yellow house bat), Cynopterus
brachyotis (lesser short-nosed fruit bat), Eonycteris spelaea (lesser dawn bat), Chaerephon
plicatus (wrinkle-lipped free-tailed bat), Hipposideros diadema (diadem leaf-nosed bat),
Taphozous melanopogon (black-bearded tomb bat), Rhinolophus lepidus (Blyth’s horseshoe
bat), Rhinolophus horsfeldi (possibly Megaderma spasma, lesser false vampire bat)

...... Unidentified bat

Rousettus aegyptiacus (Egyptian rousette)
Rousettus aegyptiacus (Egyptian rousette)

“ Species names and common names are given according to N. B. Simmons (138) and other sources.

b Arthropod-borne viruses (arboviruses) isolated from or detected in bats likely were transmitted to them by arthropods, whether from another individual of that bat
species (reservoir host) or from another vertebrate reservoir host. With few exceptions, e.g., rabies virus, relatively little is known about the natural history of these
viruses or about non-arthropod-transmitted viruses of bats.

¢ Issyk-Kul and Keterah viruses may be synonyms.

likely to be encountered during hibernation (8 to 24°C), indi-
viduals maintained viremias for 95 to 108 days (143). Virus
titers in the blood of bats maintained at 24°C were equal to
peak viral titers at temperatures at which the bats were active.

Perhaps cold temperatures suppress immune responses that
might otherwise control viremia. Bats transferred from 8°C to
24°C 9 weeks after inoculation with JEV had transient viremias
followed by the rapid development of significant antiviral an-
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tibody titers. Nevertheless, the fact that infectious JEV was
recovered from seropositive bats 15 weeks after the shift in
temperature indicated that infection persisted (143). It is pos-
sible that neutralizing antibody has a shorter half-life in bats
than in other mammals. Tick-borne encephalitis virus and
other viruses have been isolated from bats with neutralizing
antibody, and bats are susceptible to reinfection with tick-
borne encephalitis viruses (82).

High titers of virus were obtained from brown fat of appar-
ently healthy bats inoculated with rabies virus when the bats
were kept at low temperatures (4, 142, 143). Vampire bats
(Desmodus rotundus) that survive challenge with rabies virus
may excrete virus in their saliva (1). Rabies virus was isolated
from big brown bats that were captured to establish colonies
and then died in the first month of captivity (135). Antiviral
antibodies were detected in sera of several apparently healthy
bats born in the new colony, suggesting past or subclinical
rabies virus infection (135). Mexican free-tailed bats may trans-
mit rabies virus transplacentally, as evidenced by the fact that
infectious virus was isolated from cell lines established from
fetal tissues of these bats (141). Studies of Mexican free-tailed
bats roosting at a colony in Austin, Texas, identified rabies
virus in about 70% of several hundred downed, dead, or dying
bats, which represented a relatively small proportion of the
estimated 600,000 bats in that colony. Over the study’s 2-year
duration, about 45% of apparently healthy bats from this roost
were found to have neutralizing antibody to rabies virus, sug-
gesting acquired immunity following prior exposure (101; C.
Rupprecht [U.S. Centers for Disease Control and Prevention,
Atlanta, Ga.], personal communication, 2006). Because only
one or another of many methods usually is applied in studies
of rabies virus in bats, we do not know the proportion of bats
having both viral RNA in their tissues and antibody to rabies
virus.

Temperate and tropical bats of the family Molossidae ap-
pear to be transitional between true hibernating bats and trop-
ical bats that have limited ability to enter torpor. For example,
the Western bonneted bat (Eumops perotis) enters a period of
daily torpor during the winter that is similar to the daily hiber-
nation or torpor that occurs in temperate zone bats during the
summer (89).

Long Life Span

The extreme longevity of bats, together with the possibility
that they might develop persistent infections with certain vi-
ruses, may help maintain the viruses and transmit them to
other vertebrates. Many species of small temperate bats of the
suborder Microchiroptera have life spans that exceed 25 years,
with the greatest longevity, of 35 years, documented for a little
brown bat. (On average, little brown bats weigh about 7 g.)
This extreme longevity in a small mammal places bats well
outside the traditional regression line for mammals that relates
the life expectancy (9) to the ratio of metabolic rate to body
weight (see reference 44, Fig. 45).

If bats routinely become persistently infected by certain vi-
ruses, and infectivity lasts for months or possibly years, the
impact on the basic reproductive number of infection (R,)
would be significant. R, is the expected number of newly in-
fected hosts that one infectious host will produce during its
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period of infectiousness in a large population of completely
susceptible individuals (65). Since R, is the sum of the products
of the average duration of infection, the average contact rate
between infectious and susceptible individuals, and the prob-
ability of transmission per contact between an infectious and a
susceptible individual, increased duration of infectiousness or
increased prevalence of infection in a population can dramat-
ically enhance the potential for secondary infections that em-
anate from a single infected individual. Persistent viral infec-
tions occurring among long-lived bats, coupled with their often
gregarious roosting behavior, could greatly increase the poten-
tial for intra- and interspecies transmission of viruses.

Population Size and Roosting Behavior

The frequently great population densities of bats and their
crowded roosting behavior increase the likelihood of intra- and
interspecies transmission of viral infections. Bats are the most
abundant of mammals, and except for humans and perhaps
rodents, they are the most widely distributed land mammals
(154). Certain species of bats, such as Mexican free-tailed bats,
are highly gregarious and roost in southwestern caves of the
United States, such as Carlsbad Caverns and Frio Cave, in
densely packed aggregates of approximately 300 bats per ft*
(37), in populations comprising several million individuals (37,
94). Under these conditions the only example of airborne ra-
bies virus transmission was documented, either in droplets of
excreta or by small particle aerosol (38, 155).

Bat Population Structure

The demographic and spatial structuring of bat populations
is sufficiently variable to offer opportunities for viruses that
cause both acute and persistent infections to be maintained.
The potential for migratory and nonmigratory populations to
serve as a mixing vessel for viruses has already been men-
tioned. Additionally, within given regions, bat populations may
be panmictic or may exist as metapopulations, offering the
potential for seasonal virus transmission and annual outbreaks
of viral diseases as well as the potential for periodic outbreaks
among spatially discrete populations.

Colonial microchiropterans (such as Schreibers’ long-fin-
gered bat, Miniopterus schreibersii, and Mexican free-tailed
bats) typically exist in panmictic populations of hundreds of
thousands or millions of individuals and produce an annual
birth pulse (37). In theory, such large bat populations could
sustain acute viral infections that produce permanent steriliz-
ing immunity in affected individuals in a manner akin to that of
measles morbillivirus, which persists to cause annual outbreaks
only when human communities exceed 250,000 to 500,000 (16).
The persistence of measles virus within demographically het-
erogeneous human populations, whereby different communi-
ties are affected in different years, may give rise to viral per-
sistence in spatially discrete “patches,” in which infection dies
out sequentially rather than simultaneously (17).

A different pattern of social structure is present among other
colonial bats that have a metapopulation structure (consisting
of periodically interacting, spatially discrete subpopulations).
Flying foxes (Pteropus spp.) have such a structure. In this sit-
uation, the total number of individuals in the various subpopu-
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lations or “patches” must be sufficient to maintain virus circu-
lation in the metapopulation over time, while immunity or
death due to viral infection extinguishes transmission chains
within individual subpopulations. Periodic outbreaks of viral
infection and disease may then be expected among given sub-
populations in a region, once the number of susceptible indi-
viduals has recovered through births or loss of immunity, such
that the populations once again can support viral transmission
with an R, of >1. Such periodic outbreaks of acute, even fatal
viral disease are well documented for rabies virus among ter-
restrial carnivores (28) and may occur among vampire bats, as
exemplified by the so-called “migration” of rabies virus in
vampire bat populations in different regions with a 2- to 3-year
cycle (19, 126). Preliminary modeling suggests that Hendra
virus persists in Australian flying foxes in this way (H. E. Field,
unpublished data).

Given that the phylogenetic distance of Hendra virus (and
Nipah virus) from other viruses in the family Paramyxoviridae
suggests that these are ancient viruses that likely have an
evolutionary association with their flying fox hosts, it is both
intuitive and biologically plausible that the maintenance of
Hendra virus infection in flying foxes is based on the spa-
tially heterogeneous population structure and nomadic na-
ture of flying foxes.

Echolocation

Microchiropteran bats are, with rare exceptions among the
Megachiroptera (69, 71), the only land mammals that emit
sounds and then detect and characterize the time delay and
signal properties of returning echoes for the purpose of navi-
gation (echolocation). Although certain birds and several spe-
cies of megachiropterans use primitive echolocation, the de-
gree to which neural and muscular systems of bats have
evolved to produce echolocation signals, protect the individual
bat from its own potentially deafening emissions, and decipher
the information contained in returning echoes is unique. How-
ever, acoustic imaging is energy-intensive, corresponding to an
energy flux of as much as 6 X 10~° J/m? per echolocation call
(113). The intense, high-frequency echolocation signals, rang-
ing between 80 and 110 dB at a distance of 1 m from the
emitting bat, approximate the range between the noise level
produced by a coffee grinder and that produced at a rock
concert or by a jet plane at ramp (5, 113). Echolocation signals
are produced by the larynx, are powered by the muscles of the
abdominal wall of bats, and are emitted through the mouth or
nostrils (113). Production of such loud sounds also could gen-
erate droplets or small-particle aerosols of oropharyngeal flu-
ids, mucus, or saliva, enabling transmission of viruses between
individuals in close proximity. The hypothesis that rabies virus
could be expelled from the nostrils of echolocating bats was
supported by the isolation of rabies virus from mucus obtained
from naturally infected Mexican free-tailed bats (39).

Bat Immunology

Why can certain viruses infect and persist in apparently
healthy bats yet be highly pathogenic for humans and other
vertebrates? Because bats were among the earliest mammalian
species to develop, it is possible that their innate and acquired
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immune responses have important qualitative or quantitative
differences from those of the rodents and primates which have
been studied extensively. Do bats have a different set point in
their immune responses, one that results in control of the level
of virus replication without clearance of infectious virus in
order to prevent immunopathological responses in infected
tissues? Are all of the innate immune mechanisms that are
presumed to have preceded the development of acquired im-
mune responses also functional in bats? Is there affinity mat-
uration of antibodies in bats? What are the properties of cell-
mediated immune responses in bats? Significant differences in
immune responses to viral infection likely will be found among
the very large number and diversity of bat species, and it is
unlikely that immunological reagents will be reactive across all
bat species.

Very little is known about bat immune systems, although
several studies suggest that immune responses of bats have
some similarities with those of mammals that evolved after
bats. For example, immunoglobulin G (IgG), IgA, and IgM
have been purified from sera of great fruit-eating bats (Artibeus
lituratus) (96). Macrophages, B- and T-lymphocyte-like cells,
and cells expressing surface Ig were identified in the bone
marrow of Indian flying foxes (Pteropus giganteus), indicating
that lymphoid development is generally similar in bats and
other mammals (26, 131). Presumably in bats, as with other
mammals, the generation of high-titer IgG requires two events
mediated by helper T cells: class switching and affinity matu-
ration.

Serological assays that detect IgG antibodies to Hendra vi-
rus, severe acute respiratory syndrome coronavirus (SARS-
CoV)-like viruses, and Ebola viruses in bats (66, 84, 85) indi-
cate that some virus-specific adaptive T- and B-cell responses
occur despite persistent virus infection. Further studies will
require development of cell culture-based assays for examining
lymphocyte proliferation, antibody synthesis, cytokine synthe-
sis, and a host of other immunologic functions in bats.

VIRUSES FOUND IN BATS

Table 2 lists the large number of viruses that have been
isolated from or detected in bats, but most of these viruses
have not been shown to be transmitted from bats to other
animals or to cause human disease. Transmission from bats of
viruses causing highly pathogenic disease has been demon-
strated for rabies virus and related lyssaviruses, Nipah and
Hendra viruses, and inferred for SARS-CoV-like virus of bats.
The relationships of these viruses to their bat hosts and to
zoonotic human diseases is described below. Other viruses in
Table 2, such as certain alphaviruses, flaviviruses, and bunya-
viruses, may infect bats via arthropods, but it is not clear
whether bats are important reservoir hosts for these viruses.
Clearly, a great deal of additional research is needed to doc-
ument the roles of bats of different species in the natural
history of the many viruses for which these remarkable animals
can serve as hosts.

Rabies Virus

It would be impossible here to summarize the scientific lit-
erature with regard to rabies and rabies virus. Therefore, we
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will merely summarize what we believe is relevant to this re-
view. Descriptions of a disease consistent with rabies date from
4,000 years ago. The Eshnunna code invoked penalties for
knowingly allowing a “mad” dog to bite a human (12). In the
first century of this era, Celsus warned of fatal bites from
animals and suggested that such bites may contain venom (i.e.,
“virus”). However, it was not until the late 19th century that
rabies virus was studied methodically. Louis Pasteur amplified
the virus in rabbit spinal cord and prepared and administered
a vaccine for postexposure prophylaxis. Those classical studies
laid the foundations for virology and immunology.

Rabies virus (family Rhabdoviridae, genus Lyssavirus, sero-
type 1/genotype 1) is transmitted between mammals, including
bats, primarily through the bite inoculation of rabies virus
present in the saliva of infected individuals (95). The dual
characters of transmitting rabies virus and being hematopha-
gous (i.e., vampire bats) have cast a shadow on bats. Bats of
three species (Diphylla ecaudata [hairy-legged vampire bat],
Diaemus youngi (white-winged vampire bat), and Desmodus
rotundus [vampire bat]) are known vampires and have been
found to be involved in transmission of rabies virus, although
available evidence indicates that only the latter is important in
this regard (149).

Globally, a vanishingly small proportion of the approxi-
mately 55,000 annual human deaths caused by rabies virus are
caused by variants of virus associated with bats (81). Although
most cases of indigenously acquired human rabies in the
United States are caused by bat-associated variants of rabies
virus, the average of 1 or 2 cases per year over the past 2
decades indicates the rarity of these events (101). In the United
States, most rabies victims do not recall having been bitten by
a bat, which may be due to the small size of the biting animal
or to unusual circumstances leading to the bite (127).

Recent evidence suggests that all rabies virus variants that
affect terrestrial carnivores originated from cross-species trans-
mission of bat-associated variants of rabies virus (10). A mo-
lecular clock model based on genetic divergence of rabies virus
variants in bats of different species suggests that in North
America the divergence of extant bat-associated rabies viruses
from a common ancestor occurred about 1651 to 1660 C.E.
The bat rabies virus variants found in Latin America in com-
mon vampire bats (Desmodus rotundus) and in free-tailed bats
(genus Tadarida, family Mollosidae) are closest to the earliest
common ancestor. Adaptation of rabies virus variants occurred
earlier and more rapidly in bats of colonial genera (genera
Eptesicus and Myotis) than in bats of more solitary genera
(Lasionycteris, Pipistrellus, and Lasiuris) (74).

Bat variants of rabies virus sporadically spill over to infect
mammals other than humans (97). Sustained transmission of
bat variants of rabies virus within populations of red foxes on
Prince Edward Island and striped skunks in Arizona (40, 45)
proceeded until natural extinction or control by vaccination.

Lyssaviruses Related to Rabies Virus

Rabies virus is related to other lyssaviruses from bats, ro-
dents, and arthropods (137). There are seven lyssavirus geno-
types and an additional four novel genotypes recently recov-
ered from bats in Eurasia (Table 2), which probably will be
included in this genus (67, 151). Some of these viruses, most
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notably Australian bat lyssavirus (ABLV) (140), can cause a
fatal human illness indistinguishable from classic rabies (68,
129), but other lyssaviruses are not known to cause disease in
vertebrates. The diagnosis of rabies in humans and animals
traditionally was restricted to the acute fatal encephalomyelitis
caused by rabies virus serotype 1/genotype 1, but now the
disease “rabies” includes any of the fatal illnesses caused by
any lyssavirus (67).

Details of the maintenance cycles for lyssaviruses other than
rabies virus, such as Duvenhage, Lagos bat, and Mokola vi-
ruses (Table 2), are unclear (111). However, as with rabies
virus, their perpetuation is assumed to involve bite transmis-
sion, primarily involving conspecifics of the reservoir host spe-
cies, with occasional spillover to other susceptible vertebrates.
Individuals of other species have been sporadically found to be
infected by these rarely identified lyssaviruses, including a hu-
man with Duvenhage virus (100, 144), domestic cats and a dog
with Lagos bat virus (54, 80, 98), and humans, domestic cats,
and dogs with Mokola virus (15, 46, 47, 53, 110).

In May 1996, a lyssavirus was isolated from tissues of a black
flying fox (Pteropus alecto) with signs of encephalitis found
near Ballina, New South Wales, Australia (55). Six months
later, a bat handler from Rockhampton, Queensland, Austra-
lia, developed numbness and weakness in her arm and later
died from encephalitis. She had been infected with what is now
known as ABLV. In 1998, a woman from Mackay (Queens-
land, Australia) was diagnosed with ABLV infection at her
death, 2 years after having been bitten by a sick bat (68).
Protection trials with mice conducted at the U.S. Centers for
Disease Control and Prevention, Atlanta, Ga., indicated that a
rabies human diploid cell vaccine might be useful for prophy-
laxis against this virus (90). Recent serologic evidence suggests
that this virus also is present in bats in Thailand (88). Because
of the colonial nature of many bats, it is likely that this virus
may be found wherever the host bats are found.

Henipaviruses

In 1994 an outbreak of an acute respiratory illness occurred
in a human and 14 horses in Hendra, a suburb of Brisbane,
Australia. Twenty-one horses and two humans (the trainer and
a stable hand) were infected (109). Four additional outbreaks,
in 1994, 1999, and 2004, infected five horses and two humans,
killing all but one human (49, 72, 116, 123, 133).

A virus (family Paramyxoviridae, genus Henipavirus [named
after Hendra and Nipah viruses]) was shown to be the etiologic
agent of this disease (109). The natural hosts and probable
reservoirs of Hendra virus are fruit bats (“flying foxes”) of the
genus Pteropus, including the black flying fox (Pteropus alecto),
gray-headed flying fox (P. poliocephalus), little red flying fox
(P. scapulatus), and spectacled flying fox (P. conspicillatus)
(50). Little is known about the dynamics of infection in flying
foxes and how Hendra virus infection is maintained in them.

Field (50) proposed three alternative models for the main-
tenance of infection: (i) infection is enzootic in all species
throughout their distribution; (ii) infection is enzootic in a
particular species with a periodic epizootic pattern in the other
species; or (iii) infection is periodically epizootic in all these
species, persisting in a spatial or temporal mosaic across their
distribution. He contends that the apparent pattern of known
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“spillovers” from flying foxes to horses fits better with either of
the two latter hypotheses. That is, a periodic outbreak in a
local population of flying foxes results in an increased proba-
bility of spillover to horses in a specific locality during a limited
time period. An outbreak of Hendra virus infection in a local
population of flying foxes may depend on attainment of a
threshold number of susceptible flying foxes in the population
and introduction of the virus into the population from a no-
madic individual or group. These concepts are well studied for
related morbilliviruses (17, 146). A situation analogous to the
circumstances being proposed for spillover of Hendra virus to
horses has been described for rabies virus spillover to domestic
cats. In the eastern United States, there is a strong association
between the local temporal dynamics of rabies epizootics
within a reservoir host species, in this case the raccoon (Pro-
cyon lotor), which serves as the regional reservoir host for a
specific variant of rabies virus, and an increase in the risk of
rabies spillover to domestic cats (59).

Nipah virus, a paramyxovirus related to Hendra virus, was
first isolated in 1999 from pigs and adult human males affected
by fever and encephalitis, some with respiratory illness, during
a major outbreak in peninsular Malaysia and then in Singapore
(23, 24, 31). Of 265 reported human cases, 105 were fatal.
Direct contact with infected pigs was identified as the predom-
inant mode of human infection (33, 57). Most of the humans
affected in the Malaysian outbreak had a history of direct
contact with live pigs, and most were adult male Chinese pig
farmers (31, 117). More than 1 million pigs were culled to
contain the outbreak. With the knowledge that Pteropus spe-
cies bats were the likely reservoir of the closely related Hendra
virus in Australia, Malaysian bats were prioritized for surveil-
lance. Like most other countries in Southeast Asia, Malaysia
has a great diversity of bat species, including 13 species of
Megachiroptera and 60 species of Microchiroptera (99). The
large flying fox (Pteropus vampyrus) and the variable flying fox
(P. hypomelanus) were found to be natural reservoir hosts for
Nipah virus (34, 76).

Since 2001, sporadic outbreaks of Nipah virus-associated
disease in humans have been identified in Bangladesh (6, 7, 8,
73). Although many characteristics of these outbreaks were
similar to those of the Malaysian outbreak, including delayed
recognition, a primary presentation with fever and central ner-
vous system signs, and a high case fatality rate, in Bangladesh
the human cases were not associated with disease in pigs, and
there was some evidence suggesting human-to-human trans-
mission (73). Serologic surveys of domestic and wild animals
undertaken after the 2001 and 2003 outbreaks in Bangladesh
provided evidence of Nipah virus infection only in Indian flying
foxes (6, 73). Concurrent serologic surveillance of Indian flying
foxes in India in 2003 found that 54% had neutralizing anti-
bodies to Nipah virus (J. H. Epstein et al., personal commu-
nication, 2006), suggesting that Nipah virus or a closely related
virus was widespread across the range of Indian flying foxes.
Chadha et al. (25) recently reported the occurrence of Nipah
virus infections in humans in India in 2001. Neutralizing anti-
bodies to Nipah virus were found in large flying foxes in Indo-
nesia (134) and Cambodia (114), and Nipah virus was isolated
from Lyle’s flying fox (Pteropus lylei) in Cambodia (121). Thus,
the henipaviruses likely occur across the entire global distribu-
tion of pteropid bats (66).
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Available evidence suggests that Hendra and Nipah viruses
are ancient viruses that have long circulated in their natural
hosts, flying foxes (60). What precipitated the apparent recent
emergence of these viruses? Can we identify environmental
factors that altered flying fox ecology and facilitated the move-
ment of henipaviruses (and other bat-associated zoonotic
agents) beyond their natural ecological niches? Disease emer-
gence requires, in addition to the presence of an agent, an
effective bridge from the natural host to a susceptible spillover
host. Such bridges may be caused by changes to the agent, the
host, or the environment. Data on fruit bats of many species
suggest that populations are in decline throughout their range,
primarily as a result of habitat loss and hunting. In Australia,
fruit bat roosting sites recently have been increasingly redis-
tributed to urban areas (64). A scenario emerges of flying fox
populations under stress, altered foraging and behavioral pat-
terns, and virus niche expansion, all leading to closer proximity
to humans and livestock. This certainly was the case with Nipah
virus emergence (35). Chong et al. (30) suggested that the risk
of humans contracting Nipah virus infection from bats is low.
Once Nipah virus escapes its natural cycle, its epidemiologic
characteristics are quite a different story.

Menangle and Tioman Viruses

Menangle virus (family Paramyxoviridae, genus Rubulavirus)
was isolated in 1997 from stillborn piglets at a large commer-
cial piggery near Menangle in Australia (118); the bat colony
and the piggery had coexisted for 29 years before the incident.
There were large numbers of within-litter fetal deaths at a
variety of gestational ages. Most sows carried their litters to
term, but abortions occasionally occurred. Affected litters in-
cluded mummified, autolyzing, fresh stillborn, and live piglets.
Teratogenic defects frequently seen included arthrogryposis,
brachygnathia, and kyphosis. Internally, part or all of the brain
and spinal cord was absent in most piglets, and there was
malacia and nonsuppurative inflammation of the brains and
spinal cords of some. Nonsuppurative myocarditis and hepati-
tis also were present in some piglets (118).

Two of 250 humans in contact with the infected pigs had
high titers of antibodies to the new virus, and both reported a
febrile illness with a measles-like rash, but neither had direct
exposure to flying foxes (27). Individual bats living in a large,
mixed colony of gray-headed flying foxes and little red flying
foxes seasonally, and roosting within 200 m of the affected
piggery, had neutralizing antibodies (118), as did flying foxes of
other species from other colonies thousands of kilometers dis-
tant and previous to the outbreak at Menangle (Field, unpub-
lished); other species in the vicinity of the affected piggery were
seronegative. Although attempts to isolate virus from flying
foxes were unsuccessful, paramyxovirus-like virions labeled
with antibody to Menangle virus from a convalescent sow were
seen by electron microscopy in flying fox feces collected be-
neath the roost near the piggery.

Tioman virus, a rubulavirus distinct from Menangle virus,
has been isolated from variable flying foxes in Malaysia. Little
is known about the host range or pathogenesis of this newly
recognized paramyxovirus (32).
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SARS-CoV-Like Viruses of Bats

In 2002, a previously unrecognized coronavirus (family
Coronaviridae) was found to cause a new, severe acute respi-
ratory syndrome in humans (92, 125). This virus, named
SARS-CoV, is a distant relative of the group 2 coronavi-
ruses that infect rodents, cattle, dogs, pigs, and humans and
has been assigned to group 2b (58). It is distinct from two
other coronaviruses recently identified in bats in southern
China (84, 119).

Epidemiologic studies showed that the earliest cases of
SARS were associated with the wildlife meat industry. A survey
of wildlife in a Shenzhen market recovered SARS-CoV-like
viruses from masked palm civets (Paguma larvata) and raccoon
dogs (Nyctereutes procyonoides) and detected antibodies to the
SARS-CoV-like virus in a hog badger (Arctonyx collaris) (63).
Interestingly, the epidemiology of the outbreak in animals in
the wildlife meat market resembled that of shipping fever, a
viral syndrome that occurs when animals from different farms
are comingled under crowded, stressful conditions. Under such
circumstances, immune responses to persistent virus infections
are reduced, virus shedding is increased, and susceptible ani-
mals become infected and shed virus. In the marketplace
where SARS-CoVs were detected, viral RNA from some ani-
mals that were seronegative was detected by reverse transcrip-
tion-PCR, suggesting acute infection, while other animals had
antibodies to SARS-CoV but continued to shed virus, suggest-
ing persistent infections (63). Although no pathology was as-
sociated with SARS-CoV in animals in this market, civets
inoculated with human isolates of SARS-CoV had severe lung
pathology (156). By sequencing many viral genomes from
SARS patients, wild and farmed civets, and other animals, a
dendrogram was generated that showed that the first human
SARS coronaviruses were closely related to a contemporary
virus from masked palm civets and that point mutations were
selected and accumulated later, as the virus passed from hu-
man to human (139).

Extensive surveys of viruses in domestic animals, poultry,
and wildlife were done by reverse transcription-PCR to iden-
tify the natural reservoir of SARS-CoV. Palm civets were
found to be an incidental host rather than the principal host for
SARS-CoV. Recently, several groups simultaneously identified
bats from different locations in southern China as being in-
fected with SARS-CoV-like viruses or having antibody to these
newly recognized coronaviruses, including members of several
species of Chinese horseshoe bats (suborder Microchirop-
tera, family Rhinolophidae, genus Rhinolophus) (Tables 1
and 2) (42, 84, 86). The prevalence of antibody to bat SARS-
CoV in some species of Chinese horseshoe bats was as high
as 84%. Pathology has not yet been associated with SARS-
CoV infection of bats.

The genomes of SARS-CoV isolates recovered from civets
and humans during the 2002-to-2003 outbreak of SARS lay
phylogenetically within the broad group of SARS-CoV-like
viruses of bats (86). These data show that the virus responsible
for the 2002-t0-2003 outbreak most likely originated from this
group of bat-associated viruses. Antibody against SARS-CoV-
like viruses of bats was also detected in Leschenault’s rousette
(Rousettus leschenaultia), a cave-dwelling megachiropteran,
suggesting that fruit bats also may support infection with
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SARS-CoV-like viruses. Thus, the natural history of SARS-
CoV appears to involve a previously unrecognized SARS-
CoV-like virus of bats being transmitted in meat markets to
amplifying hosts, including masked palm civets, raccoon dogs,
and a hog badger, and then spilling over to infect humans in
close contact with these intermediate hosts or their tissues.
Subsequent human-to-human transmission of the virus was
associated with adaptive mutations in the viral genome (139).

Ebola Viruses

Five viruses have been placed in the taxon Filoviridae. Four
of them (Ebola Zaire virus, Ebola Sudan virus, Ebola Ivory
Coast virus, and Ebola Reston virus) comprise the genus Ebo-
lavirus; Marburg virus comprises the genus Marburgvirus. The
natural reservoir hosts of these viruses have not yet been iden-
tified. However, Ebola virus RNA has been detected in terres-
trial mammals in the Central African Republic (107). Experi-
mental infections of the Angola free-tailed bat (Mops
condylurus), little free-tailed bat (Chaerephon pumilus), and
Wahlberg’s epauletted fruit bat (Epomophorus wahlbergi) with
Ebola Zaire virus led to replication of virus in these bats (145).
Recently, Ebola virus RNA was detected in liver and spleen
tissues of three fruit bats: the hammer-headed fruit bat (Hyp-
signathus monstrosus), Franquet’s epauletted bat (Epomops
franqueti), and little collared fruit bat (Myonycteris torquata)
(85). Ebola virus-specific immunoglobulin M antibody was de-
tected in bats of the same species, but Ebola virus RNA was
not detected in bats with antibody, and antibody was not de-
tected in bats with Ebola virus RNA.

Detection of Ebola virus RNA in bats and rodents is a
fascinating finding, as is detection of antibody. However, until
and unless an Ebola virus (or Marburg virus) is isolated from
a wild vertebrate, and experimental infections unambiguously
demonstrate that the virus not only persists but is shed by that
animal and that disease can be transmitted under controlled
conditions, these findings will remain simply intriguing and
promising. Monath has postulated that there may be an as-yet-
undetected Ebola virus, one that is nonpathogenic but may
give rise to pathogenic genotypes by mutation, and that the
filoviruses may be arthropod or plant viruses (105).

IMPLICATIONS FOR FUTURE RESEARCH ON
EMERGING VIRUSES OF BATS AND
OTHER WILDLIFE

Emerging Viruses and Wildlife Surveillance

Scores of newly recognized viruses have emerged in recent
decades, and elegant reviews have brought into focus the con-
tinuing importance of this phenomenon (91). It seems surpris-
ing, as though we are caught unawares, when a hitherto un-
recognized disease and its causative virus are discovered.
Recognition of the spillover of a zoonotic virus is precipitated
by human, livestock, or wildlife deaths, with considerable med-
ical, emotional, and economic miseries. We wonder how such
a virus could have evaded detection, why it had not been seen
to cause disease before, and whether it is a “new” virus. When
new emerging zoonotic viral diseases appear, reviews and grant
applications are written, explanations proffered, symposia or-
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ganized, and molecular and other specific diagnostic tools de-
veloped. Unfortunately, one important method to predict
emergence of zoonotic diseases that has been overlooked re-
peatedly is the natural history survey, followed by targeted
studies of species of interest identified through the survey.
Survey research followed by targeted study has been used suc-
cessfully to explore the epidemiology of reservoir host-zoo-
notic virus maintenance, as exemplified by studies on hantavi-
ruses in the southwestern United States (102, 103). These
studies have helped epidemiologists and public health officials
make recommendations to reduce the risk of infection and to
help forecast the location and severity of future outbreaks of
hantavirus pulmonary syndrome (22, 51, 52, 56).

From about 1930 to about 1970, governments and private
institutions emphasized sending people into the field to count,
trap, measure, bleed, and test vertebrates and invertebrates for
viruses. Although those surveys may not have provided answers
directly and quickly, they did provide specimens for future
analyses and questions to be addressed. Many “orphan” viruses
without known connection to disease were discovered. Infor-
mation regarding more than 500 viruses was collected by the
American Committee on Arthropod-Borne Viruses and pub-
lished in the International Catalogue of Arboviruses Including
Certain Other Viruses (78). This invaluable but badly outdated
compendium is slowly being replaced by Internet resources as
a means of information dissemination. Supplementing and re-
placing this printed catalogue are numerous databases (e.g.,
ICTVdB, The Universal Virus Database of the International
Committee on Taxonomy of Viruses, available at http://www
.ncbi.nlm.nih.gov/ICTVdb/). Nevertheless, most of the cur-
rent data are limited in scope and in imagination. What is
needed is a survey of viruses of all vertebrates, inverte-
brates, plants, and other life forms. Although thoughts of
complete surveys obviously are wishful thinking, some sur-
vey efforts are better than none.

Information about the natural history of most viruses in bats
is limited. Regarding the conservation status of 914 bat species
listed by Wilson (153), omitting those that are, or are suspected
to be, extinct, 390 (42.7%) are considered not assessed (ade-
quately), 297 are considered stable, 201 are considered vulner-
able or potentially vulnerable, and 26 are considered endan-
gered. Of the 390 species that have not been assessed
adequately, 38 (9.7%) are of the family Pteropodidae, the Old
World fruit bats, from which the most recent virus emergences
have been observed. These 38 represent 59.4% of the 64 gen-
era in this family, indicating that we know relatively little about
the bats from which zoonotic viruses that cause human disease
have recently emerged. To various degrees, this can be said
about all bats, if not about all vertebrates.

Obviously, there is a need for comprehensive surveys of bats
in every place where they occur, although conservation con-
cerns must be addressed in the design of survey and sampling
methods, given that bats of many species are protected. Non-
killing techniques involving bleeding or procuring of oropha-
ryngeal and rectal swabs for PCR-based analyses, in addition
to collection of recently dead individuals, have been used to
determine viral infections and the prevalence of antibodies in
bats (see, e.g., references 43, 114, and 115). We know very little
about the 925 bat species that have been recognized, placed in
a taxon, and largely ignored after that. How many unrecog-
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nized viruses do those bats harbor? Will any or all of these
viruses eventually be shown to be human, livestock, or wildlife
pathogens? What new viruses lurk in the other nearly 4,000
species of mammals and the thousands of species of other
vertebrates, invertebrates, plants, and individuals of other
kingdoms, phyla, and classes? In effect, without even partial
predictive capacity, we are simply waiting for the next disas-
trous zoonotic virus outbreak to occur. Clearly, this is not an
effective prevention or prediction philosophy.

However, there is no simple solution to this need. Perhaps
part of the problem is lack of interest (ignorance?), and part is
due to lack of funding (there is not enough money for every-
thing). Surely in some countries, principally those from which
emerging disease are emerging, there is a lack of infrastruc-
ture, manpower, and even national will; these are political
questions. We suggest holding international symposia empha-
sizing the importance of both natural history surveys and of
knowledge as not only predictive tools but also disease-preven-
tion tools. Further emphasis on greater prioritization of such
studies might be shown to be very cost-effective in the long run.

Virus Isolation and Characterization

Virus isolation techniques and PCR assays now are ex-
tremely sensitive and rapid. These methods could provide the
opportunity to collect and store a massive amount of informa-
tion to accompany bat sera and tissue specimens. This would
provide us with at least some degree of intellectual prepared-
ness and with reagents that could be used to develop rapid
diagnostic assays for newly emerged viruses.

When a newly recognized virus is detected, virus identifica-
tion is now done by PCR amplification of viral nucleic acid, and
the resulting sequence data are compared with sequences in
the genetic databases, such as GenBank (http://www.ncbi.nih
.gov/GenBank/), to search for similarities with sequences of
recognized viruses. In addition, viral proteins (antigens) can be
expressed and used for serodiagnostic tests. If possible, the
infectious virus is isolated, antigens are prepared for diagnosis,
and experimental infections are conducted to study pathogen-
esis. Emerging viral diseases often are misdiagnosed. For ex-
ample, when the Nipah virus infection was first reported in
Malaysia in 1999, the diagnosis was “JEV infection,” even
though (i) all the human patients were adult males, (ii) most or
all of those people had been vaccinated against JEV, (iii) pigs
suffered fatal disease (pigs do not die when infected with JEV;
they serve as amplifying hosts for that virus), and (iv) a virus
isolated from patients with the disease appeared by electron
microscopy to be a paramyxovirus, not a flavivirus, as JEV is.
Only after it was realized that an intensive JEV vaccination
campaign was not diminishing transmission of this new disease
were other approaches initiated; by then, valuable time and
many lives had been lost. That outbreak can serve as an exam-
ple of our perpetual following of epidemic curves rather than
predicting them, of our lack of early recognition of emerging
diseases.

Diagnostic Limitations

At this time, diagnostic reagents or tests are available for all
the viruses shown in Table 2. However, to detect previously
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unrecognized viruses, new reagents and approaches must be
developed or existing techniques applied. Among the new re-
agents, a variety of nested primers useful for exploratory PCR
might be formulated based on knowledge of sequences of recog-
nized viruses within the order Mononegavirales (which includes
Bornaviridae, Rhabdoviridae, Filoviridae, and Paramyxoviridae
[120]). In addition, bat family-specific or genus-specific conjugates
could be produced and applied for use in immunofluorescence
assays or in enzyme-linked immunosorbent assays to identify an-
tibodies in sera or blood samples, or antigens in tissue samples.
Classical methods including hemagglutination-inhibition tests,
which are broadly cross-reactive, also could be developed using
inactivated antigens prepared from various recognized viruses.
Virus isolation assays, while potentially quite hazardous, also can
be applied if used with appropriate biocontainment. In this day of
increasing emphasis on molecular genetic tools for detecting viral
nucleic acids and for identifying nucleotide sequences rather than
the viruses themselves, it is frequently overlooked that virus iso-
lation provides us with a virus. With the virus itself, many areas of
research and development can be addressed, including develop-
ment of diagnostics, of animal disease models, and of vaccines.
Emphasis, sometimes complete emphasis, on nucleotide se-
quence characterization rather than virus characterization has led
us down a primrose path at the expense of having real viruses with
which to work.

Studies on Immune Responses of Bats

To understand the innate and acquired immune responses of
bats during acute and chronic virus infections, much additional
research is needed. It will be necessary to develop bat cell
culture-based assays and bat-specific reagents to examine lym-
phocyte proliferation, antibody and cytokine synthesis, cell-
mediated immune responses, and a host of other immunologic
functions in bats that are important reservoirs of emerging
viruses. A major challenge in studying T-cell responses in bats
is the apparent lack of inbred strains of bats. Such animals are
needed for long-term T-cell studies because of the require-
ment for matched major histocompatibility complex molecules
on T cells and antigen-presenting cells. Colonies of captive bats
might carry zoonotic viruses that could be transmitted to hu-
mans, so research on the bats and their cells might require
biological containment. In rodents, the growth factors required
for in vitro expansion and maturation of bone marrow stem
cells into competent antigen-presenting cells have been par-
tially characterized, leading to development of cell culture
assays for intermediate-term propagation of rodent T cells
(41). Similar strategies likely can be employed for propagation
of T cells from bats of various species.

Molecular genetics should be useful for analyzing bat im-
mune responses. More than 4,000 protein-encoding sequences
from chiropterans are in the National Center for Biotechnol-
ogy Information databases (http://www.ncbi.nlm.nih.gov/), but
of these only sequences for recombination activation genes 1
and 2 are immunologically relevant. Despite this limitation, it
should be possible to develop assays for evaluating such re-
sponses in infected bats. Perhaps most tractable and meaning-
ful for understanding these responses are analyses of cytokines
and chemokines, especially in conjunction with cell culture
assays. Capture enzyme-linked immunosorbent assays and flow
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cytometry-based assays for a number of cytokines and chemo-
kines from conventional species have permitted an elegant
dissection of immune responses in humans and rodents. How-
ever, development of monoclonal antibody pairs for cytokine
detection assays requires substantial funding and effort. More
recent developments employing molecular approaches, such as
real-time PCR, cDNA arrays, and RNase protection assays,
have accelerated development assays for cytokine and chemo-
kine gene expression. These assays will require sequencing of
bat orthologs, but considering that 11 assemblies of mamma-
lian genomes are already available, it is likely that most genes
from bats of most species could be cloned and sequenced using
degenerate PCR primer sets, a strategy that has been used for
other species (132). Once the relevant gene sequences are
known for bats of a given species, real-time PCR assays could
be developed. In conjunction with cell culture studies, it should
be possible to characterize bat immune responses to challenge
with viral antigens. Bacterial artificial chromosome libraries
are available for the little brown bat and the greater horseshoe
bat, a species closely related to the Chinese horseshoe bat
(Rhinolophus sinicus), a host for SARS-CoV-like virus (84;
http://bacpac.chori.org/libraries.php). These resources may be
particularly valuable for rapidly identifying immune response
or cytokine genes of interest by using human or mouse hybrid-
ization probes.

Immune Evasion and Virus Persistence

Viruses must evade the host immune response for a time
sufficient to allow transmission to other susceptible hosts or to
establish persistent infection. The strategies employed by vi-
ruses are numerous and target both the innate and adaptive
phases of the immune response. Some commonly employed
evasion strategies include virus-encoded immune-modulating
cytokines, decoy soluble cytokine receptors, inhibitors of apop-
tosis and cellular signaling, inhibitors of antigen processing,
and T-cell antagonists (2, 3, 18, 61, 70, 79, 87, 104, 150, 152).
To persist, viruses must also become biochemically adapted, so
that they can replicate without severely compromising the
host’s survival.

Some viruses, including SARS-CoV, elicit an immune re-
sponse in the nonreservoir host that may contribute to pathol-
ogy (75, 148, 157) while apparently, at least for SARS viruses,
not causing immunopathology in the reservoir. Elucidating the
immune responses in reservoir hosts that determine the bal-
ance between virus persistence and immunopathology could
contribute to our understanding of viral pathogenesis in hu-
mans and reveal potential targets for therapeutic intervention.

Some paramyxoviruses, including Nipah and Hendra viruses,
encode V proteins that bind to signal transducer and activator
of transcription 1 (STAT1) and STAT?2 proteins of host cells to
block both alpha/beta and gamma interferon responses (122).
How the viral proteins might affect potential interferon re-
sponses to virus infections in bats is unknown. Possibly the V
proteins play a role in viral persistence and evasion of the
immune response. Addressing these important issues regard-
ing the pathophysiology of viral infections in bats will require
the development of infection models for reservoir species of
each zoonotic virus.

With regard to bats, there is evidence that “healthy bats” can
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be asymptomatically infected with rabies virus. In nonlethal
rabies infections produced in Mexican free-tailed bats, individ-
uals surviving infection do not have virus in the brain or saliva.
In one experimental study of free-tailed bats inoculated with
salivary gland tissues from naturally infected bats, the incuba-
tion periods were 24 to 125 days, but one asymptomatic bat
sacrificed at the end of the study had rabies virus in the brain,
salivary glands, and other organs (11). Incubation periods for
rabies virus are certainly highly variable in bats, and persis-
tence of virus in hibernating bats has been suggested as serving
a viral reservoir function (143). A carrier state for rabies virus
has also been suggested by experimental and observational
studies among dogs in Ethiopia (48).

Discovery of Emerging Viruses in Wildlife

It is, perhaps, instructive that viruses of the families
Paramyxoviridae, Filoviridae, Bornaviridae, and Rhabdoviridae
are phylogenetically related and have been grouped in a single
order, the Mononegavirales (120). There are at least 250 rec-
ognized viruses in this order, including some that infect hu-
mans, other primates, livestock, birds, dogs, seals, fish, crabs,
mosquitoes, ticks, amoebae, plants, or bats. If there is an un-
recognized tendency for bats and viruses to be associated,
viruses of this order would be prime targets for beginning the
search.

Essentially every living life form investigated has been shown
to host viruses, and bats are no exception. However, it is rea-
sonable to query the roles of viruses of bats. What role, for
example, does a fruit-eating bat play in the life cycle of a
human or livestock pathogen? If human and livestock infec-
tions from bats simply are host-switching phenomena, why
have these viruses not been recognized previously, and why
have they emerged now? Are these events the results of eco-
logic alterations, such as impingement of human activities on
heretofore virgin areas, consequences of global climate
change, or the product of improved surveillance activities co-
incident with the technical advances in diagnostic capabilities
required to identify heretofore undescribed zoonotic viruses?

Are viruses of bats symbionts, parasites, or commensals? Is
pathogenicity for humans and livestock simply a freak occur-
rence? Perhaps these emerging bat viruses are naturally trans-
mitted by arthropods or by other potential vectors that have
not been examined. Surely a fatal infection in a host is not in
the long-term best interest of the virus. Might fruit-eating bats
transmit viruses to or from plants? How? Are insectivorous
bats intermediate hosts between insects and vertebrates (or
plants)? Are fruiting events part of periodic amplification cy-
cles of viruses from frugivorous bats to wildlife and humans, as
suggested by Dobson (42)? Childs summarized the processes
by which zoonotic viruses are transmitted (29). He noted the
rarity of surveillance for wildlife diseases or infections and
suggested that such studies usually are outbreak-driven, i.e.,
after an epidemic of a newly recognized virus has emerged.

Outbreaks of Hendra virus, Nipah virus, Menangle virus,
SARS-CoV-like viruses of bats, and European bat lyssavirus 1
(108) have not been recognized more than once or a few times.
Are transmissions between bats and other vertebrates infre-
quent, incidental spillover events? Do many of the 66 viruses
listed in Table 2 represent fortuitous, irrelevant events, or have
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we detected only the tip of the iceberg? Do bats differ from
other mammals in their ability to clear viral infections? Does
the persistence of asymptomatic viral infections in bats indicate
that bats are an important reservoir for the wide variety of
viruses in nature? Is the prevalence of RNA viruses in persis-
tent infections in bats indicative of a defect in host resistance
or viral clearance mechanisms, such as interferon or interferon-
responsive genes that lead to clearance of RNA viruses from
other vertebrates? There is some urgency to explore these impor-
tant questions.

There is no reason to believe that bats are different from
other mammals with regard to species specificity of host sus-
ceptibility to virus diseases, nonuniform persistence of viral
infections, or mechanisms of virus shedding, so that such in-
vestigations likely do not require development of new assay
systems or diagnostic concepts. Additional research is needed
to determine the roles played by bats of various species in the
natural histories of the viruses for which bats can serve as
hosts.

One or more of the 66 viruses listed in Table 2 have been
isolated from bats of 74 species. As well, viruses have been
isolated from bats not identified further than to genus level and
from four unidentified bats. Some viruses have been isolated
from bats of as few as 1 species and one from as many as 14.
Clearly, bat handlers, people entering bat habitat areas, and
people who usually think in noninfectious disease terms re-
garding various studies of the bats themselves should take
necessary precautions to avoid exposing themselves to recog-
nized and unrecognized viruses and to other human pathogens
which the bats may harbor.
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ADDENDUM IN PROOF

In addition to finding a recent publication reporting the
indentification of six novel coronaviruses from six different bat
species in Hong Kong alone (P. C. Woo, S. K. Lau, K. S. Li,
R. W. Poon, B. H. Wong, H. W. Tsoi, B. C. Yip, Y. Huang,
K. H. Chan, and K. Y. Yuen, Virology, Epub ahead of print,
doi:10.1016/j.virol.2006.02.041, 2006), we have learned of other
viruses isolated from or detected in bats from Africa and of
many as-yet-unpublished viruses recently detected in bats in
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Australia. Thus, our article may contain only an indication of
the great potential for future discoveries of viruses in bats
worldwide.
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SOURCE REDUCTION IN FLORIDA’S SALT MARSHES:
MANAGEMENT TO REDUCE PESTICIDE USE AND ENHANCE
THE RESOURCE
DOUGLAS B. CARLSON
Indian River Mosquito Control District, PO Box 670 Vero Beach, FL 32961

ABSTRACT. Source reduction as part of an integrated pest management program is a cornerstone of the
American Mosquito Control Association’s Pesticide Environmental Stewardship Program Strategy
Document to reduce pesticide risk. Since the early 1980s, Florida has made important strides in
implementing environmentally sound source reduction strategies in salt marshes while managing them for
both mosquito control and natural resource enhancement. The political mechanism for this progress has
been interagency cooperation through the Florida Coordinating Council on Mosquito Control and its
Subcommittee on Managed Marshes. Challenges in accomplishing source reduction continue because both
public and private lands are involved. Public lands include those owned by federal (e.g., U.S. Fish and
Wildlife Service, National Park Service), state (Florida Department of Environmental Protection), and local
governments, and they have a diversity of management objectives. This diversity adds to the challenge facing
mosquito control agencies in providing mosquito control services while protecting and enhancing the

environment.

KEY WORDS Salt marsh, source reduction, mosquito larval control, IPM

INTRODUCTION

Source reduction, as a method of mosquito
control without the use of pesticides, can be as
simple as removing tires, containers, and plants that
provide breeding space for Aedes and Wyeomyia
mosquitoes, to as complex as multipurpose salt-
marsh management. In a salt-marsh management
program, source reduction needs to be part of an
integrated approach, typically also including
larviciding and adulticiding. Source reduction is
usually the most effective and economical of these
3 techniques for salt-marsh mosquito control.

In 1994, the Environmental Protection Agency
(EPA), in association with the U.S. Department
of Agriculture and the U.S. Food and Drug
Administration, initiated the Pesticide Environ-
mental Stewardship Program (PESP). PESP’s
primary goal is to reduce pesticide risk while
promoting environmental stewardship. Three
years later, the American Mosquito Control
Association (AMCA) became a PESP partner.
Environmentally sensitive salt-marsh manage-
ment techniques, such as source reduction, by
using an integrated pest management (IPM)
approach meet PESP goals and are a cornerstone
of the AMCA’s PESP Strategy Document. The
AMCA has further developed this relationship by
allowing other mosquito control organizations
that have demonstrated their commitment to
reducing pesticide risk to apply to become “PESP
partner(s) under the AMCA’s auspices” (Carlson
1997). To date, 7 organizations have become such
partners and deserve credit for making a signifi-
cant commitment to environmental stewardship:
1) Mosquito & Vector Control Association of

California, 2) Florida Mosquito Control Associ-
ation, 3) Louisiana Mosquito Control Associa-
tion, 4) New Jersey Mosquito Control Associa-
tion, 5) North Carolina Mosquito & Vector
Control Association, 6) Northeast Mosquito &
Vector Control Association, and 7) Northwest
Mosquito & Vector Control Association.

FLORIDA’S SALT-MARSH SOURCE
REDUCTION HISTORY

Ditching as a salt-marsh mosquito control
technique was common as early as the 1920s.
These projects typically used evenly spaced
ditches to dewater the marsh and did not consider
marsh topography. Silting frequently closed the
ditches along the estuary edge, thereby hindering
their effectiveness. Even when properly main-
tained, the areas between ditches still produced
mosquitoes. Pumping water out of mosquito-
producing diked marshes was briefly attempted,
but it was not effective because it was impossible
to dewater the area before mosquitoes emerged.
Marsh filling, although successful in eliminating
mosquito production by creating uplands from
wetlands, proved too slow and costly. The
environmental problems associated with dredge
and fill projects included loss of wetland habitat
and increased estuarine turbidity with an associ-
ated loss in seagrasses.

Large-scale impounding of high marsh began
in the mid-1950s by constructing earthen dikes
around known mosquito-producing high marsh,
allowing for water level manipulation. Flooding
impoundments during the summer eliminates
production of salt-marsh mosquitoes because
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they will not lay their eggs on standing water.
Impounding is the most widely used source
reduction technique in Florida with >16,000 ha
of salt marshes and mangrove swamps included
in 192 impoundments, most of them along the
Indian River Lagoon (IRL). Approximately 1/2
the impounded acreage occurs on the Merritt
Island National Wildlife Refuge (MINWR) in
Titusville. Much of the impounded acreage on the
MINWR is managed for waterfowl (Carlson et
al. 1991). Currently, a variety of impoundment
management techniques are used at the east
coast’s impoundments. It is generally agreed that
a mix of management techniques is most benefi-
cial for the local ecology (Rey et al. 1999).

ENVIRONMENTAL EFFECTS
OF IMPOUNDING

Research and management experience has
shown that impounding can have both negative
and positive effects on natural resources. Im-
poundment dikes prohibit access to aquatic
organisms that must use the high marsh during
a portion of their life cycle, which include several
commercially and recreationally important fish
species (snook, mullet, ladyfish, and tarpon)
(Brockmeyer et al. 1997).

Although impounding is highly effective in
controlling salt-marsh mosquitoes and can virtu-
ally eliminate the need for chemical control in
impounded marshes (Carlson and O’Bryan 1988),
excessive or prolonged flooding of these im-
pounded habitats can stress or kill existing high
marsh vegetation and significantly alter plant
distribution and species composition. However,
resident fish in impoundments can be more
abundant than in native marshes. They, in turn,
can provide an abundant food source for wading
birds and other predators (Schooley 1980).
MINWR has demonstrated enhanced marsh use
by waterfowl and wading birds as a result of
impounding (Provost 1959, Trost 1964). Balanc-
ing the effects of impounding is a challenge, and
in the late 1970s and early 1980s, conflicts arose
between mosquito control organizations and
agencies responsible for salt-marsh habitats as
to how these areas should be managed. Some
resource agencies advocated removing impound-
ment dikes to return them to a more natural
condition. Mosquito control agencies countered
that by doing so, they would have to increase the
use of larviciding to carry out their mandate.

GOVERNMENT REGULATIONS
AND AGENCIES

Subcommittee on Managed Marshes

To try and amicably resolve this and other
environmental disagreements, in 1983, then Gov-

ernor (and later Senator) Bob Graham created
two commiittees: the Florida Coordinating Coun-
cil on Mosquito Control and its Subcommittee on
Managed Marshes (SOMM). In 1986, both of
these committees became formally established in
the Florida Statutes within mosquito control
legislation (Chapter 388).

The Subcommittee on Managed Marshes plays
an advisory role to ensure that salt-marsh source
reduction projects, whether being implemented
by private or governmental entities, take into
account both mosquito control and natural
resource requirement. SOMM currently includes
13 members from agencies responsible for natural
resources, research laboratories, and local gov-
ernmental agencies. Members meet quarterly at
different locations in Florida, with the meetings
typically including a field trip to representative
habitats of the area visited, followed by a business
meeting. Based on research conducted since the
early 1980s, the techniques that SOMM agrees
best meet the dual roles of providing mosquito
control with a minimum of pesticide use while
allowing the marsh to function as naturally as
possible are rotational impoundment manage-
ment (RIM) and open marsh water management
(OMWM) (Carlson et al. 1999). Most of the salt-
marsh projects reviewed by SOMM during the
1990s and early 2000s have proposed either RIM
or OMWM.

Rotational impoundment management: RIM is
the most commonly used management technique
in impoundments and involves the installation of
culverts with flap-gated risers through impound-
ment dikes to seasonally reconnect the im-
pounded marsh and estuary. Culverts are closed
in the late spring; the marsh is minimally flooded
by pumping during the summer to prevent salt-
marsh mosquito oviposition. In the early fall,
culverts are opened to the estuary, enabling the
annual fall high tides to enter the marsh.
Rotational impoundment management is gener-
ally agreed to be the best compromise impound-
ment management technique because it allows the
marsh to perform most of its natural functions
while reducing sources for mosquito breeding and
enabling mosquito control with a minimum of
pesticide use (Carlson et al. 1991).

Open marsh water management: During the
1990s, OMWM was increasingly implemented in
Florida, especially along the northern IRL in
Volusia and Brevard counties. Open marsh water
management projects with rotary ditching have
been implemented in impoundments where sum-
mer flooding was no longer deemed necessary
and in disturbed marshes, typically where mos-
quito control ditching was done years ago and the
ditches are no longer serving their optimal
function. OMWM allows for mosquito producing
areas on the marsh to be connected to deeper
water habitats, thus facilitating drainage and
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interrupting mosquito oviposition or conversely,
allowing larvivorous fish access to mosquito
larvae (Carlson et al. 1991).

Surface Water Improvement and Management
(SWIM) Act

In 1987, the Florida legislature passed the
SWIM Act with the goal of improving the
management of Florida’s surface waters. Un-
fortunately, state funds are no longer provided
for this program; the SWIM program is currently
being supported and administered by regional
water management districts. Along the IRL, both
the St. Johns River Water Management District
and the South Florida Water Management
District have taken an aggressive role in pro-
viding funding to purchase culverts with water
control structures to allow the reconnection of
impoundments to the lagoon. This support is
usually entered into as a partnership with the
water management district purchasing the struc-
tures and the local mosquito control agency
installing them and being responsible for their
future management and maintenance. Largely
through these cooperative efforts, close to 75% of
the entire IRL impoundment acreage has been
reconnected (Brockmeyer, personal communica-
tion).

Salt-marsh management and research workshops

Beginning in 1988 at 4-year intervals, SOMM
has sponsored 5 workshops designed to bring
interested individuals up to date on topics of
importance to salt-marsh managers. A collection
of abstracts from each meeting has been pub-
lished. The most recent meeting was held in
February 2005 in Cocoa Beach, FL, and was
held jointly with the 4th Biennial Mosquito
Control Conference. The conference is designed
to present findings on research and management
specifically in Mosquito Lagoon, a lagoonal
estuary and part of the IRL, in northern Brevard
and southern Volusia counties, on property
near the Kennedy Space Center and adjacent
to the MINWR. The topics at this meeting
included environmental and land use planning,
a multidisciplinary research project called the
“Wetlands Initiative,” mosquito control issues,
habitat restoration, and topics dealing with salt-
marsh wildlife and aquatic organisms. An ab-
stract collection was published as a Technical
Bulletin of the Florida Mosquito Control Asso-
ciation.

MANAGEMENT OF PUBLICLY
OWNED LANDS

Typically, mosquito control agencies do not
own the lands that they manage. These properties

include both public and private land. Public lands
include federal properties operated by 1) U.S.
Fish and Wildlife Service (e.g., MINWR [Brevard
Co.], Ding Darling NWR [Lee Co.], Pelican
Island National Wildlife Refuge [Indian River
Co.]) and 2) National Park Service (e.g., Canav-
eral National Seashore [Brevard and Volusia
counties], Everglades National Park [Dade and
Monroe counties]). State lands include state parks
(e.g., Sebastian Inlet [Indian River Co.], Jack
Island [St. Lucie Co.]) and aquatic preserves (e.g.,
Charlotte Harbor, Rookery Bay [Collier Co.]).
Local environmentally sensitive parks, nature
trails, and preserves also may be managed for
mosquito control and natural resource protec-
tion.

Significant efforts are underway to publicly
purchase privately owned salt marshes as funding
sources become available. Managing these areas
for mosquito control is a challenge because the
landowners can have different preferences for the
techniques used on their properties. For example,
in Florida, to conduct mosquito control on state
lands, an ‘“‘arthropod control plan” must be
submitted and approved by the Florida De-
partment of Environmental Protection (FDEP).
The FDEP is generally supportive of source
reduction by using RIM or OMWM and of
larviciding by using Bacillus thuringiensis ssp.
israelensis or methoprene. Private owners may or
may not be supportive of these methods.

About 15 years ago, Carlson et al. (1991)
described the importance of having salt marshes
in public ownership to expedite the implementa-
tion of optimal management practices. This
benefit remains true today. Although during
the 1990s and early 2000s many Florida coun-
ties purchased numerous, sizable tracts of salt-
marsh wetlands in collaboration with the state
and regional water management districts, vast
acreages still remain in private sector owner-
ship. When such properties are placed under
public ownership, they can be more appro-
priately managed than is now allowed by the
current private owners and thus significant-
ly benefit salt-marsh management efforts in
Florida.

SUMMARY

The past 2.5 decades have seen tremendous
progress in the fine-tuning and more widespread
implementation of environmentally friendly
source reduction techniques in Florida salt
marshes. These efforts are consistent with the
EPA’s PESP and should be encouraged at all
levels of government. Reducing pesticide risk and
enhancing the environment while still protecting
the health and comfort of our citizens is a goal
toward which we should strive.
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Efficacy of Aerial Spraying of
Mosquito Adulticide in Reducing
Incidence of West Nile Virus,
California, 2005

Ryan M. Carney,*! Stan Husted,* Cynthia Jean,* Carol Glaser,* and Vicki Kramert

Epidemic transmission of West Nile virus (WNV) in
Sacramento County, California, in 2005 prompted aerial
application of pyrethrin, a mosquito adulticide, over a large
urban area. Statistical analyses of geographic informa-
tion system datasets indicated that adulticiding reduced
the number of human WNV cases within 2 treated areas
compared with the untreated area of the county. When we
adjusted for maximum incubation period of the virus from
infection to onset of symptoms, no new cases were reported
in either of the treated areas after adulticiding; 18 new cases
were reported in the untreated area of Sacramento County
during this time. Results indicated that the odds of infec-
tion after spraying were ~6x higher in the untreated area
than in treated areas, and that the treatments successfully
disrupted the WNV transmission cycle. Our results provide
direct evidence that aerial mosquito adulticiding is effective
in reducing human iliness and potential death from WNV
infection.

West Nile virus (WNV; genus Flavivirus, family Flavi-
viridae) is transmitted to humans through the bite of
an infected female mosquito and can cause clinical mani-
festations such as acute febrile illness, encephalitis, flaccid
paralysis, and death (/). In California, WNV was first iden-
tified in 2003, during which time the virus was detected
in 6 southern counties and 3 infected persons were identi-
fied (2). The following year, WNV spread northward from
southern California to all 58 counties in the state, resulting
in 779 human WNYV cases and 28 deaths (3,4). In 2005,

*California Department of Public Health, Richmond, California,
USA; and tCalifornia Department of Public Health, Sacramento,
California, USA
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880 human WNV cases and 19 related deaths were iden-
tified in California; 3,000 cases were reported nationwide
(5,6). In contrast to 2004, when most of the WNV activity
was concentrated in southern California, activity in 2005
occurred primarily in the northern part of the Central Valley
of California, where Sacramento County, the epicenter of
WNV activity in the United States that year, had more hu-
man cases (163) than any other county in the nation (7).

In northern California, the principal urban and rural
vectors of WNV are Culex pipiens and Cx. tarsalis, re-
spectively (8—10). To reduce WNV transmission and hu-
man exposure to mosquitoes in 2005, the Sacramento-Yolo
Mosquito and Vector Control District (SYMVCD) imple-
mented a battery of control practices from their Integrated
Pest Management plan (//), an ecosystem-based strategy
focused on long-term control of mosquito populations (D.
Brown, SYMVCD, pers. comm.). Despite the district’s in-
tensified efforts (which began in March 2005) to control
larval mosquitoes and to spot-treat for adult mosquitoes
by using truck-mounted equipment, by August 2005 the
county had reached the epidemic response level designated
by the California Mosquito-Borne Virus Surveillance and
Response Plan (/2,13). Per the response plan, SYMVCD
determined the appropriate response and control measures
through the analysis of 8 surveillance factors, which pro-
vided a semiquantitative measure of transmission risk (D.
Brown, pers. comm.). Rapidly escalating risk for WNV
transmission to humans in Sacramento County was indi-
cated by high mosquito abundance and infection preva-
lence; high numbers of sentinel chicken seroconversions;

'Current affiliation: Yale University School of Medicine, New Haven,
Connecticut, USA.
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and record numbers of dead bird reports, equine cases, and
human cases, including ~24 confirmed human infections
by early August (8,10,14). Following state guidelines, and
in consultation with local public health officials, SYM-
VCD initiated aerial adulticiding in Sacramento County in
August 2005 to rapidly reduce the abundance of infected
mosquitoes and decrease the risk for WNV transmission to
humans (D. Brown, pers. comm.). Despite a 60-year his-
tory of the aerial application of mosquito control products
in California (/5), this was the first instance within the state
of aerial adulticiding over a large urban area.

Although published studies on aerial application of
adulticides have documented reductions in mosquito abun-
dance and infection prevalence along with concurrent or
subsequent decreases in human cases (/6—/9), no published
study to date has directly assessed the efficacy of such
control efforts in reducing incidence of human disease by
comparing distribution of clinical cases within treated and
untreated areas. The objective of our study was to evaluate
the efficacy of adulticide applications for reducing human
cases of WNV; we compared the proportion and incidence
of cases in the treated and untreated areas of Sacramento
County in 2005 before and after aerial treatments. The pro-
portion and incidence of these cases were also compared
with those of the rest of California.

Methods

Data Collection

Human WNV case data were reported to the California
Department of Public Health from the Sacramento County
Department of Health and Human Services and other local
health departments throughout the state by using a stan-
dardized case history form. A total of 177 human infec-
tions were reported within Sacramento County in 2005,
with onsets of illness ranging from June through October.
Of 177 infections, 163 were clinical cases and 14 were as-

ymptomatic infections; the former was confirmed by im-
munoglobulin (Ig) G and IgM antibody assays of serum
or cerebrospinal fluid samples. Of 163 case records, 7 had
no date-of-onset information and 4 others had no residen-
tial address. Consequently, the Sacramento County human
dataset used in this study comprised 152 records that con-
tained spatial and temporal attributes.

Residential addresses were imported into ArcMap 9.1
geographic information systems software (Environmental
Systems Research Institute, Inc., Redlands, CA, USA) and
geocoded by using the software’s 2005 StreetMap USA
Plus AltNames street dataset. All remaining unmatched
addresses were geocoded by using Tele Atlas 2006 (Tele
Atlas, Lebanon, NH, USA), NAVTEQ 2006 (NAVTEQ,
Chicago, IL, USA.), GDT 2005 (Geographic Data Tech-
nology, Inc., Lebanon, NH, USA), and TIGER 2006 (US
Census Bureau, Washington, DC, USA) datasets. Popula-
tion size estimates for the study areas defined below were
calculated in ArcMap by selecting census blocks that had
their center (centroid) in each defined region (Table 1) (20).
All data were mapped by using the NAD83 USA Contigu-
ous Albers Equal Area Conic coordinate system.

Adulticide Application

Aerial adulticide applications were intended to create
aerosolized clouds of insecticide that would contact, and
consequently kill, airborne adult Culex spp. mosquitoes.
SYMVCD targeted areas for treatment on the basis of levels
of mosquito infection prevalence that had been previously as-
sociated with epidemic transmission within an urban setting
(minimum infection rate per 1,000 female Culex spp. tested
>5.0) (12). The district contracted with ADAPCO Vector
Control Services (ADAPCO, Inc., Sanford, FL, USA) to ap-
ply adulticide by using 2 Piper Aztec aircraft (Piper Aircraft,
Inc., Vero Beach, FL, USA) over an area of 222 km? in north-
ern Sacramento County on the nights of August 8-10, 2005
(northern treated area) and an area to the south of 255 km?

Table 1. Number of human cases of infection with West Nile virus by location and temporal classification, California, 2005*

Areat Total Pretreatmentt Posttreatment§ Postincubation Population#
Treated, northern 34 28 6 0 221,828
Treated, southern 21 20 1 0 338,579
Buffer, northern 13 9 4 3 94,399
Buffer, southern 8 5 3 1 50,127
Untreated 76 41 35 18 518,566
Sacramento County 152 103 49 22 1,223,499
California 670 357 313 197 32,648,149

*Only cases with known date of onset of illness and location information (i.e., Sacramento County at the address level and California at the county level)

are included in the analysis.
tCalifornia excluding Sacramento County.

Refers to cases with onset of illness up to and including the last date that aerial adulticiding was conducted (ending 22 Aug for the southern treated area

and southern buffer zone and 10 Aug for all other areas).

§Refers to cases with onset of iliness after the last date that aerial adulticiding was conducted (beginning 23 Aug for the southern treated area and

southern buffer zone and 11 Aug for all other areas).

fRefers to cases with onset of iliness >14 days after the first date that aerial adulticiding was conducted (beginning 4 Sep for the southern treated area

and southern buffer zone and 23 Aug for all other areas).

#Population data source: UA Census 2000 TIGER/Line data made available in shapefile format through Environmental Systems Research Institute, Inc.

(Redlands, CA, USA) (20).
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on the nights of August 20-22, 2005 (southern treated area)
(D. Brown, unpub. data) (Figure 1). Coverage was similar
each night; repeated applications were intended to increase
efficacy (D. Brown, pers. comm.).

The applied compound was Evergreen EC 606 insec-
ticide (MGK, Minneapolis, MN, USA), a product composed
of 6% pyrethrin/60% piperonyl butoxide (8). It was applied
at the maximum rate according to the label, 0.0025 pounds
of pyrethrins per acre (ultra-low volume dispersal), by 2
Micronair AU4000 atomizer nozzles (Micron Sprayers,
Ltd, Bromyard, Herefordshire, UK) on each aircraft, with
a swath width of 1,300 feet and expected droplet spectrum
volume mean diameters of 32.1 and 36.3 microns for the 2
planes (D. Brown and G. Goodman, unpub. data). Condi-
tions during each night of spraying included wind speeds
of 4-10 knots/h and temperatures/dew points of 27°C/14°C
(northern treatment) and 33°C/12°C (southern treatment)
(D. Brown, unpub. data). Planes began flying at ~8:00 pm
each night and flew for 3-6 h at 130 knots/h (D. Brown,
unpub. data). The aircraft flew at altitudes of 61.0 m in the
northern treated area and 91.4 m (because of obstacles such
as tall towers and buildings) in the southern treated area
(R. Laftey, SYMVCD, unpub. data, D. Markowski, pers.
comm.). The Wingman GX aerial guidance and recording
system (ADAPCO, Inc.), coupled with the Aircraft Inte-
grated Meteorological Management System (AIMMS-20;
Aventech Research, Inc., Barrie, Ontario, Canada), mod-
eled the effective drift of released compounds on the ba-
sis of real-time meteorologic conditions (D. Brown, pers.
comm.). Flight and treatment data were imported into Arc-
Map for mapping and analysis.

Case Classification and Analysis

Despite the spray drift modeling systems’ high de-
gree of accuracy, variable and incomplete spray applica-
tion was expected at the edges of the modeled spray cloud
(D. Markowski, pers. comm.). Factors contributing to this
phenomenon include the intrinsic margin of error of the
aircrafts’ spray drift modeling systems, the extrinsic mar-
gin of error caused by factors not detectable or taken into
account by the modeling system (i.e., wind gusts, minor
changes in aircraft altitude or speed, and other operational
variables), and nonoverlapping spray clouds during dif-
ferent nights of application (D. Markowski, pers. comm.).
Through consultation with ADAPCO, Inc., this variable
and incomplete application at the perimeter was taken into
account by delineating a 0.8-km (0.5-mile) buffer within
the outermost range of the modeled spray clouds for each
treated area (D. Markowski, pers. comm.). Nonbuffered ar-
eas of the spray regions (henceforth referred to as treated
areas) were considered the most accurate representation of
the actual spray application for this analysis, and any WNV
cases that occurred within buffer zones were considered
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Figure 1. Map of northern and southern aerial adulticiding treatment
areas in Sacramento County, California, 2005, showing the 2 urban
areas treated by the Sacramento-Yolo Mosquito and Vector Control
District (SYMVCD). Horizontal bars represent swaths of spray
clouds created by individual passes of the aircraft, as defined by
the spray drift modeling systems. Gaps within spray clouds were
caused by factors such as towers and buildings that altered the
flight of the aircraft (G. Goodman, SYMVCD, pers. comm.). These
gaps were assumed to have negligible effect in this study; no human
cases occurred within any gaps. Gray region surrounding much of
the spray zones represents the urbanized area of Sacramento;
urbanized area is defined by the US Census Bureau as a densely
settled territory that contains >50,000 persons (21). For display
purposes, we used the NAD83 HARN California Il State Plane
coordinate system (Lambert Conformal Conic projection). Inset
shows location of treatment areas in California.

separately from those within treated areas. All human cases
from Sacramento County that did not occur within treated
areas or buffer zones were assigned to the untreated subset
of cases, which served as the comparison (control) group
for this study.

Cases were further classified by date of onset of illness
into pretreatment and posttreatment groups; temporal clas-
sification for the untreated area and the rest of California
followed that of the northern treated area (Table 1). Be-
cause of the relatively lengthy and variable human WNV
incubation period, persons who became infected just before
the spray events could have become symptomatic up to 14
days later (22,23). To exclude from analysis any infections
that may have been acquired just before the spray events,
posttreatment cases that had an onset of illness >14 days
after spraying (counting from the first night of application)
were also included in a postincubation subset.
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The null hypothesis, that the proportion of cases in
treated and untreated areas was equal to that of the respec-
tive population size estimates, was tested for pretreatment
and posttreatment groups with the exact binomial test for
goodness of fit by using VassarStats (http://faculty.vassar.
edu/lowry/VassarStats.html). Second, significance of pro-
portions of human cases before and after spraying within
treated and untreated areas was evaluated with the Fisher
exact test of independence by using SAS version 9.1.3
(SAS Institute Inc., Cary, NC, USA). The null hypothesis
of this test was that there was no significant association
between occurrence of adulticiding and temporal classifi-
cation of cases (i.e., pretreatment or posttreatment). Third,
relative risk (RR) and odds ratio (OR) of infection in the
untreated area compared with those in treated areas were
calculated by using cumulative incidence of WNV in each
region before and after spraying (24). To evaluate whether
buffer zones had any effect on results, all calculations were
repeated by using cases from buffer zones and treated areas
combined, as well as cases from buffer zones alone.

Assumptions

As is standard practice in most epidemiologic studies,
residential addresses of patients were assumed to be loca-
tions of disease transmission; this is also consistent with
other WNV studies (25-37). The assumption that WNV
was transmitted to persons at their place of residence is sup-
ported by the fact that WNV mosquito vectors feed primar-
ily from dusk to dawn, and also by findings that persons
who spent >2 h outdoors during this time without wearing
insect repellant had the highest WNV seroprevalence (317).

Because of the random sampling requirement for tests
of statistical significance, we must assume that various
human populations had an equal likelihood of becoming
clinically ill before aerial treatment and that no preexisting
factors contributed to a differential in disease experience.
Although construction of a multilevel, spatial correlation
model is beyond the scope of this study, several impor-
tant properties of the populations sufficiently support our
assumption of homogeneity. Despite the geographic size
of the untreated area being ~6x that of the treated areas
combined (2,101 vs. 361 km?, Figure 2), population size
estimates of both areas were comparable (518,566 vs.
560,407, Table 1) (20). Furthermore, the preponderance of
cases in the treated (100%, 55/55), buffer (95%, 20/21),
and untreated (87%, 66/76) areas was located within the
urbanized area of Sacramento, which constitutes 27% (686
of 2,578 km?) of the total area of the county (Figure 1) (20).
Additionally, most cases in the untreated area were located
either between the northern and southern treated areas or
immediately north of the northern treated area, and >94%
(143/152) of all cases were located within 4.8 km (3 miles)
of treated areas. This staggered configuration of treated
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Figure 2. Locations of treated areas and human cases of West Nile
virus by temporal classification, Sacramento County, California,
2005. Shown are treated areas (dark gray), surrounding 0.8-km
buffers (thin regions around dark gray areas), untreated areas (light
gray), and location of human cases within each of these regions
(red, blue, and green circles, respectively). For display purposes,
we used the NAD83 HARN California Il State Plane coordinate
system (Lambert Conformal Conic projection).

and untreated areas, along with the general proximity of
cases within 1 urban region, supported the assumption of
homogeneity of populations at risk and created a natural
experiment for comparative analyses between treated and
untreated areas.

Results

The observed proportion of pretreatment cases in treat-
ed areas to those in the untreated area was not significantly
different from the expected proportion on the basis of popu-
lation size estimates (p = 0.7508, Table 2). Similarly, none
of the proportions of pretreatment cases in any combination
of treated areas and buffer zones were different from those
of the untreated area. However, after adulticiding, all pro-
portions of cases in treated areas were lower than that in the
untreated area. Proportions of posttreatment cases in buffer
zones were not different from those in the untreated area.

There was a significantly lower proportion of post-
treatment cases within combined treated arecas compared
with that in the untreated area (p<<0.0001, Table 2). Pro-
portions of posttreatment to pretreatment cases within
each of the individual treated areas were also significantly
lower than that for the untreated area (northern treated area
p = 0.0053; southern treated area p = 0.0003). After com-
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Table 2. Statistical test results for West Nile virus cases, Sacramento County, California, 2005*

Goodness of fitt Independencet
Area Pretreatment Posttreatment Posttreatment vs. pretreatment
Treated, both 0.7508 <0.0001 <0.0001
Treated, northern 0.0650 0.0391 0.0053
Treated, southern 0.2983 <0.0001 0.0003
Treated plus buffer, both 0.6195 <0.0001 0.0005
Treated plus buffer, northern 0.1015 0.0314 0.0069
Treated plus buffer, southern 0.4568 <0.0001 0.0029
Buffer, both 0.5140 0.5744 0.3309
Buffer, northern 0.5592 0.5065 0.3745
Buffer, southern 0.5990 1.0000 0.7237

*Numbers of cases were combined for multiple areas; geographically corresponding buffer zones were added where noted. Numbers are 2-tailed p

values. Statistically significant associations (p<0.05) are in boldface.

TExact binomial goodness-of-fit test for observed proportion of cases in listed area(s) to cases in untreated area compared with the expected proportion

based on population size estimates.

IFisher exact test of independence for 2 x 2 contingency tables containing numbers of pretreatment and posttreatment cases for listed area(s) and the

untreated area.

bining cases from treated areas and buffer zones, propor-
tions of posttreatment versus pretreatment cases were again
significantly lower (both treated areas plus buffers p =
0.0005; northern treated area plus buffer p = 0.0069; south-
ern treated area plus buffer p = 0.0029). However, none of
the proportions of posttreatment versus pretreatment cases
in buffer zones alone compared with those in the untreated
area were significantly different (both buffer zones p =
0.3309; northern buffer zone p = 0.3745; southern buffer
zone p = 0.7237).

The last human case that occurred in treated areas had
an onset of illness 12 days after inception of spraying, within
the 14-day maximum range of the human WNYV incubation
period. Thus, when the incubation period was taken into
account, there were no new human WNV cases reported in
either treated area after adulticiding (postincubation cases,
Table 1, Figure 3). In contrast, 18 new cases were reported
from the untreated area during this time; the last case oc-
curred 59 days after inception of spraying. The frequency
of these postincubation cases relative to the overall number
of cases in the untreated area (24%) was consistent with
that for the rest of the state (29%) but inconsistent with that
for treated areas (0%).

Normalizing number of cases in each region by re-
spective population size estimate showed the increase in
incidence levels throughout the year (Figure 4). Statewide
(excluding Sacramento County and cases without onset
data), cumulative incidence in 2005 was 2.1/100,000 popu-
lation, and the temporal pattern of incidence throughout
the year was similar to that of the untreated area. On the
basis of cumulative incidence within each region before
aerial treatment, RR for the untreated area compared with
that for treated areas was 0.9231 (95% confidence interval
[CI] 0.6085-1.400), which did not differ from unity. After
treatment, RR was 5.403 (95% CI 2.400-12.16), with an
OR of 5.853 (5.403/0.9231, 95% CI 2.351-14.58) in fa-
vor of infection in the untreated area than in treated areas;
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RR and OR differed from unity. Similarly, RRs for the un-
treated area compared with those for treated areas and buf-
fer zones combined were 0.8990 (95% CI 0.6059—1.334)
and 3.398 (95% CI 1.829-6.316) before and after adulti-
ciding, respectively, with an OR of 3.780 (3.398/0.8990,
95% CI 1.813-7.882). Conversely, RRs for the untreated
area versus the buffer zones alone were 0.8162 (95% CI
0.4450-1.497) and 1.393 (95% CI 0.6190-3.137) before
and after adulticiding, respectively, with an OR of 1.707
(1.393/0.8162, 95% C10.6198-4.703); the RRs and OR did
not differ from unity.

Discussion

Evaluation of efficacy is essential for assessing ap-
propriateness of insecticide applications. However, such
studies assessing the ability of adulticides to directly affect
human incidence of WNV have been nonexistent. Our find-
ings, coupled with corroborating evidence of a reduction in
the abundance of Cx. pipiens (8), indicate that aerial appli-
cation of pyrethrin in 2005 successfully disrupted the WNV
transmission cycle, and that this treatment was responsible
for an abrupt decrease in the number of human cases with-
in treated areas compared with that in the untreated area.
These results provide direct evidence that aerial spraying to
control adult mosquitoes effectively reduced human illness
and potential deaths from WNV infection.

With respect to population size estimates, proportions
of pretreatment cases in all treated areas and buffer zones
were not different from that in the untreated area, which
validates comparability of the baseline populations. Simi-
larly, none of the pretreatment RRs deviated from unity,
which supports the assumption that treated and untreated
areas had an equal likelihood, on the basis of population
size, of containing a clinical case before the adulticiding,
and that no preexisting factors contributed to differing dis-
ease incidence rates during that time. These conditions are
important for verifying that the untreated area was a valid
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Figure 3. Human cases of West Nile virus (WNV), Sacramento
County, California, 2005, by region and date of onset of illness.
Black bars show cases within untreated area; gray bars show
cases within northern and southern treated areas combined;
and white bars show cases within northern and southern buffer
zones combined. Values along the x-axis (days) are grouped into
sets of 3 and labeled with the date farthest from 0. Each of the
3 days of adulticiding within the treated areas and buffer zones
was considered to be 0; for the untreated area, the dates of the
northern adulticiding (August 8-10) were considered to be 0.
The wide gray vertical band represents time from the first day of
treatment to the maximum range of the human WNV incubation
period 14 days later.

comparison group for use in statistical analyses.

Comparisons of buffer zones with the untreated area
indicated no differences between posttreatment RR or
the proportions of posttreatment cases within the 2 areas,
which supports the assumption of reduced spray efficacy at
the perimeter of the modeled spray cloud. This finding may
have implications for future aerial applications and efficacy
studies. Additionally, posttreatment infiltration of Cx. tar-
salis mosquitoes from bordering untreated areas has been
a previously documented phenomenon in California and
Texas (/9,32—34). On the basis of mean dispersal distances
of Cx. tarsalis (0.88 km) and Cx. pipiens quinquefasciatus
(1.10 km) in California (35), use of the 0.8-km buffer in
this study also reduced the probability of including in the
treatment groups any human infections contracted through
posttreatment mosquito infiltration. However, results of all
statistical tests remained unchanged after combining the
number of cases from buffer zones and treated areas, and
these posttreatment reductions of cases still differed from
that in the untreated area (Table 2).

Because posttreatment proportions of cases were lower
than in the untreated area, we rejected the null hypothesis of
goodness-of-fit comparisons. Our results also indicate that
there were associations between adulticiding and temporal
classification of cases. Therefore, we also rejected the null
hypothesis of tests of independence. Furthermore, odds of
infection after spraying were =6x higher in the untreated
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area than in treated areas. Without applications of aerial
adulticide, more Sacramento residents would have been in-
fected with WNV. This finding supports federal and Cali-
fornia WNV response recommendations, which state that
“mosquito adulticiding may be the only practical control
technique available in situations where surveillance data
indicate that it is necessary to reduce the density of adult
mosquito populations quickly to lower the risk of WNV
transmission to humans” (36).

Although there was a negative correlation between
aerial treatments and incidence of human cases, causation
is predicated upon spraying having a direct effect on mos-
quito populations. Recent work showed that adulticiding
immediately reduced abundance and infection rates of
Culex spp. mosquitoes compared with rates in an untreated
area (8). Using factorial 2-way analysis of variance, these
researchers compared mean abundances of Cx. pipiens and
Cx. tarsalis from CO,-baited traps (46 trap nights) in the
northern treated area with mean abundances from traps (55
trap nights) in similar urban-suburban habitats within the
untreated area of Sacramento County and adjacent Yolo
County, 1 week before and 1 week after the August 8
spraying. Abundance of Cx. pipiens decreased by 75.0%,
and there was a significant interaction between adulticiding
and temporal classification (£ 4.965, df 1,47, p = 0.031).

20
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Figure 4. Cumulative incidence of human cases of West Nile virus
(WNV) in Sacramento County and California, 2005. Only cases
with known date of onset of illness and location information (i.e.,
Sacramento County at the address level and California at the county
level) are included in the analysis. Cumulative incidence is the total
no. WNV cases/100,000 population. Green line shows incidence
within untreated area; red line shows incidence within northern
treated area; yellow line shows incidence within southern treated
area; blue line shows incidence within northern and southern buffer
zones combined; black line shows incidence within California,
excluding Sacramento County. Values along the x-axis (days) are
grouped into sets of 3 and labeled with the date farthest from 0.
Each of the 3 days of adulticiding within the treated areas and buffer
zones was considered to be 0; for the untreated area and the rest
of California, the dates of the northern adulticiding (August 8—10)
were considered to be 0. The wide gray vertical band represents
time from the first day of treatment to the maximum range of the
human WNV incubation period 14 days later.
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Abundance of Cx. tarsalis decreased by 48.7% but the in-
teraction was not statistically significant (¥ 0.754, df 1,47,
p = 0.390). As stated by these researchers, this disparity
may have been caused by the presence of “an increasing
population of Cx. pipiens and an already declining popula-
tion of Cx. tarsalis” at the time of the spraying, and because
Cx. tarsalis breeds principally in rural areas. Regardless,
we reason that Cx. pipiens was the primary vector in the
Sacramento County epidemic because this species is the
principal urban vector in this region (§—/0), was the most
abundant species collected in Sacramento County in 2005
(D.-E.A. Elnaiem, unpub. data), and comprised the high-
est percentage of WNV-infected mosquito pools (68.3%
versus 28.8% for Cx. tarsalis) in Sacramento County that
same year (/0).

Additionally, these researchers combined mosquitoes
of both species (into pools of <50 females) taken from
aforementioned traps and others in the northern treated area
and untreated area 2 weeks before and 2 weeks after the
August 8 adulticiding. Pools of mosquitoes were tested for
WNV by using a reverse transcription—polymerase chain
reaction, and infection rates were calculated by using a
bias-corrected maximum likelihood estimation (www.cdc.
gov/ncidod/dvbid/westnile/software.htm). After spraying,
infection rates decreased from 8.2 (95% CI 3.1-18.0) to 4.3
(95% CI 0.3-20.3) per 1,000 females in the spray area and
increased from 2.0 (95% CI 0.1-9.7) to 8.7 (95% CI 3.3—
18.9) per 1,000 females in the untreated area. Furthermore,
no additional positive pools were detected in the northern
treatment area during the remainder of the year, whereas
positive pools were detected in the untreated area until the
end of September (D.-E.A. Elnaiem, unpub. data). These
independent lines of evidence corroborate our conclusion
that actions taken by SYMVCD were effective in disrupt-
ing the WNV transmission cycle and reducing human ill-
ness and potential deaths associated with WNV.

Historically, human WNV cases in the United States
peak in August (37,38). This pattern was observed in Sac-
ramento County and the rest of California in 2005, in which
61% (93/152) and 47% (314/670), respectively, of human
cases had onset of illness in August. The next highest month
was July, during which 27% (41/152) and 29% (195/670)
of human cases had onset of illness in the county and the
rest of the state, respectively. These findings are consistent
with others from Sacramento County in 2005, which indi-
cated that mosquito infection rates peaked in July and Au-
gust (/0). Considering early summer amplification within
vector populations and length of the human incubation pe-
riod, WNV remediation efforts would be more effective in
limiting illness and death associated with human infection
if conducted at the onset of enzootic amplification rather
than after occurrence of human cases.
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TOLERANCE THRESHOLDS FOR AEDES ALBOPICTUS AND AEDES
CASPIUS IN ITALIAN URBAN AREAS

MARCO CARRIERI,' ROMEO BELLINL" SIMONA MACCAFERRI,' LORENZA GALLO,*
STEFANO MAINI® anp GIORGIO CELLI?

ABSTRACT. With nuisance mosquito species, the goal of integrated pest management is to keep
mosquito density below a tolerance level that is often set by economic, ecological, and political factors.
This study compares actual human annoyance, as measured by a phone survey, with several measures of
mosquito abundance, in order to determine a threshold that is both relevant and practical. The efficiency
of CO»-baited traps, container index (CI), and oviposition traps for monitoring Aedes albopictus, and CO,-
baited traps for monitoring Aedes caspius, was evaluated. CO,-baited traps were confirmed to be of low
efficiency in Ae. albopictus collection, while correlation matrices showed a good relationship between CI
and the number of eggs collected (R = 0.91), and between number of eggs and phone-survey nuisance level
estimates (R = 0.88). Correlation between CI and phone-survey nuisance levels was slightly lower (R =
0.78). We found a close relationship between the nuisance level declared by residents and mosquito
captures obtained with CO,-baited traps (Ae. caspius) and ovitraps (Ae. albopictus). An equation is
presented to estimate annoyance according to dwelling characteristics and to the presence of children in the
family.

KEY WORDS Threshold, Aedes albopictus, Aedes caspius, mosquito, monitoring, CO,-baited trap,

oviposition trap, container index

INTRODUCTION

In Italy, mosquito control was entirely devoted
to decreasing nuisance, as vector activity in this
area was considered negligible up to summer
2007, when an epidemic of Chikungunya virus
occurred (Angelini et al. 2007). The primary
indigenous nuisance species is Aedes caspius
(Pallas). This floodwater species colonizes rice
fields, pastures, inland and coastland marshes,
irrigation canals, lagoons, and other sites. Ae.
caspius is a crepuscular, outdoor biting species,
strongly affecting economic activities in tourist
localities. Recently, Ae. albopictus (Skuse), an
exotic species imported via the trade in used tires,
is rapidly spreading mainly in urban areas (Romi
et al. 1999, Urbanelli et al. 2000, Carrieri et al.
2003). Ae. albopictus is an urban-inhabiting,
daytime biting species, showing high anthro-
pophily, and when populations achieve high
densities, they strongly affect outdoor activities.
Currently, Ae. albopictus and Ae. caspius may be
regarded as the key mosquito pest species in Italy
and require the adoption of specific control
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measures and, when possible, well-designed con-
trol programes.

Worldwide surveillance methods for Ae.
aegypti and Ae. albopictus include the house (or
premises) index (HI)—the percentage of houses
infested with larvae and/or pupae; the container
index (CI)—the percentage of water-holding
containers infested with active immatures; and
the Breteau index (BI)-—the number of positive
containers per 100 houses (PAHO 1994). In Italy,
autochthonous mosquito species are regularly
monitored using CO,-baited traps. In 2003, we
developed a new CO,-baited trap called
CAA2003-T to improve data collection quality.
Ae. albopictus monitoring is currently conducted
by counting the eggs in ovitraps (Fay and Eliason
1966, Hawley 1988) or in terms of simple
positive/negative ovitraps (Bellini et al. 1996).
Ovitrap data have also been successfully used to
monitor the impact of various types of control
measures in Italy (Carrieri et al. 2006). Ovitrap
data have been reported to be sensitive in
detecting low populations of Ae. albopictus
(Marques et al. 1993, Romero-Vivas and Falco-
nar 2005, Richards et al. 2006).

Focks (2003) pointed out that the number of
eggs collected by ovitraps is influenced by local
environmental factors that prevent estimating
population density in specific sites. In this work,
we try to investigate the reliability of population
density estimates made by ovitrap data when
positioned in an urban area of 1 km? The 2
species considered in this work have major
ecological differences that must be taken into
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account when planning monitoring: Ae. albopictus
is a container-breeding weak flyer with scattered
densities inside the urban area, while Ae. caspius is
a floodwater species with a greater dispersal flight
ability and is capable of suddenly invading an
entire urban area.

The human annoyance threshold represents the
highest biting density that most citizens in a
community find tolerable. The actual perceived
nuisance, understood as being the tolerable
number of human bites during a prefixed time
period, has been found to be extremely variable
within populations in previous studies (Headlee
1932, John et al. 1987, Morris and Clanton 1988,
Read et al. 1994). The level of nuisance is
determined not only by the mosquito density,
which usually increases from urban to rural areas,
and by the species of mosquitoes but also by
socioeconomic and psychological factors (Morris
and Clanton 1989, 1992; John et al. 1987).

A working value for treatment threshold is
often based on the experience of mosquito
control agencies, taking into consideration eco-
nomic, ecological, and political factors. In major
mosquito control programs in Italy, the thresh-
olds are used to start adulticiding and are
currently empirically defined as the number of
females caught in CO»,-baited traps during a
single night, being fixed at 30-126 (Aedes—Culex)
in the Metapontino (Carrieri et al. 2005) and 52—
565 (Aedes—Culex) in Comacchio (Pantaleoni
1996). The Piedmont Regional Law L.R.75/95,
with the related guidelines DGR 67-9777 (PRB
1995, 2003), indicates the threshold of tolerance
(TT) as the level of mosquito density in a territory
that it is possible to consider acceptable for full
enjoyment of environmental resources (Bellini
2003). This is expressed by the formula

TT = log(NA4 + NB*" + NC*®' + 1) > 1.50,

where NA is the number of Aedes and Ochler-
otatus females, NB the number of Anopheles and
Culex modestus Ficalbi females, and NC the
number of Culex pipiens L. and Culiseta females
captured with CO,-baited traps in one night. This
equation includes the cumulative effect of the
main nuisance mosquito groups being targeted as

Table 1.

follows:

Aedes, Ochlerotatus =32 females/trap/night,
Cx. modestus, Anopheles =150 females/trap/night,
Cx. pipiens, Culiseta=300 females/trap/night.

In this study we evaluated the efficiency of
some Ae. albopictus monitoring methods and we
propose a system useful for assisting the decision-
making process in Ae. albopictus and Ae. caspius
control campaigns.

MATERIALS AND METHODS

The study was carried out in 2 1-km? areas in
the town of Rovigo (50,289 inhabitants) and in
the village of Villadose (5,248 inhabitants) in the
province of Rovigo, northeast Italy. Each 1-km?
area was subdivided in 9 zones of about 11 ha.
The population density was 461 inhabitants/km?
in Rovigo, and 161 inhabitants/km? in Villadose.
The investigation was repeated 5 times during the
2003 season: June, beginning of July, end of July,
August, and September. In both the areas, phone
interviews were made and mosquitoes were
monitored by means of CAA2003-T traps (CO,
traps), ovitraps, and field inspections (CI).

In any monitoring system, the choice of how
many samples to take is important, as the cost of
sampling has a major effect on the sampling plan.
Cost of monitoring (C) could be defined as

C=Cr+ C x N,

where C; represents the fixed costs and C; the
cost of a single sample. Therefore, knowing
the budget limits, it is possible to calculate the
number of samples (N):

N = (C—¢G)/c.

Four monitoring methods were evaluated:
ovitraps, CI, CO,-baited traps, and telephone
survey. The number of samples for each was fixed
to have similar costs for the 4 methods. Table 1
shows the sample sizes adopted and relative costs.

Sample size and relative costs' of the 4 monitoring methods used.

Operational costs?

Material costs®

Theoretical

Total costs sample size Adopted sample size

CAA2003-T trap 1 1
Ovitrap 0.75 0.01
Container index 0.3 0
Phone survey 0.1 0.001

2 3.0 3
0.76 7.9 7-8
0.3 20.0 19-21
0.101 59.4 51-89

"1 = the cost of 1 job-hour.

2 Including displacement, station choice, specimen collection, and determination.

* Including trap, lab apparatus, and CO,.
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The phone survey was conducted on a popu-
lation sample of 207 families, 118 in Rovigo and
89 in Villadose. The sample drawn represented
about 4% of the families living in each 1-km? area
under study (number of families in each area was
about 3,500 in Rovigo and 1,500 in Villadose
(ISTAT 2003). The samples were randomly
drawn from each zone (equally within zones)
and the families were always the same during the
5 interviews. Phone calls were conducted at 12:00
p.-m.—2:00 p.m. and 5:00 p.m.—7:00 p.m., when the
probability of finding adult results was higher.

The socioeconomic parameters surveyed with
the questionnaire were: age of the interviewed
people; type of dwelling (independent house or
block of flats, floor of the building, and garden);
and family composition (presence of children <5
years). The questions relating to mosquitoes
included which protection tools used (insecticide,
net, and prevention); how many bites considered
as tolerable or intolerable; change of behavior in
the use of green spaces caused by mosquitoes and
the daily time of nuisance; and level of annoyance
experienced the day before the interview, choos-
ing among 4 possibilities:

® [nesistente—Nonexistent (no experience of
mosquitoes)

® Sopportabile—Tolerable (presence of mosqui-
toes, but not so important as to affect normal
outdoor activities)

® Forte—Strong (high trouble but not so heavy
as to interrupt outdoor activities)

® [nsopportabile—Intolerable (when the mosqui-
toes prevent any outdoor activity)

The phone interviews were carried out by a
single interviewer to increase consistency. The
annoyance level assessment was recorded as a
categorical numerical value, with 0 for Nonexis-
tent, 1 for Tolerable, 2 for Strong, and 3 for
Intolerable.

Mosquito sampling was conducted as follows.
In each of the 1-km? areas, 3 CAA2003 CO, traps
(Centers for Disease Control and Prevention—
style trap with dry-ice container painted black to
increase attractiveness to Ae. albopictus) were
positioned in private gardens about 300 m apart
and activated from 5:00 p.m. on the day before
the phone interview to 9:00 a.m. on the day of the
phone interview. An ovitrap consisting of a black
plastic container of 400-ml volume, with a
masonite oviposition strip (Bellini et al. 1996),
was placed in each of the 9 zones within the areas,
except for one zone without houses and one
missed datum, for a total of 16 traps. These were
activated and checked weekly from June 15 to
September 13. As Ae. albopictus females typically
take 3-7 days from bloodfeeding to oviposition
(Briegel and Timmermann 2001), in the analysis
the data from phone interviews were compared to

the average of collected eggs the week following
the interview in the zone. We preferred to use the
average of eggs in the 1-km? area instead of the
single ovitrap collection, which is poorly corre-
lated with the density of females (Focks 2003,
Richards et al. 2006). The CI data were collected
the day following the phone interview by
inspecting 3 premises per zone (chosen by a
separate randomization) in a fixed time of 20 min
per premises.

Analysis of the efficiency of the various
sampling methods was done using relative vari-
ation (RV), defined as (standard error of the
mean)/mean (Service 1993). According to South-
wood (1978), an RV <0.25 is usually adequate
for most extensive sampling surveys, although in
certain intensive programs an RV <0.10 may be
required. A highly aggregated population will
likely produce a higher RV.

Phone-survey data were analyzed by blocks
using analysis of variance and Duncan’s test for
mean separation. Analysis of the relationship
between public survey results and mosquito
numbers was done using stepwise regression,
consisting in the removal of 1 variable at a time,
according to the smaller loss of explaining
variability. In order to analyze the qualitative
variables related to the socio-demographic fac-
tors, they were turned into categorical (“‘dummy’’)
variables (Zar 1984, Fabbris 1997). Because of the
heavy Ae. caspius population present at the end of
July, we did not use this data set in the comparison
of mosquito population monitoring methods.

RESULTS
Mosquito population estimates

The CO, traps collected 19,905 hematopha-
gous insects, of which 18,937 (95.1%) were Cx.
pipiens, 817 (4.1%) Ae. caspius, 21 (0.1%) Ae.
albopictus, and 130 (0.65%) Ceratopogonidae
(Table 2). The densities of Ae. caspius and Cx.
pipiens were much higher in Villadose than in
Rovigo. The seasonal dynamic showed a clear
peak in Ae. caspius population density in the 2nd
half of July to be related to irrigation practices in
the surrounding rural area.

Oviposition traps collected a total of 23,228 Ae.
albopictus eggs in 13 wk of monitoring. Assuming
container availability was similar in the 2 areas,
ovitrap data showed the population density was
higher in Rovigo than in Villadose, as expected
since the colonization process has progressed
further in Rovigo. Variability was lower in
Rovigo than in Villadose during the whole season
(Table 3).

The container inspections were conducted at
190 premises, of which 159 resulted positive with
a total of 450 containers with water, of which 179
(39.7%) containers had Ae. albopictus larvae. The
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Table 2. Seasonal dynamics of mosquito and ceratopogonid collections obtained with CO;-baited traps.
Month Valid N Mean SD

Rovigo Cx. pipiens Jun. 3 285.00 86.97

Jull! 3 390.00 212.54

Jul2 3 579.33 68.15

Aug. 3 121.67 48.44

Sep. 3 34.33 24.19

Ae. caspius Jull 3 0.67 1.15

Jul2 3 77.33 93.72

Aug. 3 2.67 3.06

Sep. 3 1.33 1.15

Ae. albopictus Aug. 3 2.33 3.21

Sep. 3 1.00 1.00

Ceratopogonidae Jull 3 8.00 13.86

Jul2 3 1.67 2.08

Aug. 3 2.00 3.46

Villadose Cx. pipiens Jun. 3 532.33 217.79

Jull 3 1,793.67 938.53

Jul2 3 1,887.67 768.45

Aug. 3 515.67 157.13

Sep. 3 172.67 69.76

Ae. caspius Jun. 3 4.00 4.58

Jull 3 3.00 2.00

Jul2 3 163.00 35.04

Aug. 3 18.00 25.12

Sep. 3 2.33 0.58

Ae. albopictus Aug. 3 1.33 1.53

Sep. 3 2.33 2.08

Ceratopogonidae Jull 3 4.33 5.13

Jul2 3 19.33 21.46

Aug. 3 5.67 3.21

Sep. 3 2.33 1.53

! Jull, sampling period at the beginning of July; Jul2, sampling period at the end of July.

Table 3. Seasonal dynamic of container index and Table 4. Seasonal dynamic and relative variation (RV)
relative variation (RV). of the mean number of eggs/ovitrap/week.
Month N'  Mean SD RV Valid N Mean SD RV
Rovigo Jun. 20 0.13 0.21 0.37 Rovigo Jun. 8 42.00 30.64 0.26
Jull? 22 0.19 0.32 0.36 Jull! 8 149.25 130.51 0.31
Aug. 21 0.57 0.41 0.16 Jul2 8 142.75 82.48  0.20
Sep. 20 0.55 0.35 0.14 Aug. 8 274.88 66.79  0.09
Villadose ~ Jun. 19 011 026  0.57 Sep. 8 21550 3947 0.10
Jull 19 0.16 0.34 0.48 Villadose  Jun. 8 9.38 11.96 0.45
Aug. 19 0.28 0.36 0.29 Jull 8 57.00  96.86  0.60
Sep. 19 0.21 0.32 0.34 Jul2 8 68.38 68.93  0.36
Premi 'th " o included Aug. 8 108.56 70.92  0.23
Tremises wi no active containers not mcluded. Sep 7 14029 10284 028

2 Jull, sampling period at the beginning of July.

RV of CI (Table 4) showed values higher than
0.25 early in the season, indicating a highly
aggregated population, while RV values de-
creased to 0.14-0.16 during August and Septem-
ber in Rovigo where Ae. albopictus had well
established and increased to 0.29-0.34 in Villa-
dose where the species was still colonizing the
area.

Correlation matrices of the samples of June,
July 1, August, and September showed a good
correlation (Table 5) between CI and the number
of eggs collected (R* = 0.82) and between number

! Jull, sampling period at the beginning of July; Jul2, sampling
period at the end of July.

Table 5. Pearson product-moment correlations
between container index (CI), ovitrap, and phone
survey in Rovigo and Villadose.'

CIl Ovitrap Phone survey
CI 1.0000 0.9056" 0.7804"
Ovitrap 0.9056" 1.0000 0.8822"

! Significant correlations (P = 0.05) are indicated with an
asterisk.
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Fig. 1. Seasonal variation of the nuisance and

captures of Ae. caspius females carried out with CO,-
baited traps and average number of Ae. albopictus eggs.

of eggs and phone survey (R*> = 0.78), while lower
correlation was observed between CI and phone-
survey data (R*> = 0.61). Correlations between CI
and ovitrap data with the phone survey may have
been affected by the presence, even at low density,
of Ae. caspius.

Phone survey results

Altogether, 1,035 phone calls were made,
producing 743 interviews (292 people were
absent), including 415 people (some people
answered more than one interview during the
survey).

The mosquito annoyance seasonal dynamic
showed a peak in Villadose at the end of July,
related to the increase in Ae. caspius density,
while in Rovigo it remained mostly related to the
density of Ae. albopictus (Fig. 1).

The stepwise regression analysis of the data
(mean of each area) showed that the surveyed

nuisance level is strictly linked to the average
density of Ae. caspius captured with the CO,
traps (Table 6) and to the average density of Ae.
albopictus eggs. The captures of Cx. pipiens and
Ceratopogonidae did not seem to be consistent in
citizens’ annoyance assessment. The equation
describing the relationship between nuisance level
and mosquito monitoring was
M = 0.765 + 0.006A4e.c. + 0.004E 4., |
(R* = 0.87, F57 = 23.13, P < 0.001), W

where M is the surveyed nuisance, 4e.c. indicates
the number of Ae. caspius females captured in 1
night/trap, and E,., is the average number of

eggs collected weekly.

The analysis of the interview data highlighted
that the nuisance expressed by the people was
different according to various socioeconomic
factors (Table 7). Women seemed to be more
sensitive than men (F = 8.46, P < 0.05), even if
differences between the number of bites consid-
ered tolerable (F = 043, P = 0.55) and
intolerable (F = 0.12, P = 0.75) were not
significant. Generally, the average number of
bites considered tolerable by the interviewed
people was 3.44 and 3.47 bites/day (respectively,
among women and men); it was intolerable
starting from 5.04 to 5.15 bites/day.

We did not observe significant differences in
nuisance level (F = 1.34, P = 0.31) or in the
number of tolerable (F = 0.15, P = 0.93) and
intolerable bites (F = 0.43, P = 0.73) according
to age, although reported nuisance level tended to
decrease as age increased.

Among people living in independent houses
with a garden, reported nuisance was much
higher (F = 10.45, P < 0.03) and the reported
tolerance (N intolerable bites: F = 0.54, P = 0.50;
N tolerable bites: F = 0.02, P = 0.90) lower
compared to people living in a block of flats
(Table 7).

The nuisance level reported by families with
children <5 years was much higher (F = 58.03, P
< 0.002) compared to other families. However,
families with children <5 years did not show
differences in reported tolerance (N intolerable
bites: F = 0.07, P = 0.80; N tolerable bites: F =
0.04, P = 0.85).

Table 6. Stepwise regression analysis of the nuisance levels and data related to captures of indigenous mosquitoes.
Nuisance

Comment Parameters SE t P B SE of B
Intercept 0.765 0.119 6.414 <0.001
Cx. pipiens Pooled
Ae. caspius 0.006 0.001 5.056 <0.001 0.707 0.140
Ceratopogonidae Pooled
Eggs/week 0.004 0.001 5.464 <0.001 0.764 0.140
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The occupations of participants were grouped
in 5 categories: housewives and retired people
(citizens spending most of the day at home),
teachers and students (professions taking up only
a part of the day), and the other professions. We
did not observe differences in the nuisance (F =
1.13, P = 0.38) or reported intolerable level
(N intolerable bites: F = 1.73, P = 0.19), but
significant differences were found regarding the
number of tolerable bites (F = 3.34, P < 0.04),
with teachers declaring the highest tolerance.

Educational level was related to differences in
reported nuisance (F = 4.42, P < 0.03) but not in
the number of tolerable (F = 2.57, P = 0.10) and
intolerable (F = 0.40, P = 0.76) bites. The
interviewed people with a lower educational level
(mostly elderly) and the ones with a higher
educational level (degree) declared a lower
nuisance level compared to respondents with a
medium educational level (secondary school).

The protection tools were divided in 7 catego-
ries: none (no control or prevention tools used);
insecticide (use of home insecticides such as
electric mats, mosquito coil, repellents, etc.); net
(mosquito nets for windows); net + insecticide
(mosquito nets and insecticides); prevention +
insecticide (prevention tools such as removal of
focus, larval control, etc., and insecticides);
prevention + net (prevention tools and mosquito
nets); prevention + net + insecticide (prevention
tools, mosquito nets, and insecticides). We
observed some important differences in mosquito
nuisance (F = 7.58, P < 0.002) according to the
tools used (Table 7). The interviewed people who
did not use tools declared a definitely lower
nuisance compared to the ones using some. We
did not observe important differences related to
the tolerable and intolerable bites according to
the type of control tools used (F = 1.79, P <
0.14; F = 1.08, P = 0.40).

Generally, it was observed that in people living
in a block of flats usually used mosquito nets for
windows (55%) and home insecticides (67%),
while more than 11% of the interviewed people
declared use of any tool. In independent houses,
only 6% of the people interviewed used any tools
and the percentage who used insecticides and
mosquito nets was 77% and 43%, respectively.

Table 8.

Furthermore, 16.5% of families living in a
house with garden carried out some prevention
activity.

The questionnaire asked whether the use of
green spaces was reduced by mosquitoes in these
last years (Ae. albopictus was found for the first
time in 1999 in Rovigo and in 2001 in Villadose).
The percentage of interviewed people declaring a
reduction in outdoor activities was 54% in
Rovigo, the area where Ae. albopictus infestation
is higher, and 31% in Villadose. Moreover, it was
observed that people living in independent houses
with garden were more likely to have changed
their customs (56% in Rovigo and 36% in
Villadose) compared to the ones living in block
of flats (36% in Rovigo and 9% in Villadose)
(Table 7).

Turning the parameters into dummy variables,
we tried to highlight how the ratio between
nuisance and mosquitoes varies according to the
kind of dwelling and to the presence of children in
the family. Considering dwelling as a dummy
variable (independent houses and block of flats),
the regression analysis points out a good corre-
lation (Table 8). The equation linking the differ-
ent variables is

Mhouse = 0.51 + 0.334 + 0.0038A4e.c.
+ 0.0043E 4.0 (R* = 0.70, (2)
Fs16 = 12.20, P < 0.0001),

where 4 = 1 for detached houses and 4 = 0 for
block of flats. In residential areas characterized
by independent houses with garden, the equation
becomes

Mind houses =0.84+0.00384e.c. +0.0043E 4. .. (3)

In areas with blocks of flats, the equation is
Mpiock = 0.51 + 0.0038A4e.c. + 0.0043E4.,.. (4)

The presence of children seems important for
the definition of the families’ tolerable levels and
sensitivity to nuisance (Table 9). In cases where
there are children, sensitivity was definitively
higher (R> = 0.71, F5 ;6 = 12.94, P < 0.001).

M pitdren =1.12 + 0.007A4e.c. + 0.0046E 4., (5)

Parameter by stepwise regression analysis of the nuisance levels and data related to the captures of native

mosquitoes carried out with CO, traps and average number of Ae. albopictus eggs collected with ovitraps,
considering dwelling as the dummy variable.

Nuisance
Parameters SE t P B SE of B
Intercept 0.508 0.148 3.427 0.0034
Dummy 0.332 0.130 2.566 0.0207 0.354 0.138
Ae. caspius 0.004 0.001 2.898 0.0104 0.408 0.141
Eggs/week 0.004 0.001 5.135 0.0001 0.722 0.141
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Table 9.

Parameter by stepwise regression analysis of the nuisance levels and data related to the captures of native

mosquitoes carried out with CO,-baited traps and mean Ae. albopictus eggs picked up with ovitraps, considering
presence of children <5 years as the dummy variable.

Nuisance
Parameters SE t P B SE of B
Intercept 0.661 0.185 3.566 0.0026
Dummy 0.461 0.162 2.840 0.0118 0.3836 0.1351
Ae. caspius 0.007 0.002 4.242 0.0006 0.5846 0.1378
Eggs/week 0.005 0.001 4.344 0.0005 0.5987 0.1378

Mo children =0.46+0.007 Ae.c. +0.0046E 4. ,..  (6)

Lastly, the equation linking the nuisance index M
with the percentage of the population considering
the trouble as tolerable (P) was calculated:

P = —0.4416M + 1.2859
(R* = 0.98, F 5 = 503.43, P < 0.0001).

Therefore, a threshold M = 1 implied that most
citizens (84%) found the presence of mosquitoes
tolerable; with a threshold M = 1.5, we find that
60% of the population consider the level tolera-
ble; with a threshold M = 2, the percentage of the
population considering mosquitoes tolerable was
only 40%.

DISCUSSION

Our observations confirm previous findings
regarding the high cost and the low effectiveness
of CO, traps in monitoring Ae. albopictus
population density (Krockel et al. 2006). Data
obtained by 8 ovitraps/km® were sufficient to
evaluate the nuisance level caused by Ae.
albopictus and showed to be in good agreement
with data produced by the container inspections.

According to this study, it is evident that
people in this area had a sensitivity level to
mosquitoes similar to or lower than that found in
other locations (John et al. 1987, Morris and
Clanton 1988, Read et al. 1994), with the number
of bites considered as intolerable by the inter-
viewed people on average 5/day.

There are social, psychological, and biomedical
factors affecting the sensitivity differences ob-
served in the survey. The way green spaces are
used, differing according to various socio-demo-
graphic factors, can influence the sensitivity to
diurnal mosquitoes because it affects the time
spent outdoors when the mosquitoes are active.
Indeed, the data analysis points out that the
presence of children strongly affects the parents’
sensitivity.

Physiological factors may also play a relevant
role in the sensitivity to mosquito bites. Peng et
al. (1996) and Peng and Simons (1998) have
observed that there is an inverse correlation of

the skin reactions to mosquito bites with the
duration of exposure, and have hypothesized that
natural exposure could induce desensitization
phenomena.

Many citizens use home insecticides (more than
70% of the interviewed people) in addition to
mosquito nets for windows (about 50%) in order
to protect themselves. While these protection
tools seem adequate for the common house
mosquitoes Cx. pipiens (nocturnal and endophil-
ic), on the contrary, for the more anthrophophilic
and exophilic species Ae. albopictus and Ae.
caspius, respectively diurnal and crepuscular,
citizens seem to be much more exposed.

In residential areas, Ae. albopictus is markedly
modifying citizens’ behavior in use of green
spaces, and more than 50% of the people
interviewed in Rovigo declared that mosquitoes
limit their outdoor activities. Consequently, in
residential environments a decrease in the use of
green spaces as a behavioral defense against
mosquitoes can happen. Therefore, control mea-
sures against diurnal and crepuscular mosquitoes
have a strong social value.

We obtained quite a good relationship between
the nuisance level declared by residents and the
captures obtained with CO,-baited traps (Ae.
caspius) and ovitraps (Ae. albopictus). An equa-
tion with which it was possible to estimate the
nuisance level according to the different kind of
dwelling and to the presence of children was
developed. In residential areas where most of the
dwellings are houses with a garden, it is
appropriate to use Eq. (3) to estimate the
nuisance, while in arecas where blocks of flats
prevail, it was more appropriate to use Eq. (4).
The presence of children determines a meaningful
increase of sensitivity; therefore, in schools, in
parks, and, generally, in areas used by children,
Eq. (5) can be appropriate.

To verify the threshold obtained in this study,
Eq. (1) was compared with the equation defined
in Piedmont region (PRB 2003). The 2 equations
define very similar tolerance thresholds: consid-
ering Ae. caspius only, when the nuisance index
M = 1 we have 40 Aedes females, while with
the Piedmont equation when the tolerance
threshold (TT) = 1.6, this gave 39 Aedes females
(Fig. 2).
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Fig. 2. Comparison between the empirical equation
defined according to the experience in Piedmont
(threshold of tolerance, TT) and the one defined by
this Study (M,, MInd.Housea and Mchildren)-

This study defines the tolerable density of
mosquitoes below which it was not necessary to
increase control activities (nuisance index M = 1)
and the mosquito density at which it was strongly
recommended to increase control efforts because
the problem was serious (nuisance index M = 2).
The tolerance threshold which can be adopted in
mosquito control programs is found in this
interval (1 < M < 2).

An economic assessment of the benefits and
costs of mosquito control should be done to
establish an economic threshold based on these
tolerance levels.
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INTRODUCTION

In late summer 1999, the first domestically acquired human cases of West Nile (WN) encephalitis
were documented in the U.S."® The discovery of virus-infected, overwintering mosquitoes during
the winter of 1999-2000 presaged renewed virus activity for the following spring and precipitated
early season vector control and disease surveillance in New York City (NYC) and the surrounding
areas.”® These surveillance efforts were focused on identifying and documenting WN virus (WNV)
infections in birds, mosquitoes and equines as sentinel animals that could alert health officials to
the occurrence of human disease. Surveillance tracked the spread of WNV throughout much of
the U.S. between 2000 and 2002. By the end of 2002, WNV activity had been identified in 44
states and the District of Columbia. The 2002 WNV epidemic and epizootic resulted in reports of
4,156 reported human cases of WN disease (including 2,942 meningoencephalitis cases and 284
deaths), 16,741 dead birds, 6,604 infected mosquito pools, and 14,571 equine cases. The 2002
WNV epidemic was the largest recognized arboviral meningoencephalitis epidemic in the Western
Hemisphere and the largest WN meningoencephalitis epidemic ever recorded. Significant human
disease activity was recorded in Canada for the first time, and WNV activity was also documented
in the Caribbean basin and Mexico. In 2002, 4 novel routes of WNV transmission to humans were
documented for the first time: 1) blood transfusion, 2) organ transplantation, 3) transplacental
transfer, and 4) breast-feeding.

WNV is a member of the family Flaviviridae (genus Flavivirus). Serologically, it is a member of the
Japanese encephalitis virus antigenic complex, which includes St. Louis, Japanese, Kunijin, and
Murray Valley encephalitis viruses.”*® WNV was first isolated in the WN province of Uganda in
1937."%* Human and equine outbreaks have been recorded in portions of Africa, southern
Europe, North America, and Asia.****

Although it is still not known when or how WNV was introduced into North America, international
travel of infected persons to New York, importation of infected birds or mosquitoes, or migration of
infected birds are all possibilities. In humans, WNV infection usually produces either asymptomatic
infection or mild febrile disease, sometimes accompanied by rash, but it can cause severe and
even fatal diseases in a small percentage of patients. The human case-fatality rate in the U.S. has
been 7% overall, and among patients with neuroinvasive WNV disease, 10%.

Unlike WNV within its historical geographic range, or St. Louis encephalitis (SLE) virus in the
Western Hemisphere, mortality in a wide variety of bird species has been a hallmark of WNV activity
in the U.S. The reasons for this are not known; however, public health officials have been able to
use bird mortality (particularly birds from the family Corvidae) to effectively track the movement of
WNV. WNV has now been shown to affect 162 species of birds. Previous early-season field studies
have determined that areas with bird mortality due to WNV infection were experiencing ongoing
enzootic transmission. However, most birds survive WNV infection as indicated by the high
seroprevalence in numerous species of resident birds within the regions of most intensive virus
transmission. The contribution of migrating birds to natural transmission cycles and dispersal of
both WN and SLE viruses is poorly understood.

WNV has been transmitted principally by Culex species mosquitoes, the usual vectors of SLE virus.
Thirty-six species of mosquitoes have been shown to be infected with WNV. This wide variety of
WNV-infected mosquito species has widened this virus’ host-range in the U.S.: 27 mammalian
species have been shown to be susceptible to WNV infection and disease has been reported in 20
of these (including humans and horses). It must be remembered, however, that the detection of
WNV in a mosquito species is necessary but not sufficient to implicate that species as a competent
vector of WNV.



Since 1999, the Centers for Disease Control and Prevention (CDC) and a variety of other U.S.
governmental agencies and partners have sponsored yearly national meetings of arbovirologists,
epidemiologists, laboratorians, ecologists, vector-control specialists, wildlife biologists,
communication experts, and state and local health and agriculture officials to assess the
implications of the WNV introduction into the U.S. and to refine the comprehensive national
response plan. Recommendations from these meetings have been used to develop and to update
these guidelines.”®*® This document is available electronically from the CDC Web site at:
http://www.cdc.gov/ncidod/dvbid/westnile/publications.htm.

To assist guideline implementation in 2000, CDC developed an electronic-based surveillance and
reporting system (ArboNet) to track WNV activity in humans, horses, other mammals, birds and
mosquitoes. In 2003, the ArboNet surveillance system has been updated to streamline reporting to
CDC of WNV activity by the state public health departments.

Today:-s rapid transport of people, animals, and commodities increase the likelihood that other
introductions of exotic pathogens will occur. CDC continues to implement its plan titled APreventing
Emerging Infectious Diseases, a Plan for the 21° Century”."’



SURVEILLANCE

A universally applicable arbovirus surveillance system does not exist. In any given jurisdiction,
surveillance systems should be tailored according to the probability of arbovirus activity and
available resources. In jurisdictions without pre-existing vector-borne disease surveillance and
control programs, newly developed avian-based and/or mosquito-based arbovirus surveillance
systems will be required. In some, resurrection of previously abandoned systems will be
necessary. In others, modification and/or strengthening of existing arbovirus surveillance
systems (i.e., those intended to monitor eastern equine encephalitis [EEE], western equine
encephalitis [WEE], and/or St. Louis encephalitis [SLE] virus activity) will be the most
appropriate response. In yet other jurisdictions in which the probability of arbovirus activity is
very low and/or resources to support avian-based and/or mosquito-based surveillance are
unavailable, laboratory-based surveillance for neurologic disease in humans and equines
should be employed at minimum.

Seasonality of surveillance activities may vary depending upon geographic region. With the
anticipated spread of West Nile virus (WNV) to all of the 48 contiguous United States in 2003,
all states should initiate surveillance after mosquitoes become active in the spring.

Appropriate and timely response to surveillance data is the key to preventing human and
animal disease associated with WNV and other arboviruses. That response must include
effective mosquito control and public education without delay, if an increasing intensity of virus
activity is detected by bird- or mosquito-based surveillance systems (see Section IIl.M). For
basic information on arbovirus surveillance, see CDC Guidelines for Arbovirus Surveillance
Programs in the United States," this document can be obtained from CDC's Division of Vector-
Borne Infectious Diseases, Fort Collins, Colorado, and is also available from the CDC Web site
at: www.cdc.gov/ncidod/dvbid/arbor/arboguid.htm.

A. Ecologic Surveillance

Detection of WNV in bird and mosquito populations helps health officials predict and
prevent human and domestic animal infections. Surveillance to detect WNV should focus
on the avian and mosquito components of the enzootic transmission cycle. Non-human
mammals, particularly equines, may also serve as effective sentinels because a high
intensity of mosquito exposure makes them more likely to be infected than people.
Descriptions of the avian-, mosquito-, and non human mammal-based surveillance
strategies follow.

1. Avian

a) Avian morbidity/mortality surveillance

Avian morbidity/mortality surveillance appears to be the most sensitive early
detection system for WNV activity, and should be a component of every state’s
arbovirus surveillance program. Its utility for monitoring ongoing transmission in a
standardized fashion is currently being investigated, but should include at least two
basic elements: the timely reporting and analysis of dead bird sightings and the
submission of selected individual birds for WNV testing.



GOAL OF AVIAN MORBIDITY/MORTALITY SURVEILLANCE: Utilize bird mortality
associated with WNV infection as a means of detecting WNV activity in a location.

1) Protocols and specimens

The level of effort involved in this surveillance activity will depend on a risk
assessment in each jurisdiction. Generally, avian surveillance should be
initiated when local adult mosquito activity begins in the spring. A database
should be established to record and analyze dead bird sightings with the
following suggested data: caller identification and call-back number, date
observed, location geocoded to the highest feasible resolution, species, and
condition. Samples from birds in good condition (unscavenged and without
obvious decomposition or maggot infestation) may be submitted for laboratory
testing. As with all dead animals, carcasses should be handled carefully,
avoiding direct contact with skin. For greatest sensitivity, a variety of bird
species should be tested, but corvids should be emphasized.' The number of
bird specimens tested will be dependent upon resources and whether WNV-
infected birds have been found in the area, triage of specimens may be
necessary on the basis of sensitive species (such as corvids) and geographic
location. Many jurisdictions may limit (or even stop) avian mortality surveillance
once WNV is confirmed in their region. It is suggested that avian mortality
surveillance be continued in each region as long as it remains necessary to
know whether local transmission persists, because dead-bird-based
surveillance is the most sensitive method for detection of WNV activity in most
regions.

A single organ specimen from each bird is sufficient to detect WNV or viral RNA.
Kidneys, brains, or hearts are preferable.?®** Oral swabs from corvids have
been validated as a sensitive alternative to organ samples, and because fewer
resources are necessary to acquire them, oral swabs are the preferred
specimen from corvid carcasses.”® Testing involves isolation of infectious virus,
specific RNA detection by reverse transcription-polymerase chain reaction (RT-
PCR), * or antigen detection,?*?® and will generally be positive within 1-2 weeks
after specimen submission.

2) Recent experience

Analysis of recent avian morbidity and mortality data indicated that

(a) The American crow was the most sensitive species for avian morbidity/
mortality surveillance in northern regions. However, some areas did not
have WNV-positive American crows, but only WNV-positive birds of other
species. In southern regions, blue jays have been more sensitive than
Crows.

(b) Almost all of the positive birds were found singly and not as part of a mass
die-off at a single time and place.

(c) Approximately one-third of the WNV-positive birds had signs of trauma on
necropsy.

(d) Many WNV-positive birds did not have pathology indicative of WNV infection
on necropsy. No lesions are pathognomonic for WNV infection.

(e) WNV-positive dead birds usually provided the earliest indication of viral
activity in an area. In 2002, the detection of WNV-infected dead birds was



the first positive surveillance event in 1,534 (61%) of 2,531 counties
reporting WNV activity.

(f) The detection of WNV-positive dead birds preceded reports of human cases
(although knowledge of the test result did not necessarily predate the onset
of human cases). In 2002, 527 (89%) of 589 counties reporting human WN
meningoencephalitis cases first detected WNV transmission in animals. In
327 (72%) of these 527 counties, detection of WNV-infected dead birds was
the first positive surveillance event, preceding human illness onset by a
median of 38.5 days (range, 2-252 days).

(g) Many counties with human cases of WNV infection tended to have high
dead bird surveillance indices, both WNV-positive and sightings. Notable
exceptions inclu