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From the Editor

I will readily admit that—at least prior to the submission of this monograph—I had only a general
understanding of animal diseases. As an animal ecologist I certainly understood the substantial role
that disease could have in local population dynamics. My attention to details of specific diseases was
focused, however, on the diseases that affected the species I was currently studying; on those diseases
I had to become better schooled. I am confident that we are all aware of the impact that diseases such
as West Nile have had on certain bird populations. Given that I often pretend that I am a mammalogist
and study rodents, I have long been aware of how I was playing with potential death when taking
blood samples back before (i.e., pre-1990 or so) we knew about Hantavirus. But beyond a general
knowledge, I was really unaware of how many diseases were lurking about us in the wild and how
they were being transmitted.

Fortunately, we now have this detailed investigation by Charles R. Brown and Valerie A. O'Brien that
takes us through the various theories about how birds might disperse certain diseases. As reviewed by
the authors, the movements of migratory birds have been suggested as a major way in which viruses
can be moved on local, continental, and even intercontinental scales. I certainly will not ruin the story
line by summarizing what they found, but the story they tell is akin to a detective sorting through
clues of highly different nature.

The conservation implications of the work by Brown and O’Brien go far beyond the direct effects
that disease can have on bird populations. Indeed, if it were concluded (rightly or wrongly) that
birds dispersed disease that affected human populations, then public support in general for many
conservation activities aimed at birds could be negatively influenced. And as noted by the authors,
false assumptions about the role of birds in dispersing pathogens could lead to a misdirection of public
health resources into ineffective ways to predict or prevent disease spread.

This monograph summarizes a substantial body of knowledge, dispels certain false notions about
the role of birds in the spread of pathogens, and provides a roadmap for future investigations. I, for
one, am now much better informed about how we need to look at birds and their role in the spread of
pathogens and disease in general.

Michael L. Morrison

vii
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OF ARTHROPOD-BORNE VIRUSES?

CHARLES R. BROWN' AND VALERIE A. O’BRIEN?
Department of Biological Sciences, University of Tulsa, Tulsa, Oklahoma 74104, USA

ABsTRACT.—The encephalitic arthropod-borne viruses (arboviruses) can cause a variety of seri-
ous human and wildlife diseases, including eastern equine encephalomyelitis, western equine
encephalomyelitis, St. Louis encephalitis, Japanese encephalitis, and West Nile neuroinvasive
disease. Understanding how these pathogens are dispersed through the environment is impor-
tant both in managing their health-related impact and in interpreting patterns of their genetic
variability over wide areas. Because many arboviruses infect wild birds and can be amplified to
a level that makes birds infectious to insect vectors, numerous workers have suggested that the
movements of migratory birds represent a major way that these viruses can be transported on a
local, continental, and intercontinental scale. Virus transport by birds can, in theory, explain the
colonization of new geographic regions by arboviruses, why some arboviruses in widely sepa-
rated areas are genetically similar, and how arboviruses annually recur in temperate latitudes
following interrupted transmission during the winter months. The four scenarios in which a
bird could transport an arbovirus include (1) a viremic bird moving while it maintains a viremia
sufficient to infect an arthropod that feeds on it at a new locale; (2) a bird previously infected
by an arbovirus maintaining a chronic, low-level virus infection that, perhaps because of the
stresses associated with annual movement, recrudesces to produce a viremia high enough to
infect an arthropod at a new locale or at a different time of year; (3) an infected bird moving and
then directly transmitting the virus to other animals either by being preyed upon or scavenged
or when other birds contact its saliva or feces; and (4) a bird transporting virus-infected arthro-
pods that drop off at a new location. The idea that birds spread arboviruses is based largely
on records of virus-positive birds of unknown movement status caught during the migration
season, serological data showing that migrant birds were exposed to virus in the past, and indi-
rect inferences about arbovirus movement based on patterns of genetic variation in viruses in
different geographic locations. We review the direct and indirect evidence for these scenarios.
Although there are a few records of migrant birds having moved arboviruses over long dis-
tances, we conclude that there is no strong empirical evidence that wild birds play a major role
in the dispersal of these pathogens at the continental or intercontinental levels or that arbovi-
ruses routinely become established at new foci or are seasonally reintroduced into established
foci as a result of transport by birds. Additional field and laboratory studies on how virus infec-
tion directly affects a bird’s likelihood of moving are needed. Researchers interested in virus
transport should focus on the extent to which birds move viruses locally and how local trans-
port contributes to arbovirus dispersal more generally, whether virus-infected arthropod vec-
tors disperse long distances, and the extent to which arboviruses are maintained at established
foci through vertical transmission and overwintering by adult vectors. Unjustified assumptions
that wild birds disperse pathogens could negatively affect the conservation of many migratory
species throughout the world and cause public health resources to be diverted into ineffective
ways to predict or prevent disease spread. Received 7 May 2009, accepted 27 August 2010.
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;Son las Aves Silvestres Importantes para el Transporte
de Virus Transmitidos por Artrépodos?

RESUMEN.—Los virus encefaliticos transmitidos por artrépodos (arbovirus) pueden causar
una variedad de enfermedades serias en humanos y en especies silvestres, incluyendo la ence-
falomielitis equina occidental, la encefalitis de St. Louis, la encefalitis japonesa y la enfermedad
neuroinvasora del oeste del Nilo. Entender cémo se dispersan estos patdgenos en el ambiente
es importante tanto para manejar su impacto en relacién con la salud, como para interpretar sus
patrones de variabilidad genética en dreas amplias. Debido a que muchos arbovirus infectan
aves silvestres y pueden amplificarse a un nivel que hace que las aves puedan infectar a los
insectos vectores, varios investigadores han sugerido que los movimientos de las aves migra-
torias representan una de las principales formas de transporte de estos virus a escalas locales,
continentales e intercontinentales. En teoria, el transporte por las aves podria explicar la colo-
nizacién de nuevas regiones geograficas por parte de los arbovirus, por qué algunos arbovirus
en areas distantes son genéticamente similares y cémo los arbovirus reaparecen anualmente en
latitudes templadas luego de la interrupcion de su transmisién que sucede durante los meses
de invierno. Los cuatro escenarios en los que un ave podria transportar un arbovirus incluyen
(1) un ave virémica que se mueve mientras mantiene una viremia suficiente para infectar a un
artrépodo que se alimenta de ella en una localidad nueva; (2) un ave previamente infectada
por un arbovirus que mantiene una infeccién viral crénica y de bajo nivel que, quizds debido
al estrés asociado con los movimientos anuales, se recrudece para producir una viremia sufi-
cientemente alta para infectar un artrépodo en una localidad nueva o en otra época del afio; (3)
un ave infectada que se mueve y luego transmite el virus directamente a otros animales que se
alimentan de ella (depredadores, carrofneros) o mediante el contacto con su saliva o heces; y (4)
un ave que transporta vectores infectados con virus a un nuevo sitio. La idea de que las aves
diseminan los arbovirus se basa en gran medida en registros de aves virus-positivas de estatus
de movimiento desconocido capturadas durante la temporada de migracion, en datos serologi-
cos que demuestran que algunas aves migrantes estuvieron expuestas a virus en el pasado y en
inferencias indirectas sobre el movimiento de los arbovirus basadas en los patrones de varia-
cién genética observados en virus de diferentes lugares geograficos. En este trabajo revisamos
la evidencia directa e indirecta que apoya estos escenarios. A pesar de que existen unos pocos
registros que demuestran que algunas aves migrantes han transportado arbovirus a lo largo de
grandes distancias, concluimos que no existe evidencia empirica fuerte de que las aves silves-
tres desempefien un papel importante en la dispersion de estos patégenos a niveles continen-
tales o intercontinentales. Tampoco hay evidencia sélida de que los arbovirus rutinariamente
se establezcan en nuevos focos ni que se reintroduzcan estacionalmente en focos establecidos
como resultado del transporte por medio de las aves. Se necesitan mds estudios de campo y de
laboratorio acerca de cémo las infecciones virales afectan directamente la probabilidad de que
las aves se muevan. Los investigadores interesados en el transporte de los virus deben enfocarse
en (1) conocer el grado al que las aves mueven los virus localmente y en cémo el transporte
local contribuye a la dispersion de los arbovirus de modo mads general, y (2) comprender en
qué grado los arbovirus se mantienen en focos establecidos gracias a la transmision vertical y a
la permanencia durante el invierno de vectores adultos. La suposicién injustificada de que las
aves dispersan los patégenos podria afectar negativamente la conservaciéon de muchas especies
migratorias a nivel mundial y causar que recursos para la salud ptblica sean desviados hacia
modos no efectivos para predecir o prevenir la diseminacién de enfermedades.

INTRODUCTION

When the legend becomes fact, print the legend.
—"”The Man Who Shot Liberty Valance,” 1962

BIRDS ARE THE primary vertebrate amplifying
hosts for a number of arthropod-borne viruses
(arboviruses). Upon being bitten by an infected
arthropod (most often mosquitoes), some bird

species replicate the virus to an extent that they
can, in turn, infect transmission-competent ar-
thropod vectors that feed on the viremic birds
(Yuill 1986; Morris 1988; Scott 1988; Reisen and
Monath 1989; Weaver et al. 1992, 2004; Calisher
1994; Gould et al. 2001; Weaver and Barrett 2004;
McLean 2006; Unnasch et al. 2006a, b; Kramer et
al. 2008). Consequently, evidence of virus ampli-
fication in birds is used to determine local virus
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transmission and can sometimes predict impend-
ing epidemics or epizootics (e.g., Kissling et al.
1955; Lord et al. 1974; McLean and Bowen 1980;
McLean et al. 1993; Reisen et al. 2000b, 2006a; Day
2001; Eidson et al. 2001; Julian et al. 2002; Howard
et al. 2004; Komar et al. 2005; Kwan et al. 2010).
By moving while viremic and being fed upon
by uninfected vectors at their destinations, birds
are also widely assumed to be responsible for
introducing arboviruses into new geographic
areas and annually reintroducing them to places
where cold winter temperatures interrupt vi-
rus transmission for part of the year (Miles and
Howes 1953; Johnson 1960; Stamm and Newman
1963; Lord and Calisher 1970; Calisher et al. 1971;
Hannoun et al. 1972; Work and Lord 1972; Mor-
ris et al. 1973; Hayes 1989; Nice 1994; Hanna et
al. 1996; Kramer et al. 1997, 2008; Rappole et al.
2000; Malkinson and Banet 2002; Peterson et al.
2003; Reed et al. 2003; Bengis et al. 2004; Gould
et al. 2004; Hubdlek 2004; Lvov et al. 2004; Nga
et al. 2004; McLean 2006; Owen et al. 2006; Sul-
livan et al. 2006; Figuerola et al. 2007; Jourdain et
al. 2007a, b; Linke et al. 2007; Georgopoulou and
Tsiouris 2008). Birds are thought to be responsible
for most cases of arbovirus transport largely be-
cause (1) it is assumed that arthropod vectors are
generally relatively sedentary and do not have
the long-distance movement potential of migra-
tory birds (Brust 1980, Lillie et al. 1981, LaSalle
and Dakin 1982, Milby et al. 1983, Howard et al.
1989, Fairley et al. 2000, Merrill et al. 2005, Maciel-
de-Freitas et al. 2006); (2) it is assumed that over-
wintering of viruses in arthropod vectors or their
eggs occurs infrequently in the colder, temperate
latitudes (Reeves 1974, 1990; Rosen 1987; Reisen
1990; Reisen et al. 2006b; Brown et al. 2009a);
and (3) observations show that some migratory
birds can move over long distances very quickly
(Johnson et al. 2004, Gill et al. 2005, Jourdain et al.
2007a, Stutchbury et al. 2009). That birds trans-
port viruses over various spatial scales has al-
most become dogma in arbovirology and public
health, and links between animal migration and
the dispersal of pathogens more generally have
been hypothesized (Altizer et al. 2011). However,
there have been few direct observations of birds
infected with arboviruses definitively undergo-
ing long-distance movement. Most of what we
think we know about transport of these viruses
is based on records of viremic birds of unknown
status caught during the migration season or in-
direct inferences about virus transport based on
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patterns of genetic variation of arboviruses in dif-
ferent geographic locations.

Although some workers have suggested that
the evidence is weak for widespread arbovirus
transport by birds (Takahashi et al. 1972; Emord
and Morris 1984; Morris 1988; Scott 1988; Reisen
et al. 2000b, 2003c, 2010; Komar and Clark 2006;
Altizer et al. 2011), birds remain implicated as
critical players in the transmission and dispersal
of zoonotic viruses in general, as illustrated most
recently by the extensive field and experimental
work done on bird species competence for West
Nile virus (WNV) in North America (Komar 2003,
McLean 2006, Kilpatrick et al. 2007, Kramer et al.
2008, Dusek et al. 2009, Wheeler et al. 2009) and the
current attention given to migratory birds as dis-
persers of avian influenza world-wide (e.g., Tracey
etal. 2004, Gilbert et al. 2006, Kilpatrick et al. 2006a,
Olsen et al. 2006, Gauthier-Clerc et al. 2007, Krauss
et al. 2007, Pearce et al. 2009, Lebarbenchon et al.
2010). Much of the work on WNV in particular has
assumed, without direct evidence, that the virus
is introduced or reintroduced to given locales by
migrating birds (Rappole et al. 2000, Petersen and
Roehrig 2001, Peterson et al. 2003, Hubalek 2004,
Lewis et al. 2006, McLean 2006, Kramer et al. 2008,
Dusek et al. 2009), and only recently have alterna-
tives (e.g., transport by mosquito vectors) been
seriously considered (Goldberg et al. 2010, Ven-
katesan and Rasgon 2010).

Understanding how arboviruses are moved
is important, given the medical significance of
many of them. Of the 534 described arboviruses
world-wide, 134 (25%) are known to cause illness
in humans, and there has been a global resur-
gence in zoonotic arbovirus diseases in the past 25
years (Gubler 2002). Some of these diseases may
be expected to increase in frequency or severity
in the future with global climate change (Shope
1991, Patz and Reisen 2001, Zell 2004, Gould and
Higgs 2009, Weaver and Reisen 2010). Specifying
the extent to which birds transport arboviruses
can assist in developing potential virus control
and management strategies, help determine how
public health resources can best be allocated, and
prevent unwarranted assumptions that influence
public perception of birds or other wildlife (Yasue
et al. 2006, Weber and Stilianakis 2007).

THE MAJOR BIRD-ASSOCIATED ARBOVIRUSES

The arboviruses typically associated with
birds that have been best studied include, in
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North America, the alphaviruses (Togaviridae)
eastern equine encephalomyelitis virus (EEEV),
western equine encephalomyelitis virus (WEEV),
Highlands ] virus (HJV), and Buggy Creek/Fort
Morgan virus (BCRV); and, in the Old World,
Sindbis virus (SINV). These viruses can cause
encephalitic disease, arthralgia, and mortality in
humans, livestock, poultry, or wild birds (Scott et
al. 1984, Morris 1988, Niklasson 1989, Reisen and
Monath 1989, Scott and Weaver 1989, Calisher
1994, Cilnis et al. 1996, Laine et al. 2004, O’Brien
et al. 2010a, Weaver and Reisen 2010). The well-
studied flaviviruses (Flaviviridae) include, in
North America, the native St. Louis encephalitis
virus (SLEV) and the recently introduced West
Nile virus (WNV); and, in the Old World, Japa-
nese encephalitis virus (JEV). These flaviviruses
are also serious threats to human health (McLean
and Scott 1979, McLean and Bowen 1980, Hayes
1989, Gruwell et al. 2000, Rappole et al. 2000, Day
2001, Komar 2003, Reisen 2003, Marra et al. 2004,
McLean 2006, Kramer et al. 2008, Weaver and
Reisen 2010).

Because most hematophagous arthropods
show distinct preferences for specific host taxa,
virtually all arboviruses are transmitted by only
a subset of the mosquito (or other arthropod)
species that occur in a given area. In most cases
of virus transmission by arthropods, the vector’s
alimentary tract is infected following a blood
meal, virions are disseminated throughout the
vector, and eventually the virus is replicated in
the salivary glands, whereupon infectious saliva
is injected into the host during later blood feed-
ing (Weaver and Reisen 2010). Different vector
species (sometimes even ones closely related)
show widely varying degrees of competence for
transmission of different arboviruses, usually re-
lated to taxon-specific (and sometimes individual-
specific) differences in the dosage (host viremia
level) needed to infect, the extent of various phys-
iological barriers to replication or movement of
virus to and from the salivary glands, and extrinsic
constraints (e.g., ambient temperature and breed-
ing phenology) on viral replication (Hardy et al.
1983, Hardy and Reeves 1990a, Lundstrém 1994,
Goddard et al. 2002, Reisen et al. 2005a).

ALPHAVIRUSES
Widespread in the eastern United States and

in Central and South America, EEEV causes the
most severe human disease of any of the native

ORNITHOLOGICAL MONOGRAPHS NO. 71

arboviruses in North America. It was first iso-
lated in 1933 in horses along the east coast of the
United States, and birds were soon considered
a possible reservoir host because of the timing
and location of outbreaks, but the virus was not
isolated from a wild bird until 1950. Since then,
studies have shown that many passerines and
various other birds can be infected by EEEV in
its North American range (Morris 1988, Calisher
1994, Crans et al. 1994, Unnasch et al. 2006b).
In North America, EEEV is transmitted mostly
by the bird-feeding mosquito Culiseta melanura,
while in South America the virus is transmitted
by mammalophilic mosquitoes in the genus Culex
(subgenus Melanconion) and amplified primarily
in small mammals (Scott and Weaver 1989, Scott
et al. 1994).

Western equine encephalomyelitis virus oc-
curs in western North America and in Brazil and
Argentina (Reisen and Monath 1989, Calisher
1994). The primary transmission cycle of WEEV
involves the ornithophilic mosquito Culex tarsa-
lis, and birds as the principal vertebrate host, al-
though WEEYV infection has also been detected in
mammals, reptiles, and amphibians (Reisen and
Monath 1989, Milby and Reeves 1990). It causes
disease in humans and livestock, although cases
have declined markedly in recent years (Forrester
et al. 2008, Reisen et al. 2008).

Originally isolated in the eastern United States
in 1952, HJV was once considered a WEEV vari-
ant. Later analyses identified it as a distinct spe-
cies in the WEEV complex (Calisher et al. 1988,
Reisen and Monath 1989), maintained in an epior-
nitic cycle involving small passerines and mostly
C. melanura vectors.

Also closely related to WEEV, BCRV (and its
variants, Fort Morgan virus and Stone Lakes vi-
rus; Pfeffer et al. 2006, Padhi et al. 2008, Brault
et al. 2009) is an ecologically unusual arbovirus
that is confined to Cliff Swallow (Petrochelidon
pyrrhonota) colonies, where it is maintained by its
vector, the ectoparasitic Swallow Bug (Oeciacus
vicarius), and is amplified in Cliff Swallows and
invasive House Sparrows (Passer domesticus) that
occupy swallow nests (Hayes et al. 1977; Scott et
al. 1984; Hopla et al. 1993; Brown et al. 2001, 2007,
2008, 2009¢, 2010b; O’Brien et al. 2010a, 2011).

First isolated from mosquitoes collected near
the village of Sindbis in Egypt in 1952, SINV is
widely distributed throughout Europe, Asia,
Africa, and Australia (Taylor et al. 1955, Niklas-
son 1989, Lundstrom 1999, Laine et al. 2004). It is
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transmitted primarily by Culex spp. (Lundstrom
1994) and has been found in various taxonomic
groups of birds as well as some amphibians and
mammals (Lundstrom et al. 1993, 2001; Lund-
strom 1999; Hubdlek 2008; Kurkela et al. 2008).

FLAVIVIRUSES

The most medically important flavivirus in
temperate North America until the recent arrival
of WNV, SLEV is found from Argentina to Can-
ada, but it seems to be more common in North
America, with periodic human disease outbreaks
attributed to it in the United States (Monath 1980,
Day 2001). It is largely transmitted by Culex spp.
and amplified in multiple wild bird species.

West Nile virus occurs endemically in much
of Africa (where it was discovered) but also cir-
culates in Europe, Asia, and Australia (Hayes
1989, Weaver and Reisen 2010). It has been re-
ported to infect mammals and reptiles, but birds
are considered the primary amplifying hosts
(McLean 2006, Kilpatrick et al. 2007, Kramer et
al. 2008) and Culex spp. the primary vectors. In
North America, WNV is an invasive arbovirus
that was first detected in 1999 in New York City.
The virus rapidly spread east to west across the
United States (McLean 2006, Rappole et al. 2006)
and then south into Central and South America
(Kramer et al. 2008).

Among the more significant arboviruses world-
wide is JEV, found commonly throughout Asia
and responsible for more human cases annually
than all other bird-associated arboviruses (Burke
and Leake 1988, Weaver and Reisen 2010). It is
transmitted by Culex spp., the most common
vertebrate hosts being wild birds of multiple spe-
cies, especially Ciconiiformes, and domestic pigs
(Erlanger et al. 2009).

Birp TRANSPORT OF VIRUSES:
SCENARIOS AND CONSEQUENCES

There are four primary ways that a bird could
be responsible for transporting an arbovirus
from place to place. The most commonly dis-
cussed scenario is one in which a virus-infected
bird moves and initiates transmission at a new
locale by being fed upon by a hematophagous
arthropod. In this case, (1) an infected arthropod
vector bites a bird and transfers virus to that bird
in sufficient quantity to initiate a viremia in the
bird; (2) that bird then begins or continues its
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movement while infected, such that (3) it travels
to a different location and maintains a viremia
high enough to infect an arthropod that feeds on
it at the new locale. All of these conditions must
be met for arbovirus transport to occur via this
mechanism.

In a second scenario, a bird that was previously
infected by an arbovirus sometime earlier in its
life maintains a chronic, low-level infection of that
virus. Perhaps because of the stresses associated
with annual migration, movement, or reproduc-
tion, the resultant suppression of the immune sys-
tem allows the virus to recrudesce during or after
the time that a bird moves, resulting in a viremia
high enough to infect an arthropod that bites the
bird in a new locale or at a different time of year.

A third scenario is one in which infected birds
infect others through direct transmission of vi-
ruses. An infected bird could move and subse-
quently be preyed upon or scavenged at its new
location and thus infect predators or scavengers
orally via consumption of the virus-infected car-
cass. This could occur if the bird was maintaining
a viremia at the time of its death, or if chronic per-
sistence of noncirculating virus in tissues such as
the kidney, spleen, or brain is sufficient to infect
the predator or scavenger. Direct transmission
could also occur through shedding of virus in
saliva or feces, most likely in colonial or commu-
nally roosting birds where many individuals are
concentrated in close physical contact.

The fourth scenario in which arboviruses
might be moved is when virus-infected arthro-
pods (such as ticks) are transported while at-
tached to a bird and then drop off the bird at a
new location. Direct transmission and carrying
of infected arthropods are not as commonly in-
voked to explain arbovirus transport, especially
for the mosquito-borne viruses, and fewer data
are available to evaluate them.

Bird-mediated transport of arboviruses poten-
tially has three major ecological or evolutionary
consequences: (1) virus may be introduced to new
geographic locales, resulting in virus coloniza-
tion and potential invasion of novel hosts and
environments; (2) endemic arboviruses may be
interchanged over wide areas, resulting in mix-
ing of haplotypes and genetic homogeneity of
viruses from different geographic locales; and (3)
endemic viruses may be seasonally reintroduced
into an area where cold winter temperatures in-
terrupt transmission by arthropods for at least
part of the year. Although there are perhaps subtle



6

behavioral or ecological differences in how birds
might transport arboviruses in each of these con-
texts, overall the same general kinds of evidence
to support bird-associated transport are needed
regardless of ecological or evolutionary outcome.

Bird movement occurs on a continuum, from
localized travel in and around a nesting territory
or colony, to short-range movements among ter-
ritories or between foraging grounds, to long-
distance migratory movement across continents
or between continents. Because most attention
has been given to the role of birds in transport-
ing viruses at the continental or intercontinental
scales, in this review we focus primarily on the
likelihood of long-distance arbovirus transport
by birds known to be migratory or nomadic over
distances of at least several hundred kilometers.
However, we also discuss the evidence for more
localized transport of arboviruses by resident
birds, although we recognize that distinguish-
ing local from “long”-distance movement can be
problematic for some species and that this is a
somewhat arbitrary distinction.

SCENARIO 1: VIREMIC BIRDS MOVE
AND INFECT VECTORS

VECTORS TRANSFER VIRUS TO MIGRATORY BIRDS
AND INITIATE VIREMIA

For long-range transport of arboviruses by
birds to occur, migratory or nomadic species must
amplify the virus well enough for transmission-
competent vectors to become infected by feeding
on them, and these migrant birds must become
infected at an appropriate time of the year. Gen-
eralizing about host competence from studies on
nonmigratory species, even ones closely related
to migratory taxa, may not be appropriate. Some
evidence indicates that migratory birds invest
more in immune function than do closely related
resident species (Meller and Erritzee 1998), yet
intense activity such as that occurring during
migration can also suppress the avian immune
system (Weber and Stilianakis 2007, Altizer et al.
2011). These immunological differences might
directly affect the likelihood that a species will
become infected by a virus upon being bitten by
a vector and that it will develop a high viremia.
Thus, migratory birds could be either more or
less likely than resident species to amplify arbo-
viruses and consequently might be either better
or worse candidates for transporting virus.
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Suitability of migrant versus resident birds as hosts:
Experimental infections—Although a few studies
have focused on migratory species, such as that
of Dickerman et al. (1980) on Venezuelan equine
encephalitis virus (VEEV, which is not a virus typi-
cally associated with migratory birds), most of the
bird species that have been studied experimentally
as amplifying hosts for arboviruses are not highly
migratory or nomadic. For example, Kissling etal.’s
(1957) experimental infections with HJV in Louisi-
ana used four permanent resident species and two
species that are winter residents there, and early
research on WNV used nonmigratory resident
birds (Work et al. 1955). Much of the experimental
work on WEEV, SLEV, and WNV in North America
has been done with a relatively few species, such
as House Sparrows, House Finches (Carpodacus
mexicanus), White-crowned Sparrows (Zonotrichia
leucophrys), European Starlings (Sturnus vulgaris),
and American Robins (Turdus migratorius) (Ham-
mon et al. 1951; McLean and Scott 1979; McLean
et al. 1983; Hardy and Reeves 1990b; Komar et al.
1999; Reisen et al. 2000a, b, 2001, 2003a, b, 2004a, b,
2006a, b). Most of these species do not undertake
regular long-distance movements, with adults
(and often juveniles) typically settling within 8-15
km of their previous nesting site and some dis-
persing no farther than 90 m or (in the case of rob-
ins and starlings) migrating well before or largely
after the peak times of transmission-competent
mosquito activity (Lowther and Cink 1992, Cabe
1993, Hill 1993, Chilton et al. 1995, Sallabanks and
James 1999, Rappole and Hubalek 2003). Although
we know much about how they respond to arbo-
virus infection and how long they are potentially
infectious to arthropod vectors, these particular
bird species are not likely to transport arboviruses
over long distances or serve as useful surrogates
for migratory species.

Reisen et al. (2003c) experimentally inoculated
birds of 27 species from California with WEEV
and SLEV. All but six were largely resident spe-
cies in the state (based on Small 1974). The results
showed that the migratory species, consisting of
three warbler species, two sparrow species, and
the Bullock’s Oriole (Icterus bullockii), were as
likely to develop viremias as the resident spe-
cies (Reisen et al. 2003c). Further work showed
that two species of migratory warblers devel-
oped short-lived viremias to SLEV comparable to
that of many resident species (Reisen et al. 2010).
Similar results were found for Eurasian SINV
(Lundstrom et al. 1993), in which the migratory
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Common Goldeneye (Bucephala clangula) and at
least five migratory passerine species developed
viremias of sufficient length and strength to po-
tentially infect vectors that might feed on the
birds after they moved.

In a study on 25 bird species representing 17
families and 10 orders, experimental infection
with WNV revealed 16 species that were deemed
competent amplifying hosts, as defined by exhib-
iting a virus titer of at least 5.0 log,, PFU mL on
one or more days after infection (N. Komar et al.
2003). Seven of the 16 competent host species are
partially migratory in at least part of their range,
although none was a Neotropical migrant that
regularly migrates beyond North America. Other
experimental infections with WNV (Wheeler et
al. 2009, Reisen et al. 2010) showed that three
migratory species, the Orange-crowned Warbler
(Vermivora celata), the Yellow Warbler (Dendroica
petechia), and the Common Yellowthroat (Geoth-
lypis trichas), were competent hosts with peak
viremia titers exceeding 6.0 log,, PFU mL™. Most
of the Orange-crowned Warblers succumbed to
infection, whereas few of the Yellow Warblers
did so.

Suitability of migrant versus resident birds as hosts:
Field serosurveys.—Because of the low frequency
with which arboviruses are isolated from individ-
uals in most wild bird populations (Table 1), for
over 50 years researchers have used the presence
of antibodies to these viruses as a proxy to infer
which host species are likely exposed and which
ones may be important in transmission cycles.
The literature on seroprevalence in different bird
species is vast, and here we focus on serological
work that has provided explicit comparisons of
migratory and resident bird species.

Two studies on WNV in Europe found higher
seroprevalence to WNV in migrant bird species
than in residents (Jourdain et al. 2008, Lépez et
al. 2008), whereas in Senegal resident birds had
higher levels of WNV antibodies (Chevalier et
al. 2009). For WEEV and SLEV in California and
SLEV in Florida, resident bird species tended to
show greater field seroprevalence to these vi-
ruses than did migratory species (Day and Stark
1999, Reisen et al. 2003c). Markedly higher sero-
prevalence in residents than in migrants was also
found for WNV in California (Wheeler et al. 2009,
Reisen et al. 2010), and comparisons of migratory
versus resident populations within raptor species
showed a similar result (Hull et al. 2006). These
studies seem to indicate, overall, a greater degree
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of natural virus infection in resident birds than in
migratory ones.

Conclusions about host exposure or compe-
tence from serological data alone are difficult,
however, because these data do not provide in-
formation on past virus titer and duration of
viremia (i.e., whether the bird was ever infec-
tious to vectors). In some species, seroconversion
may occur even when some individuals do not
develop detectable viremia in blood (Kissling et
al. 1957; Reisen et al. 2000a, 2003c; Huyvaert et
al. 2008), and thus the presence of antibodies to
arboviruses in migratory species is not sufficient,
by itself, for concluding that migrants are capable
of generating the virus titers necessary for trans-
mission. The problems in interpreting serological
data are illustrated by a massive serosurvey of
>26,000 individuals of 157 bird species for WEEV
and SLEV in California (Reisen et al. 2003¢). In
that study, most of the apparent migrant species
were placed into the never-infected category. Yet
we do not know whether the absence or reduced
prevalence of antibodies in migrants means that
migrants (1) were never infected, (2) were in-
fected but most died (leaving few remaining to
show antibodies), or (3) degraded their antibod-
ies more rapidly than resident species. Similar
limitations of interpretation apply to a recent
field serosurvey of >13,000 North American birds
for WNV designed specifically to study the trans-
port of virus (Dusek et al. 2009).

Clearly, there are differences among bird spe-
cies in their competence as arbovirus hosts and
the extent to which different species are fed upon
by vectors of varying transmission competence;
bird species thus differ widely in their potential
contribution to virus transmission (McLean and
Scott 1979; Dickerman et al. 1980; Reisen et al.
2000b, 2003¢, 2005a; Hassan et al. 2003; Cupp et
al. 2004; Kilpatrick et al. 2006b, c). On balance, the
evidence indicates that some migratory species
can develop high enough viremia to infect arthro-
pod vectors, although resident bird species seem
to be more commonly infected with arboviruses.

Exposure of migrants to arboviruses prior to
movement.—The scenario of bird-mediated ar-
bovirus transport requires that migrant birds be
exposed to infected vectors at sites where virus
occurs at least enzootically among the arthro-
pod vectors. However, it should be emphasized
that only transmission-competent taxa are rel-
evant for either initial infection of a migrant bird
or subsequent transmission to another vector.



TaBLE 1. Overall prevalence of arboviruses detected in blood of wild birds (viremic individuals) in field surveys. Virus detections in other tissues were excluded

from the percentages where possible.

Number of
species® Ages® Sample size© Viremic (%) Target viruses< Locality Reference
104 Adults 1,421 0.35 EEEV, HJV Louisiana Kissling et al. 1955
~41 Adults 748 0.00 EEEV Massachusetts Hayes et al. 1962
35 Adults 649 8.6 EEEV, HJV Alabama Stamm and Newman 1963
— Adults 263 6.5 EEEV, HJV Maryland Lord and Calisher 1970
— Adults 118 2.5 EEEV, HIV Virginia Lord and Calisher 1970
— Adults 561 0.89 EEEV, HJV North Carolina Lord and Calisher 1970
— Adults 253 0.39 EEEV, HJV Georgia Lord and Calisher 1970
— Adults 311 0.32 EEEV, HJV Florida Lord and Calisher 1970
~39 Adults 2,566 0.08 EEEV Florida Bond et al. 1972
~29 Adults 2,866 0.28 EEEV, HJV Maryland Dalrymple et al. 1972
52 Adults 467 0.00 EEEV Texas Work and Lord 1972
~34 Adults 1,558 0.06 EEEV Belize Work and Lord 1972
78 Adults 1,821 0.11 EEEV Louisiana Work and Lord 1972
30 Adults 212 14 EEEV New York Bast et al. 1973
5 Adults 14 0.00 EEEV New York Morris et al. 1973
~48 Adults 1,848 1.0 EEEV New Jersey Crans et al. 1994
2¢ Adults, nestlings 457 0.22 EEEV Florida Garvin et al. 2004
83 Adults 4174 0.91 EEEV, HJV New York Howard et al. 2004
106 Adults 885 14 EEEV, SLEV, WEEV Brazil Woodall et al. 1972
~51 families Adults, nestlings 32,220 0.16 SLEV Western Hemisphere McLean and Bowen 1980
33 Adults 363 0.00 SLEV Arkansas McLean et al. 1993
25 Adults 663 0.75 SLEV Florida Day and Stark 1999
8 Nestlings 194 0.00 SLEV, WEEV California Reisen et al. 2000b
18 Nestlings 3,964 5.9 (WEEV) SLEV, WEEV Texas Holden et al. 1973

0.38 (SLEV)
— Adults, nestlings 4,348 0.53 SLEV, WEEV Colorado Cockburn et al. 1957
44 Adults, nestlings 1,800 0.55 SLEV, WEEV California Milby and Reeves 1990
48 families Adults 943 0.42 SLEV, WEEV Brazil Shope et al. 1966
84 Adults (winter) 3,242 0.06 SLEV, WEEV California Reeves 1990
20 Nestlings 1,491 0.20 WEEV Colorado Sooter et al. 1952
24 Adults 124 0.00 SINV Czechoslovakia Ernek et al. 1968
~34 Adults 2,601 0.15 WNV, SINV Israel Nir et al. 1967
35 Adults 169 3.0 WNYV, SINV Slovakia Ernek et al. 1977
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TaBLE 1. Continued.

Number of

species? Ages? Sample size®© Viremic (%) Target viruses* Locality Reference

49 Adults 1,418 0.0 WNYV, SLEV California Reisen et al. 2010

4 Adults 169 3.0 WNV Egypt Taylor et al. 1956

5 Nestlings 400 2.3 WNV California Reisen et al. 2005b, 2009b

57 Adults 998 1.1 WNV Illinois Hamer et al. 2008

12 Nestlings 194 0.51 WNV Illinois Loss et al. 2009

18 Nestlings 173 4.0 WNV Nebraska O’Brien et al. 2010b

4 Nestlings, adults 2,620 2.0 JEV Japan Buescher et al. 1959

23 Adults 112 0.00 Tick-borne viruses Slovakia Ernek et al. 1973

2h Nestlings 698 11.3 BCRV Colorado Hayes et al. 1977,
Scott et al. 1984

2h Adults 708 0.00! BCRV Nebraska O’Brien et al. 2011

2h Nestlings 1,527 9.21 BCRV Nebraska O’Brien et al. 2011

11 Adults 3,044 19 Matruh Egypt Berge et al. 1971

26 Adults 717 0.56 Bahig, Matruh Italy Balducci et al. 1973

133 Adults 13,403 0.14 (WNV) multiple Eastern United States Dusek et al. 2009

0.16 (EEEV, HJV)

12 Adults 400 0.00 multiple Tunisia Hannoun et al. 1972

~44 Adults 401 0.00 multiple Uganda Kafuko 1972

— Adults 3,300 1.6 mulitple Egypt, Cyprus Watson et al. 1972

Total 103,596 0.921

2 Some studies were imprecise as to number of species sampled or only reported the families sampled.

b Juveniles that had fledged were considered adults.

¢ Total samples screened, usually (but not always) corresponding to total individual birds tested.

d Viruses that the study targeted or the principal ones found; some studies surveyed for arboviruses generally.

¢ Blue Jay, Florida Scrub-Jay.

fSome may have been isolations from tissues other than blood.

& House Sparrow.

h Cliff Swallow, House Sparrow.

1 Only Vero cell isolates tabulated as positives; additional RT-PCR positives not included.

I Computed on the basis of total birds sampled and total birds positive across all studies; mean per study, 1.47% (1 = 51).
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Hematophagous arthropod abundance per se at
a site may not always predict transmission poten-
tial to birds; for example, the total abundance of
all mosquitoes may not always correlate well with
abundance of specific transmission-competent
species at a site (e.g., Reisen et al. 1996, Zhong et
al. 2003, Andreadis et al. 2004).

It seems probable that migrant birds in the
tropics can be exposed to various arboviruses
prior to their spring departure for the northern
nesting grounds, given that most mosquitoes (in-
cluding taxa competent to transmit most arbovi-
ruses) are generally active year-round in tropical
or subtropical areas (Taylor et al. 1956, Yuill 1986).
However, the few studies that have reported ar-
bovirus isolations in birds in the tropics have
shown virus primarily in tropical resident spe-
cies at low prevalence (Downs et al. 1957, Aitken
et al. 1964, Shope et al. 1966, Woodall et al. 1972,
McLean and Bowen 1980, Spence 1980), and these
birds are not likely to transport virus very far. We
are aware of only one isolation of a temperate-lat-
itude arbovirus in a migrant bird in the tropics at
a time that would suggest that the bird was about
to migrate north (EEEV in an Orchard Oriole [Ict-
erus spurius] in Belize in March; Work and Lord
1972; Table 2).

It is likely that migrant birds are frequently ex-
posed to arboviruses in late summer before or as
they depart temperate latitudes on fall migration,
because Culex and other transmission-competent
mosquitoes are often active in late summer (Mad-
der et al. 1983, Scott and Weaver 1989, Reisen and
Reeves 1990, Andreadis et al. 2004) at about the
time that migratory birds are moving (Downs et
al. 1959). The virus isolations in migratory and
summer-resident birds in late summer (Table 2)
suggest that potential migrants can be infected
before they depart. Those that are southbound in
fall also may routinely move through areas where
virus outbreaks occur, and some might become
infected en route (Stamm and Newman 1963,
Lord and Calisher 1970, Dusek et al. 2009).

INFECTED BIRDS MOVE

The hypothesis that birds transport arbovi-
ruses requires that birds that have been recently
infected and that are exhibiting (or about to ex-
hibit) a viremia move over variable distances.
Thus, infection with an arbovirus must not make
a bird less likely to move, and the bird’s move-
ment to a new destination must take place before
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its viremia declines to a level that prevents trans-
mission to a competent arthropod vector.

Effects of arbovirus infection on movement.—We
know almost nothing about how arboviruses
(or other viruses; Weber and Stilianakis 2007) af-
fect movement patterns of wild birds in nature.
Some viruses can make birds visibly ill (McLean
et al. 1985; Yaremych et al. 2004; Nemeth et al.
2006a, b, 2009; O’Brien et al. 2010a, b), and in
these cases it seems unlikely that an ill bird is as
active as or moves as far as healthy individuals.
In experimental studies, birds with the highest
and longest-lasting viremias, which would be
the best candidates for infecting vectors during
or after movement, often suffer the most morbid-
ity and mortality when infected (Work et al. 1955;
Kissling et al. 1957; Hardy and Reeves 1990b; N.
Komar et al. 1999, 2003; Reisen et al. 2003b; Nem-
eth et al. 2006a, b; Wheeler et al. 2009). There is
field evidence that infection with EEEV reduces
survivorship in jays (Garvin et al. 2004), and
WNV is known to drastically affect survival of
crows in nature (Yaremych et al. 2004, Caffrey
et al. 2005, Reisen et al. 2006a) and is suspected
to affect other species in the same way (McLean
2006, LaDeau et al. 2007, Wheeler et al. 2009,
O’Brien et al. 2010b). Arboviruses, however, can
also produce largely asymptomatic responses in
birds (Hardy and Reeves 1990b; N. Komar et al.
2003; Reisen et al. 2003c; Nemeth et al. 2006a, b;
Huyvaert et al. 2008), sometimes even while a
bird has high viremia (Owen et al. 2006), and in
these cases normal activity and potential long-
distance movements are possible.

There have been two experimental studies that
examined how arbovirus infection specifically
might influence movement behavior in birds. In
a study with SINV, Lindstrém et al. (2003) found
that virus-inoculated European Greenfinches
(Carduelis chloris) exhibited less locomotive activ-
ity during the period of viremia than saline-inocu-
lated controls (Fig. 1). The results were consistent
with SINV having energetic or pathological costs
to these birds (Lindstrém et al. 2003) and sug-
gested that infected birds are less likely to move
as far (or as often) as uninfected individuals.

Owen et al. (2006) tested migratory restless-
ness of caged Gray Catbirds (Dumetella carolinen-
sis) and Swainson’s Thrushes (Catharus ustulatus)
that were experimentally inoculated with WNV.
Both species are at least partly migratory, breed-
ing throughout much of North America; Gray
Catbirds winter from the southern United States
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FIG. 1. (A) Bird activity, as measured from video
recordings and expressed in the number of jumping
or flying movements per minute, for Common Green-
finches infected with Sindbis virus, control-inoculated
with saline, and not inoculated, on the days following
infection; (B) the change in activity levels each day for
virus-infected birds; and (C) virus titer for those infected
on those days. Means + SE are shown. (Redrawn from
Lindstrom et al. 2003.)

south to Panama and Swainson’s Thrushes from
Mexico to northern South America (Cimprich and
Moore 1995, Mack and Yong 2000). Viremic cat-
birds exhibited the same degree of autumnal mi-
gratory restlessness, as measured by activity level
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during times of the day when birds are generally
migrating, as did control individuals (Owen et al.
2006). Migratory restlessness in both species was
unrelated to viremia titers, which suggests that
the birds were equally likely to migrate regardless
of their level of viremia. However, in Swainson’s
Thrushes, some of the inoculated birds showed
reduced activity levels during the viremic period
(Owen et al. 2006).

These studies indicate that arboviruses can
lower movement propensities of some birds, al-
though not all viruses or bird species may behave
the same. In these cases (Lindstrom et al. 2003,
Owen et al. 2006), the birds were in captivity when
tested and were given ad libitum food. Viremia
might have different effects on movement behav-
ior in nature, where the birds would need to al-
locate greater energy expenditure to finding food
or shelter and avoiding predators.

The only work that has directly examined the
effect of arbovirus infection on movement be-
havior of birds in the field involved American
Crows (Corvus brachyrhynchos), a species that is
a permanent resident in most areas (Yaremych et
al. 2004, Ward et al. 2006). Radiotracked crows in
Illinois that were naturally infected with WNV
and later died seemed sluggish and did not
move as far as uninfected individuals; for exam-
ple, they did not commute to a nocturnal roost in
the evenings, did not leave the roost to feed dur-
ing the day, or did not travel as far from the roost
(Yaremych et al. 2004, Ward et al. 2006). How-
ever, because crows (and other corvids) are so
severely affected by WNV compared with other
species, they may not represent the best model
system for studying virus transport or general-
izing to other birds.

An experimental field study of directly trans-
mitted avian influenza viruses supported the
presumption that infection with pathogens may
reduce the movement behavior of birds. Wild-
caught Bewick’s Swans (Cygnus columbianus) in
The Netherlands were experimentally infected
with low-pathogenic avian influenza virus and
their subsequent activities monitored with GPS
collars (van Gils et al. 2007). Infected individuals
had lower feeding rates, reduced fuel loads, later
initiation of migration, shorter movement dis-
tances (once migration had begun), and increased
use of stopover sites, compared with uninfected
individuals (van Gils et al. 2007). However, a
mark-recapture study of Greater White-fronted
Geese (Anser albifrons), also in The Netherlands,
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found no significant difference in distance trav-
eled between resightings during the presumed
period of infectiousness for geese that tested pos-
itive versus negative for low-pathogenic avian
influenza virus (Kleijn et al. 2010).

Direct  field evidence for migrants carrying
arboviruses.—If birds are to transport arboviruses,
individuals that are migrating or otherwise mov-
ing from place to place should exhibit active vi-
ral infections. Overall, relatively few living wild
birds are found with viremia, despite wide-scale
sampling. Results from throughout the world re-
veal that, on average, <1% of the birds that have
been screened for arboviruses are viremic (Table
1). Most of these studies were done in the pre-
PCR era, using assay techniques thought to be
less sensitive than polymerase chain reaction
(e.g., Lanciotti et al. 2000, Lambert et al. 2003), al-
though more recent work that has used RT-PCR
to detect viral RNA has yielded estimates of ar-
bovirus prevalence across species broadly similar
to those of earlier research (Reisen et al. 2005b,
2009b; Hamer et al. 2008; Loss et al. 2009; O’Brien
et al. 2011). Additional arbovirus isolations have
been made from other tissues of birds, but be-
cause virus in organs does not necessarily lead to
transmission to vectors (see below), those cases
are excluded here (Table 1).

We have found reports of 999 virus detections
in the blood of wild birds alive at the time of
sampling and in which the migratory status of
the birds tested could be ascertained with rea-
sonable certainty (Table 2). Birds were classified
as migrants if reported as such by the original
authors or if the bird was found in a geographic
locale where the species is predominantly neither
a summer nor winter resident and the date of the
isolation further suggested that the bird was in
transit. If the species is known to be nonmigra-
tory or a summer or winter resident in the locale
where and when it was sampled, we classified it
as a resident. If the bird was reported to be a nest-
ling still in the nest or, in some cases, fledged but
not yet capable of sustained flight, we classified it
as a nestling. Most of the reported virus isolations
worldwide (86.5%) have been from resident or
nestling birds (Table 2). These individuals were
not likely to have transported virus very far.

Sampling biases might affect the conclusion
that the preponderance of virus is isolated from
nonmigratory bird species (Table 2). For example,
if resident birds are easier to catch and, there-
fore, more likely to be sampled than migrants,
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we might find more isolations in resident birds
even if migratory species were more likely to be
infected. This is difficult to evaluate in most pub-
lished studies, simply because individuals found
to be virus negative are often not reported as pre-
cisely (e.g., less information on date or sampling
location) as those positive for virus. For example,
in the recent survey for WNV in >13,000 North
American birds in the eastern United States, the
sampling dates and locations were given only for
the 19 individuals that were virus-positive, mak-
ing it impossible to determine the percentage of
migratory versus resident species that were in-
fected at any given locale (Dusek et al. 2009).

One study that reported the data such that
all birds sampled could be categorized as likely
migratory or resident provides no evidence that
virus detection was affected by sampling biases
related to migratory status (Stamm and Newman
1963). The two arboviruses that are most com-
monly associated with migrant birds in North
America are EEEV and HJV; in both cases, ~20%
of the total isolations of these viruses were from
birds that could have been migrating at the time
(Table 2). Stamm and Newman (1963) sampled
649 birds in southern Alabama in late September
at a time when migrants were moving through
the study area and summer residents were about
to depart: EEEV was isolated in 7.0% of migrants
and 4.4% of summer residents, compared with
4.0% of permanent residents; HJV was found in
3.3% of migrants and 3.7% of summer residents,
compared with 2.0% in permanent residents.
There were no statistically significant differences
between these classes of species (C. R. Brown and
V. A. O’Brien unpubl. data).

Although resident birds in general may be
more likely to amplify arboviruses (Table 2),
evidence that migrating birds in fall could po-
tentially transport virus southward comes from
Stamm and Newman’s (1963) September isola-
tions of EEEV and HJV from transient species in
Alabama. All of the migrants (mostly thrushes
and warblers) and summer residents in that
study (Table 2) were species that winter south of
the Gulf of Mexico. Stamm and Newman (1963)
speculated that these birds migrated across the
Gulf of Mexico and thus potentially transported
virus across the gulf, although fewer migrants
appear to cross the Gulf of Mexico in fall than in
spring (Able 1972), birds in general being more
likely to travel along the Mexican coastline in
autumn. Greater land-associated migration in fall



TABLE 2. Bird species for which arboviruses were detected from blood (potentially viremic individuals) in the field: number of individuals positive, time of
sampling, locale, probable status when sampled (as reported by original authors or determined by us on the basis of species distribution and timing), and
reference. Birds sampled as adults or juveniles were designated as migrant or resident (in some cases as noted, both resident and migratory populations of a
given species occurred at the locale at the time of sampling, making it impossible to assign the bird definitively to either). Virus detections were by plaque assay
or inoculation intracerebrally in mice or chicken eggs unless by RT-PCR as noted.

Virus
Species EEEV HJV SLEV WNV WEEV Other
PHASIANIDAE
Greater Prairie-Chicken 1; August;
(Tympanuchus cupido) North Dakota;
resident; [22].
ARDEIDAE

Great Egret (Ardea alba)

Intermediate Egret
(Mesophoyx intermedia)

Little Egret
(Egretta garzetta)

Cattle Egret
(Bubulcus ibis)

Green Heron
(Butorides virescens)
Black-crowned
Night-Heron
(Nycticorax nycticorax)
Yellow-crowned
Night-Heron
(Nyctanassa violacea)

CHARADRIIDAE
Northern Lapwing
(Vanellus vanellus)

1; September; Mexico;
nestling; [29].

1; September; Haiti;
resident; [29].

1; May; Louisiana;
resident; [41].

1; June; California;
nestling; RT-PCR;
[35].

8; summer; California;
nestling; RT-PCR;
[36].

JEV: 16; July-
September; Japan;
nestling; [6].

JEV: 3; July-September;
Japan; nestling; [6].

JEV: 35; July-
September; Japan;
nestling; [6].

SINV: 1; March-May;
Slovakia; migrant; [14].

Tick-borne flavivirus: 1;
March-May; Slovakia;
migrant; [14].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
SCOLOPACIDAE
Green Sandpiper 1; March-May;
(Tringa ochropus) Slovakia; migrant;
[14].
Lesser Yellowlegs 1; August; 1; May—
(T. flavipes) Massachusetts; September;
migrant; [41]. Colorado;
migrant; [9].
LARIDAE
Black-headed Gull 1; March-May;
(Chroicocephalus Slovakia; migrant;
ridibundus) [14].
COLUMBIDAE
Rock Pigeon 2; September; 1; August; Texas; 2; July-August; 5; July-August;
(Columba livia) Massachusetts; resident; [29]. Egypt; resident; Colorado;
resident; [41]. [43]. resident; [9].

European Turtle-Dove
(Streptopelia turtur)

White-winged Dove
(Zenaida asiatica)

1; August; Colorado;
resident; [29].

1; October; Florida;
resident; [29].

1; August; Texas;
resident; [29].

3; September; Israel;
resident; [31].

7; May—
September;
Colorado;
nestling; [9].
SINV: 1; September;

Israel; resident; [31].

Quaramfil-group
flavivirus: 1; spring;
Cyprus; migrant/
resident; [44].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
Mourning Dove 2; August; Florida; 1; August;
(Zenaida macroura) resident; [12]. California;

White-tipped Dove
(Leptotila verreauxi)

CUCULIDAE

Yellow-billed Cuckoo
(Coccyzus americanus)

CAPRIMULGIDAE

Eastern Whip-poor-will
(Caprimulgus vociferus)

PICIDAE
Downy Woodpecker
(Picoides pubescens)

Northern Flicker
(Colaptes auratus)

FURNARIIDAE
Olive-backed Foliage-
gleaner (Automolus

infuscatus)

1; October; California;
migrant/resident;
[29].

1; August; California;
resident; [30].

1; August; Trinidad;
nestling; [29].

1; May; New Jersey;
resident; [10].

1; September;
Maryland;
migrant; [27].

1; September; 1; May-
Maryland; September;
resident; [11]. New York;

resident; [21].
3; September; New
York; migrant/
resident; [2].

1; October; Kentucky;
nestling; [29].

1; June; Brazil;
resident; [39].

1; September; Illinois;
resident; [13].

1; August; Illinois;
resident; RT-PCR;
[16].

resident; [30].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
THAMNOPHILIDAE
Cinereous Antshrike 1; July; Brazil;

(Thamnomanes caesius)
Amazonian Antshrike
(Thamnophilus
amazonicus)
White-shouldered
Antshrike (Thammnophilus
aethiops)
Plain-throated Antwren
(Myrmotherula hauxwelli)
Gray Antwren
(M. menetriesii)

White-shouldered Fire-
eye (Pyriglena leucoptera)

FORMICARIIDAE
Black-faced Antthrush
(Formicarius analis)

TYRANNIDAE

Ochre-bellied Flycatcher
(Mionectes oleagineus)

Yellow-bellied Flycatcher
(Empidonax flaviventris)

Acadian Flycatcher
(E. virescens)

Willow Flycatcher
(E. traillii)

resident; [39].

1; June; Brazil;
resident; [39].

1; not stated; Brazil;
resident; [46].

1; not stated; Brazil;
resident; [46].

1; not stated; Brazil;
resident; [46].
1; July-September;

New York;
resident; [20].

1; September; 1; September;
Alabama; Alabama;

resident; [42].

1; July-September;
New York;
resident; [20].

resident; [42].

1; not stated;
Brazil; resident;
[46].

1; June; Brazil;
resident; [39].

1; not stated;
Brazil; resident;
[46].

Turlock virus: 1;
not stated; Brazil;
resident; [46].

Itaporanga virus: 1;
not stated; Brazil;
resident; [46].

Turlock virus: 1;
not stated; Brazil;
resident; [46].

Turlock virus: 1;
not stated; Brazil;
resident; [46].

91

12 "'ON SHAVIDONON TVIIDOTOHLINYO



TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
Least Flycatcher 2; July-September;
(E. minimus) New York;
resident; [20].
Eastern Phoebe 1; August-
(Sayornis phoebe) September;
New Jersey;
resident; [41].
Eastern Kingbird 1; August; New
(Tyrannus tyrannus) Jersey; resident;
[41].
PIPRIDAE
Black-and-white 1; August; Trinidad;

Manakin (Manacus
Manacus)
Blue-backed Manakin
(Chiroxiphia pareola)
White-crowned Manakin
(Pipra pipra)
ORIOLIDAE
Eurasian Golden-Oriole
(Oriolus oriolus)

LANIIDAE
Loggerhead Shrike
(Lanius ludovicianus)

1; June;
Louisiana;
resident;
[24, 41].

resident; [29].

1; not stated; Brazil;
resident; [46].

1; not stated; Brazil;
resident; [46].

BAHV: 1; fall; Egypt;
migrant; [44].
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TaBLE 2. Continued.

Virus

Species EEEV HJV SLEV WNV WEEV Other
VIREONIDAE
White-eyed Vireo 2; July—September; 1; July;

(Viireo griseus) Alabama; Maryland;

resident; [41, 42]. resident; [11].

Yellow-throated Vireo 1; August; New 1; August;

(V. flavifrons) Jersey; resident; New Jersey;

Blue-headed Vireo
(V. solitarius)

Philadelphia Vireo
(V. philadelphicus)

Red-eyed Vireo
(V. olivaceus)

[41].

1; July-September;
New York;
migrant/resident;
[20].

1; September;
Maryland;
migrant; [27].

3; September;
Maryland;
migrant/resident;
[27].

3; July-September;
New York;
resident; [20].

3; September;
Alabama;
resident; [42].

resident; [41].

1; August;
Virginia;
migrant/
resident; [27].

1; October;
Maryland;
migrant/
resident; [11].

1; May—
September;
New York;
resident; [21].

3; September;
Alabama;
resident; [42].

1; August-
September;
New Jersey;
resident; [41].
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TaBLE 2. Continued.

Virus
Species EEEV HJV WNV WEEV Other
CORVIDAE
Blue Jay (Cyanocitta 1; August; New 1; August; North  1; August; Texas;
cristata) Jersey; resident; Carolina; resident; [29].
[10]. resident; [27].
Florida Scrub-Jay 1; May; Florida;
(Aphelocoma coerulescens) — nestling; [15].
European Magpie 3; all year; United
(Pica pica) Kingdom; resident;
[5].
Black-billed Magpie 1; June; Colorado;
(P. hudsonia) nestling; [40].
1; July-August;
Colorado;
resident; [9].
American Crow (Corovus 1; August- 1; July-August;
brachyrhynchos) September; Colorado;

Carrion Crow (C. corone)

HIRUNDINIDAE

Cliff Swallow
(Petrochelidon
pyrrhonota)

Barn Swallow
(Hirundo rustica)

New Jersey;
resident; [41].

1; August; Egypt;
resident; [43].

resident; [9].

2; July-August;
Colorado;
resident; [9].

8; June-August;
California;

nestling; [22, 30].

BCRV: 19; May—
August; Colorado;
nestling; [17, 38].

BCRV: 14; June;
Nebraska; nestling;
[33].2

BCRV: 4; June;
Nebraska; resident;
RT-PCR [33].

BAHV: 1; spring;

Egypt; migrant; [44].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
PARIDAE
Carolina Chickadee 4; May—-August; 1; June;
(Poecile carolinensis) New Jersey; Louisiana;
resident; [10, 41]. resident; [41].
Black-capped Chickadee  1; May-September;
(P. atricapillus) New York;
resident; [21].
Tufted Titmouse 1; July; New Jersey; 1;July; 1; September;
(Baeolophus bicolor) resident; [10]. Maryland; Massachusetts;
resident; [11]. resident; [13].
1; September;
Alabama;
resident; [42].
SITTIDAE

Red-breasted Nuthatch
(Sitta canadensis)

TROGLODYTIDAE

Carolina Wren
(Thryothorus
ludovicianus)

House Wren
(Troglodytes aedon)

1; September;
Maryland;
migrant; [27].

2; September;
Alabama;
resident; [42].

1; August—
September; New
Jersey; resident;
[41].

1; July-September;
New York;
resident; [20].

1; September;
Maryland;

resident; [27].

1; August; Louisiana;
resident; [26].

1; August; Illinois;
nestling; RT-PCR;
[28].

0C

12 "'ON SHAVIDONON TVIIDOTOHLINYO



TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
SYLVIIDAE
Willow Warbler BAHV: 3; fall; Egypt;
(Phylloscopus trochilus) migrant; [44].
Eurasian Chiffchaff BAHV: 5; fall; Egypt;
(P. collybita) migrant; [44].
Blackcap (Sylvia BAHV: 1; fall; Egypt;
atricapilla) migrant; [44].
Garden Warbler (S. borin) BAHV: 2; fall; Egypt;
migrant; [44].
Matariya virus; 1;
October; Egypt;
migrant; [3].
Greater Whitethroat BAHV: 11; fall; Egypt;
(S. communis) migrant; [44].
Lesser Whitethroat BAHV: 6; fall; Egypt;
(S. curruca) migrant; [44].
Simbu-group
bunyavirus; 4; fall;
Egypt; migrant; [44].
Matruh virus; 1;
September; Egypt;
migrant; [3].°
Matariya virus; 1;
October; Egypt;
migrant; [3].
Burg el arab virus;
1; October; Egypt;
migrant; [3].
Barred Warbler 1; spring; Cyprus;
(S. nisoria) migrant; [44].
Rueppell’s Warbler BAHV: 1; fall; Egypt;
(Sylvia rueppelli) migrant; [44].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
MUSCICAPIDAE
Spotted Flycatcher BAHV: 1; fall; Egypt;
(Muscicapa striata) migrant; [44].
Ingwavuma virus:
2; spring; Cyprus;
migrant; [44].
Thrush Nightingale BAHV: 1; fall; Egypt;
(Luscinia luscinia) migrant; [44].
Common Redstart BAHV: 4; fall; Egypt;
(Phoenicurus migrant; [44].
phoenicurus) Kemerovo tick-borne
virus: 1; September;
Egypt; migrant; [37].
Whinchat (Saxicola BAHV: 1; fall; Egypt;
rubetra) migrant; [44].
TURDIDAE
Veery (Catharus 1; September; 1; August; North
fuscescens) Virginia; migrant; Carolina;
[27]. migrant; [27].
1; July-September;  2; May-
New York; September;
resident; [20]. New York;
resident; [21].
6; September; 6; September;
Alabama; Alabama;
migrant; [42]. migrant; [42].
Gray-cheeked Thrush 2; September; 2; September;
(C. minimus) Alabama; Alabama;

migrant; [42].

migrant; [42].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
Swainson’s Thrush 1; September; 1; October; Louisiana;
(C. ustulatus) Maryland; migrant; [13].
migrant; [27].
1; September;
Alabama;
migrant; [42].
Hermit Thrush 1; March; Louisiana;
(C. guttatus) resident; [24, 41].
Wood Thrush (Hylocichla  1; September; 6; September; 1; October; Louisiana;
mustelina) Maryland; Alabama; migrant/resident;
migrant/resident; resident; [42]. [13].
[27].
1; August; New
Jersey; resident;
[10].
1; May; Louisiana;
migrant; [7].
7; September;
Alabama;
resident; [42].
Song Thrush BAHYV: 1; spring; Egypt;
(Turdus philomelos) migrant; [44].
Cocoa Thrush 1; August; Trinidad;
(T. fumigatus) resident; [29].
Bare-eyed Thrush 1; August; Trinidad;

(T. nudigenis)
American Robin
(T. migratorius)

2; August-
September; New
Jersey; resident;
[10].

resident; [29].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
MIMIDAE
Gray Catbird (Dumetella 1; October; Florida; 1; May- 1; September;
carolinensis) migrant/resident; September; Massachusetts;
[27]. New York; migrant/resident;
2; June-September; resident; [21]. [13].
New Jersey; 2; September; New
resident; [10, 41]. York; migrant/
3; July—September; resident; [13].
New York; 3; September; New
resident; [20]. Jersey; migrant/
5; September; resident; [13].
Alabama; 1; October; Virginia;
resident; [42]. migrant/resident;
1; April; Louisiana; [13].
resident; [24, 41]. 1; October; Louisiana;
1; September; migrant/resident;
Massachusetts; [13].
migrant/resident;
[41].
Northern Mockingbird 1; September; 1; August; Texas;
(Mimus polyglottos) Maryland; resident; [29].
resident; [27]. 1; August; Jamaica;
1, March; Louisiana; nestling; [29].
resident; [41].
Brown Thrasher 1; September; 1; October; Virginia;
(Toxostoma rufum) Alabama; resident; [13].
resident; [42].
STURNIDAE
Brahminy Starling Kammavanpettai

(Temenuchus pagodarum)

European Starling
(Sturnus vulgaris)

virus; 1; March; India;
resident; [3].

SINV: 1; March-May;
Slovakia; migrant; [14].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
PARULIDAE
Pine Warbler 1; May; New Jersey;
(Dendroica pinus) resident; [10].
Blackpoll Warbler 1; May; Louisiana;
(D. striata) migrant; [7].
Black-and-white Warbler  1; September; New
(Mniotilta varia) Jersey; resident;
[10].
2; fall; Florida;
migrant; [4].
American Redstart 1; September; 1; September;
(Setophaga ruticilla) Maryland; Virginia; migrant/
migrant; [27]. resident; [13].
1; September; New

Ovenbird (Seiurus
aurocapilla)

Northern Waterthrush

(S. noveboracensis)

Jersey; resident;
[10].

1; April; Florida;
migrant; [45].

1; September;
Maryland;
migrant; [27].

2; August; New
Jersey; resident;
[10].

3; September;
Alabama;
migrant; [42].

1; September;
Maryland;
migrant; [27].

1; August—
September; New
Jersey; migrant/
resident; [41].

1; September; New
Jersey; migrant; [13].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
Kentucky Warbler 1; August; 1; September;
(Oporornis formosus) Alabama; Alabama;
resident; [41, 42]. resident; [42].
Connecticut Warbler 1; September;
(O. agilis) Maryland;
migrant; [27].
Common Yellowthroat 1; September; New
(Geothlypis trichas) Jersey; resident;
[10].
5; July—September;
New York;
resident; [20, 21].
THRAUPIDAE
Scarlet Tanager 1; September; Mary-
(Piranga olivacea) land; resident; [27].
Silver-beaked Tanager 1; August; Trinidad;
(Ramphocelus carbo) nestling; [29].
EMBERIZIDAE
Eastern Towhee (Pipilo 1; October; 1; October; Virginia;
erythrophthalmus) Maryland; migrant/resident;
resident; [11]. [13].
Field Sparrow 1; September;
(Spizella pusilla) Maryland;

Song Sparrow
(Melospiza melodia)

Swamp Sparrow
(M. georgiana)

resident; [27].

10; July—September;
New York;
resident; [20, 21].

1; August—
September; New
Jersey; resident;
[41].

3; October;
Maryland;
migrant; [11].

2; May—-
September;
New York;

resident; [21].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
White-throated Sparrow  1; July-September;  1; May—
(Zonotrichia albicollis) New York; September;
resident; [20]. New York;
resident; [21].
White-crowned Sparrow 2; December—
(Z. leucophrys) January;
California;
resident; [34].
CARDINALIDAE
Northern Cardinal 1; September; 1; September; 1; October; Florida; 1; September; New

(Cardinalis cardinalis)

Rose-breasted Grosbeak
(Pheucticus ludovicianus)

Indigo Bunting
(Passerina cyanea)

Painted Bunting
(P. ciris)

Virginia; resident;
[27].

1; September; North
Carolina; resident;
[27].

3; July-September;
Alabama;
resident; [41, 42].

1; July; Louisiana;
resident; [24, 41].

1; September;
Maryland;
migrant; [27].

1; October; Georgia;
migrant/resident;
[27].

Alabama;

resident; [42].
1; June;

Louisiana;

resident;

[24, 41].

resident; [12].

Jersey; resident;
[13].

1; September; Illinois;
migrant/resident;
[13].

1; October; Louisiana;
migrant/resident;
[13].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
ICTERIDAE
Red-winged Blackbird 1; June; New Jersey; 1; August; Illinois; 2; June; Colorado;
(Agelaius phoeniceus) resident; [10]. resident; RT-PCR; nestling; [40].
[16].
Yellow-headed Blackbird 1; May-September;
(Xanthocephalus Colorado;
xanthocephalus) resident; [9].
Common Grackle 1; June; Louisiana; 1; May; 2; August; Florida;
(Quiscalus quiscula) resident; [23, 41]. Louisiana; resident; [12].
resident; [41].
Orchard Oriole 1; March; Belize; Mayaro virus: 1; April;
(Icterus spurius) migrant/resident; Louisiana; migrant; [8].
[47].
Yellow-rumped Cacique 1; not stated; Brazil;
(Cacicus cela) resident; [46].
FRINGILLIDAE
Common Chaffinch BAHYV; 1; November;
(Fringilla coelebs) Italy; migrant/
resident; [1].
Matruh; 1; November;
Italy; migrant/
resident; [1].
Brambling BAHYV; 1; October;
(F. montifringilla) Italy; migrant; [1].
Matruh; 1; November;
Italy; migrant; [1].
House Finch 2; August; Illinois; 1; June; California; Turlock virus: 1; July;
(Carpodacus mexicanus) resident; RT-PCR; resident; [30]. California; nestling;
[16]. 1; August; [30].
California;

European Greenfinch
(Carduelis chloris)

nestling; [22].

BAHV: 1; fall; Egypt;
migrant; [44].
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TaBLE 2. Continued.

Virus
Species EEEV HJV SLEV WNV WEEV Other
PASSERIDAE
House Sparrow 1; September; 2; August; 2; September; Illinois;  7; August; Illinois; 18; June-August;  BCRV: 60; May—
(Passer domesticus) North Carolina; New Jersey; resident; [25, 29]. resident; RT-PCR; California; August; Colorado;
resident; [27]. resident; [41].  3; August; Texas; [16]. nestling; [22]. nestling; [17, 38].
1; August; 2; September; resident; [29]. 7; August; Nebraska; 234; summer; BCRV: 180; May—
Massachusetts; New Jersey; 15; August— nestling; RT-PCR; Texas; nestling; August; Nebraska;
resident; [41]. resident; [18]. September; Texas; [32]. [19]. nestling; [33].
1; August— nestling; [19]. 3; July-August; BCRV: 4; May-August;
September; New 3; July; Mississippi; Colorado; Nebraska; resident;
Jersey; resident; nestling; [29]. resident; [9]. RT-PCR [33].
[41]. 2; May-September;
Colorado;
nestling; [9].
1; June; California;
nestling; [30].
1; July; California;
resident; [30].
Total species 57 23 24 26 16 32
Total isolations 139 48 53 60 297 402
Migrants 29 9 0 5 1 57
Residents 96 37 29 24 22 14
Migrants/residents 13 2 1 14 0 3
Nestlings 1 0 23 17 274 328

References: [1] Balducci et al. 1973; [2] Bast et al. 1973; [3] Berge et al. 1971; [4] Bond et al. 1972; [5] Buckley et al. 2003; [6] Buescher et al. 1959; [7] Calisher et al. 1971; [8] Calisher et al. 1974;
[9] Cockburn et al. 1957; [10] Crans et al. 1994; [11] Dalrymple et al. 1972; [12] Day and Stark 1999; [13] Dusek et al. 2009; [14] Ernek et al. 1977; [15] Garvin et al. 2004; [16] Hamer et al. 2008;
[17] Hayes et al. 1977; [18] Holden 1955a; [19] Holden et al. 1973; [20] Howard et al. 1996; [21] Howard et al. 2004; [22] Johnson 1960; [23] Kissling et al. 1951; [24] Kissling et al. 1955; [25]
Kokernot et al. 1969; [26] Komar et al. 2005; [27] Lord and Calisher 1970; [28] Loss et al. 2009; [29] McLean and Bowen 1980; [30] Milby and Reeves 1990; [31] Nir et al. 1967; [32] O’'Brien et al.
2010b; [33] O’Brien et al. 2011; [34] Reeves 1990; [35] Reisen et al. 2005b; [36] Reisen et al. 2009b; [37] Schmidt and Shope 1971; [38] Scott et al. 1984; [39] Shope et al. 1966; [40] Sooter et al. 1952;
[41] Stamm 1958; [42] Stamm and Newman 1963; [43] Taylor et al. 1956; [44] Watson et al. 1972; [45] Wellings et al. 1972; [46] Woodall et al. 1972; and [47] Work and Lord 1972. Unpublished
records for additional resident species from Brazil from which SLEV was isolated are given in McLean and Bowen (1980).

2 Nine detections by RT-PCR only.

b Fifty-seven total isolations of Matruh virus from mostly migrant birds in Egypt were reported [3], probably from blood, but sampling dates and tissue used for isolations were not stated.

¢ Forty detections by RT-PCR only.
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would likely lower the likelihood of virus trans-
port to Central or South America, assuming that
individuals move more slowly along the Central
American isthmus than they do trans-Gulf.

In contrast to the relatively high percentage of
migrants with EEEV in Alabama in fall (Stamm
and Newman 1963; Table 1), Bond et al. (1972)
isolated EEEV from only two individuals, both
Black-and-white Warblers (Mniotilta varia), out of
>2,000 fall migrants of various species collected
in Florida. No viruses were found in 566 birds
during spring migration at the same site. In Lord
and Calisher’s (1970) sampling of 1,506 birds at
seven sites along the Atlantic coast (Table 1) from
August to October, EEEV in total was isolated
from 16 birds and HJV from two. Some of the
viremic birds were vireos, thrushes, and warblers
(Table 2) that may have been migrating south to
Central America or the West Indies. Lord and
Calisher (1970) argued that their data indicated
substantial southward transport of these viruses,
and hypothesized that dispersal of EEEV might
occur in short bursts when migrants are infected
en route and move the virus southward incre-
mentally.

A study of EEEV and HJV in central New York
State that included >4,000 blood samples from
83 species cast doubt on the importance of bird-
mediated transport for these arboviruses (How-
ard et al. 2004). Of the 30 isolations of EEEV and
8 of HJV, only 1 was from a species that did not
breed in the study area and that could have been a
transient when caught, the Blue-headed (Solitary)
Vireo (Vireo solitarius). All virus-positive birds
were caught in late summer at about the time, or
after, virus was first detected in local mosquitoes,
and Howard et al. (2004) suggested that these
birds (including the vireo) were infected locally
and that southward transport of virus into their
study area from farther north likely did not oc-
cur. Another study of EEEV in upstate New York
documented higher prevalence of antibodies in
permanent and summer resident species than
in migrants or winter residents and higher anti-
body prevalence in site-faithful individuals that
returned between years (Emord and Morris 1984).
The authors concluded that the virus circulated
on site well before fall migration started and that
migrating birds could not have introduced it from
farther north. Similar results were found in Michi-
gan (McLean et al. 1985) and New Jersey (Crans et
al. 1994), in which no EEEV or HJV was isolated in
late summer from any transient species.
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It appears that SLEV, WEEV, and WNV are
relatively rarely associated with migratory birds
(Table 2). No definitive cases of SLEV in a bird
that was clearly migrating are known, and only
one isolate of WEEV (of ~300 reported) was from
a migrant (Table 2). Despite the large numbers of
dead birds positive for WNV reported in North
America (McLean 2006), there are relatively few
cases of WNV isolated from blood of a live bird
that was clearly migrating at the time of sam-
pling. Of 19 birds found viremic for WNV in
late summer and fall, 2002-2003, in the eastern
United States (Dusek et al. 2009), only 2 could be
positively classified as migrants when sampled
(Table 2). The most common species represented
in the North American study was the Gray Cat-
bird (8 of the 19 isolations; 42%), which is both
a resident and a transient at each sampling site.
This means that the infected birds could have
been of either local or nonlocal origin (Dusek et
al. 2009). The same study found no birds positive
for virus in spring. Three other cases of probable
migrants being found with WNV were reported
from Europe (Table 2). A survey of birds migrat-
ing through the Volga River delta in southern
Russia, a major passage for birds en route to and
from wintering areas in Africa, revealed ~10%
positive for WNV RNA, as detected in brain and
spleen tissue (Lvov et al. 2004), although, because
blood was not sampled, the number of viremic
individuals (if any) was not known.

Two poorly known bunyaviruses of the Old
World, Bahig virus (BAHV; Bunyaviridae: Or-
thobunyavirus) and its close serological relative
Matruh virus, appear to be associated with mi-
grating birds relatively often and perhaps at a
greater frequency than any of the better-studied
arboviruses. From >3,900 birds migrating through
Egypt and Cyprus, where migratory species fun-
nel across the Mediterranean when traveling
between Europe and Africa, Watson et al. (1972)
had ~40 isolations of BAHYV, mostly from fall mi-
grants and mostly from the Old World warbler
genus Sylvia. Lesser Whitethroats (S. curruca) had
a relatively high infection prevalence of 9.3%, il-
lustrating apparent differences among species in
proclivity for potentially transporting this virus
(Table 2). Almost 60 isolations of Matruh virus
were made from mostly migratory birds in Egypt
(Berge et al. 1971). These birds may have been
infected locally prior to sampling, however, be-
cause both of these bunyaviruses are endemic in
Egypt, where they can be transmitted by ticks,
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some of which parasitize birds (Converse et al.
1974). The fact that BAHV and Matruh virus have
apparently remained localized in the Mediterra-
nean area even though relatively large numbers
of migratory birds are infected suggests that birds
do not disperse these viruses very far.

The best evidence for a role of migratory birds
in long-distance arbovirus transport comes from
two isolations of EEEV from a Blackpoll Warbler
(Dendroica striata) and a Wood Thrush (Hylocichla
mustelina) in southern Louisiana in early May,
1966 (Calisher et al. 1971). The virus isolated
from these two birds proved to be South Ameri-
can serotypes and serologically quite unlike
North American EEEV strains, which seemingly
ruled out local infection after the birds’ arrival in
Louisiana. Because these birds were apparently
migrating at the time of sampling and had likely
departed from the Yucatan, western Cuba, or
northern Honduras on a nonstop flight across the
Gulf of Mexico, they represent a probable case of
EEEV movement between Central America and
the U.S. mainland (Calisher et al. 1971).

Another convincing observation of an arbovi-
rus likely being transported by a bird over long
distances, again in spring, was the finding of the
tropical alphavirus Mayaro virus (MAYV) in an
Orchard Oriole on the Mississippi River delta in
spring 1967 (Calisher et al. 1974). Occurring in
Central America and northern South America
south to Amazonia, MAYV is probably most of-
ten amplified in mammals but also in birds (de
Thoisy et al. 2003, Weaver and Reisen 2010). It is
not known to regularly occur in the United States,
and Calisher et al. (1974) interpret their finding
to represent an incidental introduction of this
tropical virus by a bird that had likely wintered in
Latin America, where MAYYV is endemic.

The finding of South American EEEV strains
and the isolation of MAYV clearly illustrate the
potential for birds to occasionally transport vi-
ruses from tropical to temperate areas. How-
ever, neither South American EEEV nor MAYV
have become established in the United States.
This suggests that these viruses are probably not
regularly moved into North America by migrant
birds, although their failure to colonize temperate
latitudes could also reflect an absence of trans-
mission-competent vectors among native North
American mosquitoes (see below).

Limitations of existing data.—The fundamen-
tal problem with most observations of viremic
migrant birds is that we do not know where the
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birds were infected. Unless the virus isolates can
be determined to be genetically distinct from local
strains (Calisher et al. 1971) or they are of a virus
not regularly found in a particular area (Calisher
et al. 1974), the alternative explanation of the bird
being infected locally cannot be ruled out (Work
and Lord 1972). For example, Lord and Calisher
(1970) detected EEEV and HJV in resident spe-
cies and in farmyard birds at the same time that
they isolated these viruses from migrants in the
same area, and they noted that some of the mi-
grants could have been infected while traveling
through areas that served as transmission foci. If
a bird during migration becomes infected at or
near the site it was captured and then does not
move on subsequent days while it is recovering
from the infection, virus is not transported any-
where (Owen et al. 2006). With a few exceptions
(Calisher et al. 1971, 1974), this caveat applies to
almost all of the isolations of arboviruses in ap-
parent migrants (Table 2), because in no case was
it known whether the infected bird continued, or
would have continued (had it not been collected),
to move.

An often-cited report of birds potentially trans-
porting arboviruses is that of Malkinson et al.
(2002) on White Storks (Ciconia ciconia) in Israel.
Normally this species does not migrate through
Israel in large numbers in autumn, but in August
1998 a flock of ~1,200 migrating birds was blown
eastward off course and landed in the town of
Eliat. Many of the birds were exhausted, and
some died. Thirteen bird carcasses were tested
for WNV, and four were positive by plaque as-
say and nine positive by RT-PCR (Malkinson et
al. 2002). The results are suggestive that the mi-
grating birds were infected with WNV (likely
from Europe) when they arrived, because they
were collected within 2 days of their appearing
in Israel. Some of the storks apparently recovered
and continued migrating. However, these data
do not conclusively demonstrate ecologically rel-
evant arbovirus transport by birds. The only tis-
sue tested was brain (Malkinson et al. 2002), and
the virus would have to be circulating in blood at
a level sufficient to infect mosquitoes en route for
it to be introduced naturally by this event. Also,
the birds could have become infected in Israel
near the site of collection, where WNYV is endemic
(Komar 2003). The observation nevertheless illus-
trates the potential for arbovirus introduction to
new areas by birds during (perhaps sometimes
errant) migratory movements.
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Some studies have detected antibodies in mi-
grant birds and used the presence of seropositive
individuals to suggest that birds do or do not
transport arboviruses (Emord and Morris 1984,
Malkinson and Banet 2002, Dupuis et al. 2003, O.
Komar et al. 2003, Linke et al. 2007, Jourdain et al.
2008, Lépez et al. 2008, Chevalier et al. 2009). For
example, up to 22% of Red-winged Blackbirds
(Agelaius phoeniceus) in North Dakota had WNV
antibodies in August (Sullivan et al. 2006). Be-
cause Red-winged Blackbirds migrate southward
out of North Dakota in winter, it was suggested
that this species could be an important WNV
transport agent (Sullivan et al. 2006). However,
the fact that so many birds had antibodies in Au-
gust as they were preparing to migrate suggests
only that these birds had resided in a local focus
of WNV amplification prior to capture, not that
viremic birds were moving or about to move.
Furthermore, these birds would be unlikely to
carry virus in large numbers because so many in-
dividuals at that time were immune to infection.
In two studies involving 25-32 species captured
in France and Spain, trans-Saharan migrants had
higher average antibody prevalence for WNV
than resident species, and the authors suggested
that the results were consistent with migrants be-
ing more exposed to virus on their African win-
tering grounds and thus more likely to transport
virus (Jourdain et al. 2008, Lépez et al. 2008). In
all of these studies, though, without isolations of
virus from birds about to move or in the process
of moving, it is difficult to conclude anything
about WNYV transport, simply because we cannot
know when or where the birds were infected or
whether they ever developed titers sufficient to
infect a transmission-competent mosquito.

The finding of resident birds in Jamaica, Puerto
Rico, the Dominican Republic, Mexico, and Ar-
gentina with antibodies to WNV was used to sug-
gest that these birds were infected following local
introduction of WNV to the site by birds migrat-
ing from North America to wintering grounds in
Latin America (Dupuis et al. 2003, O. Komar et
al. 2003, Diaz et al. 2008). A few North American
migrants with antibodies were also detected, but
no migrant birds with actively circulating virus
were found, and thus how the virus reached
these sites is not known with certainty. The large
literature on seroprevalence for WNV and other
arboviruses in birds may reveal what species
are potentially infected, but it should be empha-
sized that these data cannot be used to conclude
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anything about whether virus is transported by
individual birds prior to seroconversion. These
cautions about using serological data have been
voiced previously (Komar and Clark 2006) but
were largely ignored; in addition, Komar and
Clark emphasized that some WNV-seropositive
birds in Latin America instead may have reflected
cross-reactivity with unknown (“WNV-like”) en-
zootic flaviviruses that circulate locally.

Negative evidence—Some studies have found
little to no evidence of arbovirus-positive birds
either during migration or soon after arrival on
the breeding grounds (Bond et al. 1972; Hannoun
etal. 1972; Kafuko 1972; Reisen et al. 2000b, 2004b,
2010; see Table 1). For example, in a study de-
signed explicitly to search for virus in birds soon
after arrival on the breeding grounds, O’Brien et
al. (2008) found no evidence that migratory Cliff
Swallows arrived with BCRV (also see Hayes et
al. 1977), an alphavirus that is adapted specifically
to Cliff Swallows and their ectoparasites (Moore
et al. 2007, Brown et al. 2008, Padhi et al. 2008).

More than 1,000 migratory birds passing
through the Coachella Valley of southern Cali-
fornia in spring were tested for WNV and SLEV;
none was positive (Reisen et al. 2010). Because
the Coachella Valley represents a natural stop-
over site for migrants traversing the Salton Sea
and adjacent desert, it could be one of the first
locations in the western United States to have
arboviruses introduced (or reintroduced) each
spring from tropical regions to the south (Reisen
etal. 2010). The lack of any viruses in arriving mi-
gratory birds, despite viruses such as SLEV and
WNV being widespread in the area and often
isolated from mosquitoes there, suggested that
these arboviruses are not transported into south-
ern California each spring by birds (Reisen et
al. 2010). Similarly, >16,000 birds migrating into
Hawaii were tested for active WNV infections,
and none was positive (Kilpatrick et al. 2004).
Because negative results may often not be pub-
lished (Stallknecht 2007), the percentage of either
migratory or resident birds with active viremia at
any given time may be even lower than current
data indicate (Table 1).

Infected birds found dead are hard to inter-
pret because virus may have killed them before
they moved any significant distance. Neverthe-
less, the data on dead birds positive for WNV
RNA in tissues reported by the public in North
America since 1999 also lead to a conclusion of
mostly resident birds being associated with this
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arbovirus. For example, among the 12 bird spe-
cies most frequently reported as WNV-positive
in the United States from 2003 to 2004 (McLean
2006), only 3 were species that undertake regu-
lar migration, and only 1 of those—the American
White Pelican (Pelecanus erythrorhynchos)—is a
long-distance migrant. The three migratory spe-
cies represented 3% of the 18,928 total dead birds
reported (McLean 2006).

The same pattern of mostly resident species
being associated with WNV was seen when the
dead-bird data were analyzed separately for New
York (Eidson et al. 2001), Colorado (Nemeth et al.
2007), and California (Reisen et al. 2009a, Wheeler
et al. 2009). Of >1,100 dead birds of 76 migratory
species tested in California, 11% were positive
for WNV RNA, but only 0.7% of those that were
found in spring during the migratory period were
positive, compared with 8.4% of resident species
during the same time (Reisen et al. 2010). The per-
centage of migratory species positive for WNV
RNA in spring was significantly lower than that
for migratory species during summer, prompting
Reisen et al. (2010) to conclude that most of the
WNV-positive migrant birds found dead were
likely infected after they arrived in California.

INFECTED BIrRDS TRAVEL FAR ENOUGH
TO TRANSMIT VIRUS AT NEW SITES

If birds are to successfully transport arbovi-
ruses, they must encounter transmission-compe-
tent arthropod vectors that then take blood meals
and become infected with virus, and this expo-
sure to the vector must occur after bird movement
begins or, in some cases (e.g., in intercontinental
transport of virus), after the birds have traveled
relatively long distances. Evaluating the likeli-
hood of this happening requires information on
(1) how long moving birds can be expected to be
viremic, (2) how far birds travel while infected,
and (3) whether there are transmission-compe-
tent vectors to which they can be exposed upon
their arrival at new locales (Scott 1988, Owen et
al. 2006).

Period between infection and cessation of viremia.—
Most arboviruses cause viremia in their avian
hosts relatively soon after initial infection and
produce short viremia. For example, among al-
phaviruses, onset of viremia in captive studies
of experimentally inoculated individuals is 1-5
days after infection, and viremia typically lasts
2-5 days, although titers are generally too low by
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days4-5 toinfectarthropods (Hammonetal. 1951,
Bowen and McLean 1977, Dickerman et al. 1980,
Hardy and Reeves 1990b, Lundstrom et al. 1993,
Reisen et al. 2003c¢). In flaviviruses such as WNV
and SLEV, experiments in a variety of species
have shown onset of viremia 1-4 days after in-
oculation, with viremia lasting 1-6 days (Ham-
mon et al. 1951; Work et al. 1955; McLean et al.
1983; Malkinson and Banet 2002; N. Komar et al.
2003; Reisen et al. 2003c, 2004b, 2005a; Langevin
et al. 2005; Nemeth et al. 2006a, b). Thus, about
the longest time between when a bird is bitten by
an infected vector and when it can still transmit
the virus to another vector would be 7-8 days,
with a shorter period for most bird species and
most arboviruses.

Travel distance during the period of infectiousness.—
The short period, on average, that most birds are
infectious to vectors puts constraints on how far
any infected bird can potentially transport an
arbovirus (McLean and Scott 1979; McLean and
Bowen 1980; Scott 1988; Rappole and Hubalek
2003; Reisen et al. 2003a, c¢). Therefore, evaluat-
ing the likelihood of effective transport of virus
over relatively long distances requires knowing
how far birds typically move during the interval
of <8 days between initial infection and cessation
of viremia.

The prevailing assumption has been that in-
fected birds can sometimes travel far enough in
a short enough period to be effective arbovirus
transport agents (Dickerman et al. 1980, McLean
2006, Owen et al. 2006). This belief is probably
based, in part, on observations and inferences
that landbirds routinely cross 1,000 km or more
of inhospitable terrain such as oceans or the Sa-
hara Desert nonstop in 60 h or less of flight time
(Blondel 1972, Williams and Williams 1990, Delin-
gat et al. 2008). For example, radar data have sug-
gested that migrant birds leaving the eastern coast
of North America may travel to Bermuda in 18 h,
to the Caribbean in 64-70 h, and to the northern
coast of South America in 80-90 h (Williams et al.
1978). If infected birds travel at these speeds, they
would move fast enough and far enough for even
intercontinental transport of arboviruses to occur.
Radar data do have limitations, however: recent
work, for instance, indicates that many trans-
Saharan migrants do not cross the desert in non-
stop flights as was previously assumed, which
means that it may take most birds longer to make
the crossing than had been thought (Schmaljohann
et al. 2007a, b).
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Generalizations are difficult because migratory
species show enormous variation in how far they
may travel during short time intervals. At one
extreme, the Bar-tailed Godwit (Limosa lapponica)
has been reported to fly the ~11,000 km between
its Alaska breeding grounds and its winter range
in Australia and New Zealand nonstop in 7-8
days (Gill et al. 2005). Other shorebirds also un-
dertake long nonstop flights over water: for ex-
ample, a Pacific Golden-Plover (Pluvialis fulva)
flew the 3,900 km between Hawaii and the Alaska
peninsula in <3 days (Johnson et al. 2004). A mi-
grating Swainson’s Thrush moved 1,512 km from
east central Illinois to southwestern Manitoba in
7 days (Cochran 1987); thrushes average ~265 km
day! (Wikelski et al. 2003, Stutchbury et al. 2009).
Roughly similar distances moved per day have
been reported for Barn Swallows (Hirundo rus-
tica), Spotted Flycatchers (Muscicapa striata), and
Willow Warblers (Phylloscopus trochilus) migrat-
ing between Africa and Europe (Alerstam and
Lindstrom 1990). Purple Martins (Progne subis)
average ~500 km day; one was documented
migrating 7,500 km between the Amazon basin
of Brazil and northern Pennsylvania in 13 days
(Stutchbury et al. 2009). These movements illus-
trate the capacity, in theory, for birds to transport
arboviruses long distances.

However, other data indicate that passerine
birds probably often move much shorter dis-
tances per day during migration. Estimated flight
distances for 30 Eurasian passerine species varied
from 27 to 75 km day! (Hildén and Saurola 1982,
Alerstam and Lindstrom 1990), which means that
these birds could maximally cover between 215
and 600 km during the interval of <8 days be-
tween infection and cessation of viremia. For 13
species migrating to tropical Africa in autumn,
median duration was estimated as 88 days from
departure to arrival, and for 30 species migrating
within the north temperate zone, median dura-
tions were 3242 days (Hildén and Saurola 1982,
Alerstam and Lindstrom 1990). The available
data on estimated daily migratory distances are
of course based on birds for which virus infec-
tion status was unknown, and no studies have
followed the movements of an arbovirus-infected
migratory bird in the field (but for avian influ-
enza virus, see van Gils et al. 2007, Kleijn et al.
2010). Birds undertaking long, nonstop (e.g.,
transoceanic) flights typically are in very good
body condition, with heavy fuel (fat) loads (Bayly
2006, Delingat et al. 2008), and if virus infection
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compromises a bird’s ability to put on these fuel
loads, it may not undertake such a flight.

Another consideration is that many migratory
species frequently interrupt their migration for
several days at stopover sites (Rappole and War-
ner 1976, Biebach et al. 1986, Moore and Kerlinger
1987, Chavez-Ramirez et al. 1994, van Gils et al.
2007, Stutchbury et al. 2009, Altizer et al. 2011),
where they may feed to replenish fat stores or
wait out bad weather. Presence at stopover sites
may serve to reduce the distance traveled during
the time interval between when a bird is infected
and when it ceases to be infectious to vectors,
while simultaneously increasing the chance that
a migratory bird might acquire a local arbovirus
infection at the stopover site.

Despite the potential constraints on an infected
bird’s making a long flight, the occasional intro-
ductions of South American arboviruses into the
southern United States in spring (Calisher et al.
1971, 1974) likely were by birds that migrated
directly across the Gulf of Mexico. These spring
introductions may reflect the presumed tendency
of birds in general to migrate in the spring more
rapidly than in the fall (e.g., Chavez-Ramirez et
al. 1994, Bauchinger and Klaassen 2005, Bachler
et al. 2010), possibly because of the selective pres-
sures associated with obtaining a summer breed-
ing site as early as possible (Kokko 1999, Brown
and Brown 2000). As warming global climate
accelerates the spring migration speeds in some
species (Hiippop and Winkel 2006), the possibil-
ity of spring transport of arboviruses by birds
may increase. By contrast, reduced migratory ac-
tivity in other species in response to warmer tem-
peratures (Pulido and Berthold 2010) may serve
to further decrease the likelihood of birds trans-
porting arboviruses over long distances.

Exposure to vectors after moving.—Another ma-
jor question is the extent to which transmission-
competent arthropod vector species are active
when birds reach their destinations and, thus,
the extent to which these vectors might become
infected by an arbovirus from a recently arrived
bird. In temperate latitudes of North America and
Europe, many migrant birds arrive at their breed-
ing grounds or pass through in migration during
the months of April and May, a time when the
numbers of Culex and other transmission-compe-
tent mosquitoes are generally low at most locales
(Madder et al. 1983, Scott 1988, Reisen and Reeves
1990, Sellers and Maarouf 1993, Crans et al. 1994).
In the one case of JEV that was isolated from
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tissue of a migrant warbler in Japan, the isolation
occurred 3 weeks before the earliest that the virus
was found in mosquitoes (Takahashi et al. 1972).
A similar situation held for a Gray Catbird found
with EEEV in Louisiana prior to the appearance of
the virus in local mosquitoes (Kissling et al. 1955).
It seems unlikely that a viremic bird in these cir-
cumstances will initiate transmission, simply be-
cause the odds are low that it will be bitten by
an ornithophilic mosquito (Sellers and Maarouf
1993). Low exposure to transmission-competent
arthropod vectors (either because the competent
vectors are not active then or because no com-
petent vectors occur there) may help explain
why some South American arboviruses, when
brought to the United States by migrant birds in
spring (Calisher et al. 1971, 1974), have not be-
come established on this continent. For example,
MAYYV is transmitted in the tropics mostly by syl-
vatic mosquitoes not found in North America (de
Thoisy et al. 2003, Weaver and Reisen 2010); this
virus may have different intrinsic requirements
for transmission or replication than are met by lo-
cal Louisiana mosquitoes.

On the other hand, birds moving to warmer,
more tropical areas (e.g.,, North American mi-
grants in fall) will be more likely to encounter ar-
thropods upon arrival at their destinations (or at
stopover sites), because ornithophilic mosquitoes
such as Culex can be active year-round in those
locales (McLean and Bowen 1980, Yuill 1986, Tesh
et al. 2004). The consequence could be that virus
is more likely to be transported southward by mi-
grant birds in fall as they approach warmer (more
vector-rich) areas, and not as likely to be moved
northward in spring as birds encounter colder en-
vironments where vectors are less numerous and
climatic conditions less suitable for virus trans-
mission or replication (Scott 1988). The finding of
markedly more virus in southbound fall migrants
than among spring migrants in the Mediterranean
(Watson et al. 1972) and in eastern North America
(Bond et al. 1972, Dusek et al. 2009) supports this
idea. However, the only truly definitive evidence
for birds transporting arboviruses between North
and South America (Calisher et al. 1971, 1974) in-
volves spring migrants only.

If a viremic bird moves to a site where trans-
mission-competent mosquitoes are present and is
clinically ill after arrival, it may be an especially
good candidate to transmit virus to mosquitoes.
This could occur if infectious, sluggish birds are
less likely to engage in anti-mosquito defensive
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behavior (Edman et al. 1974, Scott et al. 1988) and
thus more likely to be bitten or, if febrile, more at-
tractive to mosquitoes. Consistent with this possi-
bility, the presence of dead WNV-infected corvids
at different sites in California was positively cor-
related with finding WNV-infected Culex mosqui-
toes at each of these sites during onset of a 2006
WNV epidemic (Nielsen and Reisen 2007). In a
study designed to test experimentally whether
mosquitoes are more attracted to virus-infected
birds, no difference was found in attraction to in-
fected versus uninfected adult House Sparrows
(Scott et al. 1988, 1990). However, the viruses
used in these studies (EEEV, WEEV, SLEV) did
not cause clinical illness in adult House Sparrows
and, thus, may not have influenced the birds’
behavior. Similar experiments are needed with
more pathogenic viruses (e.g., WNV; O’Brien et
al. 2010b).

SCENARIO 2: VIRUS RECRUDESCES IN BirDs
AFTER THEY MOVE

Because some arboviruses are known to be
maintained asymptomatically at chronic, low
levels in their vertebrate hosts (Levine et al. 1994,
Kuno 2001, Tesh et al. 2005), several workers have
suggested that episodic virus recrudescence (re-
currence of viremia) may account for some cases
of virus transport to a site by birds. This might be
especially likely as a mechanism for annual rein-
troduction of arboviruses to a site following a pe-
riod of interrupted virus transmission during the
winter months (Reeves 1974, McLean and Bowen
1980), which could occur even in the absence of
much physical movement by the avian host (i.e.,
in nonmigratory birds).

For a previously contracted arbovirus that has
been cleared by the immune system to reappear
in the circulating blood of a bird, it must have
persisted in the bird in an infective form (Levine
et al. 1994, Reisen et al. 2003a). The recrudesc-
ing virus must then be present in blood at high
enough titer to infect vectors, and it must evade
the acquired immune system long enough to be
imbibed by a transmission-competent mosquito
vector.

The history of this idea can be traced to Reeves
et al. (1958), who isolated arboviruses (WEEV) in
tissue of seven birds (all resident species in Cali-
fornia) from 55 to 306 days after experimental
inoculation. Two of Reeves et al.’s (1958) isola-
tions came from blood of a House Sparrow and
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a Brown-headed Cowbird (Molothrus ater), and
these data suggested that birds might maintain
latent infections. More recently, recrudescence
has been used to explain the detection of virus
outside of the period of typical vector activity
(Crans et al. 1994); in one interesting case, EEEV
was found in blood of a wintering Hermit Thrush
(Catharus guttatus) in Louisiana on 19 March, 2
months before any virus was found in mosqui-
toes at the same site (Kissling et al. 1955).

Levine et al. (1994) suggested that arboviruses
such as SINV could remain in the host by target-
ing neurons and establishing a persistent produc-
tive (nonlytic) form. However, virus reactivation
apparently was detected only in immunodefi-
cient mice (Levine et al. 1994), and the virus was
not observed to escape the neurons to induce in-
fection in healthy animals (Strauss and Strauss
1994). There is evidence of occasional relapse of
persistent arbovirus infections in chronically in-
fected cattle, small rodents, and snakes, some-
times with altered virus properties (Gebhardt
and Hill 1960, Morris 1988, Reisen and Monath
1989, Kuno 2001). Infectious WNV can be shed in
urine of hamsters for up to 8 months after infec-
tion, although the virus is cleared from the blood
rapidly after initial infection (Tesh et al. 2005).
However, no arboviruses are known to establish
long-lasting infections that spread during inter-
mittent bouts throughout a host’s lifetime in the
manner of herpesviruses, human and simian im-
munodeficiency viruses, hepatitis viruses, and
human papillomaviruses.

Inamulti-year field study of EEEV in both birds
and mosquitoes in New Jersey, Crans et al. (1994)
isolated virus from six birds in late May and June,
7-51 days before the first isolations in mosquitoes,
with four of the five species involved being sum-
mer residents that had migrated into the area. The
timing of the virus isolations suggested that they
were not from recently arrived birds from farther
south, and Crans et al. (1994) interpreted the iso-
lations to reflect recrudescence of EEEV in birds
that had maintained chronic, latent infections. A
Gray Catbird that was seropositive in May was
found to be viremic in June of the following year
(Crans et al. 1994). A similar observation was re-
corded in Louisiana, in which EEEV was found in
a catbird on 25 April, probably well after the bird
arrived and about a month before the first virus
isolations in mosquitoes (Kissling et al. 1955). The
study by Crans et al. (1994) is frequently cited as
an example of arbovirus recrudescence, although
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the fact that hatching-year birds that were sero-
positive to EEEV were also found prior to the first
appearance of the virus in mosquitoes suggests
that other factors (e.g., different vectors, unde-
tected mosquito activity) may have been respon-
sible for these early-season infections. Despite
Reeves et al.’s (1958) laboratory results, little field
evidence of virus occurrence in winter was found
for WEEV in California, where virus was iso-
lated from only 2 White-crowned Sparrows out
of 3,242 passerine birds of multiple species tested
between October and February (Reeves 1990).

Because studying virus recrudescence in the
field is problematic in most cases (ideally requir-
ing the capture and recapture of birds known to
have been viremic at a particular time), attempts
have recently been made to demonstrate virus per-
sistence experimentally. Reisen et al. (2001, 2003a,
b, ¢, 2004a, 2006b) did a series of comprehensive
inoculation experiments to test whether a range
of species (primarily House Finches and House
Sparrows, but >20 others) exhibited chronic in-
fections of WEEV, SLEV, or WNV that could po-
tentially recrudesce to the point of being infective
at a later time. Birds were tested for evidence of
viremia and seroconversion, and a subset of birds
were chemically immunosuppressed (Reisen et
al. 2003b, 2004a), a treatment that mimics the pre-
sumed stress of migration or reproduction that
might lead to reemergence of viremia. Some pre-
viously infected birds were also challenged with
virus to see whether initial antibody production
provided permanent protection from infection
(Reisen et al. 2003a). No birds were found with
evidence of circulating virus in blood after chal-
lenge (other than a few short ephemeral viremias
with SLEV; Reisen et al. 2001) or after immuno-
suppression, nor were mosquitoes feeding on
these birds infected by virus. Although infectious
SLEV and WNYV were isolated from tissues (e.g.,
kidney, lung, spleen, brain) of experimentally in-
fected birds more than 6 weeks after initial infec-
tion (after passage through a mosquito cell line),
in only one case was virus found in blood (Reisen
et al. 2003c). These data did not show any strong
evidence for chronic infections that could recru-
desce to the point of being transmissible (Reisen
et al. 2001, 2003a, b, ¢, 2004a, 2006b). The same
conclusions were reached in similar studies of
WNV by Nemeth et al. (2009) on House Sparrows
and Owen et al. (2010) on Gray Catbirds.

Several studies using RT-PCR have shown RNA
of WEEV, SLEV, and WNYV to persist in various
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avian tissues for up to 6 weeks or longer after ex-
perimental infection (Reisen et al. 2001, 2003b, c,
2006b; Nemeth et al. 2009), although only rarely
has viral RNAbeen found in blood after the period
of initial viremia ends. RNA of BCRV was found
in House Sparrows 15 days after experimental
inoculation and 12 days after the birds were no
longer viremic by plaque assay (Huyvaert et al.
2008). EEEV from an American Goldfinch (Cardu-
elis tristis) and a Ring-necked Pheasant (Phasianus
colchicus) failed to show plaques on Vero cell as-
says (McLean et al. 1985), and we have detected
BCRV RNA circulating in blood of wild-caught
House Sparrows and Cliff Swallows that did not
plaque on Vero cells (O’Brien et al. 2011).

There is not yet consensus on the biological sig-
nificance of viral RNA in blood (or, in some cases,
in arthropod vectors) detected by RT-PCR that
does not exhibit cytopathic (plaque) growth in cell
culture assays. Non-plaque-forming viral RNA
has been interpreted variously as noninfectious
virus particles, inactivated virus, noncytopathic
RNA, replicative intermediate RNA, or nonintact
RNA, or as due to methodological artifacts such as
titers being too low to plaque or to the insensitiv-
ity of plaque assay (Barrera and Letchworth 1996,
Letchworth et al. 1996; Reisen et al. 2001; Kramer
et al. 2002; Lambert et al. 2003; Choi and Jiang
2005; White et al. 2005; Moore et al. 2007; Brown
et al. 2010a, b; O’Brien et al. 2011). In general,
whether such RNA represents (or can potentially
represent, after recrudescence) functional virus is
unknown, although noncytopathic viral RNA de-
tected in arthropod vectors is known to become
cytopathic relatively soon after the vectors take
blood meals (Bailey et al. 1978, Korenberg 2000,
Reisen et al. 2002a, Brown et al. 2010a).

Serological studies of arboviruses in birds
sometimes use seroreconversion as evidence of
recrudescence (Gruwell et al. 2000). In this sce-
nario, a bird that was formerly infected and pro-
duced antibodies to the virus (seroconverted) is
recaptured and found to be seronegative. When
captured a third time, the bird is again seroposi-
tive (Gruwell et al. 2000, Garvin et al. 2004). These
data could demonstrate recrudescence of a per-
sistent viral infection after antibodies had waned.
It is not surprising that data on seroreconversion
are sparse, given the inherent difficulty in re-
peatedly recapturing the same individual birds
throughout a season or in subsequent years, cou-
pled with the low numbers of birds that test posi-
tive for evidence of virus exposure at any time.
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In one field study of SLEV (Gruwell et al. 2000)
in which >43,000 House Finches and House Spar-
rows were caught, 1% were positive for SLEV
antibodies, but of the antibody-positive birds,
only 2% showed evidence of seroreconversion.
No field evidence of seroreconversion was found
for either EEEV or HJV in 204 birds sampled mul-
tiple times by Howard et al. (2004).

Especially in light of the experimental stud-
ies that have not demonstrated frequent arbovi-
rus recrudescence in birds to a level sufficient to
infect arthropod vectors, it seems unlikely that
recrudescence, paired with bird movement, can
account for the bulk of the occurrences of arbovi-
ruses in new locales or their periodic recurrence
at the same site. However, recrudescence of a la-
tent infection has been shown experimentally for
Borrelia burgdorferi spirochetes (that cause Lyme
disease), in which migratory restlessness in Red-
wings (Turdus iliacus) led to a relapse of a chronic
infection sufficient to cause detectable spirochae-
taemia (Gylfe et al. 2000).

SCENARIO 3: BIRDS MOVE AND INFECT OTHERS
BY DIRECT TRANSMISSION

If an arbovirus-infected bird is eaten by a
predator or scavenger, the possibility exists for
transmission of virus from infected tissues of the
dead animal to the one that eats it. If the infected
predator or scavenger then develops a viremia,
it could transport and potentially transmit virus
by moving to another destination. In these ways,
an arbovirus could be spread from site to site
among hosts, independent of direct arthropod in-
volvement. Infectious (i.e., cytopathic) WNV, JEV,
SINV, WEEV, and EEEV have been found in or-
gan tissues of birds, some of which were collected
during migration (Kokernot and McIntosh 1959,
Pavri et al. 1972, Takahashi et al. 1972, Ernek et
al. 1973, Morris et al. 1973, Milby and Reeves
1990). The major unresolved questions with this
scenario are whether recently infected dead birds
maintain a high enough concentration of virus
in tissues (including blood) at the time of inges-
tion to orally infect a predator or scavenger, and
whether a bird chronically infected at a low level
(see above) maintains enough infectious virus in
tissues besides blood for oral transmission to oc-
cur upon its being consumed.

Recent experiments have shown that WNV can
be contracted by owls upon feeding on experi-
mentally infected mouse carcasses, and viremia
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in the owl may sometimes result (Nemeth et al.
2006a, b). Whether WNV or other arboviruses
can be transmitted from bird carcasses upon in-
gestion is unknown. Some surveys have found
raptors (hawks and owls, including some that
eat birds) relatively highly represented among
WNV-positive specimens (Nemeth et al. 2006a,
2007; Wheeler et al. 2009), a finding consistent
with virus transmission to predators via ingestion
of (either bird or mammal) carcasses. Reporting
rates for raptors are probably biased, however,
because they are large, easily found by the public,
and more likely than smaller species to be taken
to bird rehabilitation facilities.

Evidence indicating lateral (contact) transmis-
sion of several arboviruses via oral or cloacal
shedding (Holden 1955b; McLean et al. 2001; N.
Komar et al. 2002, 2003; Banet-Noach et al. 2003;
Nemeth et al. 2006a, 2009; Dawson et al. 2007;
Huyvaert et al. 2008) also suggests that infected
birds may potentially introduce virus to a new
locale and infect others without arthropod in-
volvement whenever they come into close con-
tact with uninfected birds. This scenario has the
same requirement discussed earlier that birds
with relatively high virus concentration (most
likely in tissue, saliva, or feces) undertake move-
ment. Contact transmission is probably most
likely in highly colonial or communally roosting
birds, in which aggressive interactions (Still et
al. 1987, Brown and Brown 1996) may result in
bird-to-bird contact of saliva or when individu-
als encounter the fresh droppings of others. In
communal roosts, for instance, individuals in the
lower levels of roost trees are more likely to have
their plumage soiled by birds above them (Yom-
Tov 1979, Evans and Sordahl 2009). Although the
available evidence indicates the potential for vari-
ous arboviruses to be shed orally or cloacally and
infect other birds, too few field studies have been
done to evaluate how often this occurs in nature
or the role of direct transmission in general in ar-
bovirus ecology (Nemeth et al. 2009).

SCENARIO 4: TRANSPORT OF INFECTED VECTORS

Another possibility is that birds transport virus-
infected arthropods from place to place (Yuill 1986,
Bjoersdorff et al. 2001, Hubalek 2004). This is
most likely for viruses transmitted by ectopara-
sitic arthropods such as ticks or bugs that often
travel on their avian hosts (Hoogstraal et al. 1961).
The tick-borne encephalitis viruses, WNV, some
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of the bunyaviruses such as BAHYV, and various
other tick-associated viruses have occasionally
been isolated from birds (Table 2) or from ticks in
bird nesting colonies (Johnson and Casals 1972,
Pavri et al. 1972, Watson et al. 1972, Yunker et al.
1972, Berge 1975, Yunker 1975, Hayes 1989, Gould
et al. 2004, Hubalek 2004). Only a few isolations
of viruses have been made from ticks collected
directly off birds (Ernek at al. 1968, Converse et
al. 1974), and most of those birds were not de-
finitively known to be migrating at the time. By
contrast, Borrelia spirochetes (and other bacteria)
have been isolated relatively frequently from
ticks actively traveling on migrating birds (Smith
et al. 1996, Rand et al. 1998, Reed et al. 2003,
Hubdlek 2004, Morshed et al. 2005, Wright et al.
2006). As in the case of viremic birds, the finding
of birds carrying infected arthropods is difficult
to interpret because usually we cannot know the
status of the bird (migrating or not), although the
hitchhiking of ectoparasites may be less likely to
affect a bird’s migratory behavior than its being
infected by a virus.

The best-studied example of arboviruses be-
ing transported via infected arthropods (or being
transported at all) is that of Buggy Creek virus
(Brown et al. 2007, 2008). The cimicid Swallow
Bug that transmits BCRV resides year-round in
the mud nests of Cliff Swallows (Moore et al.
2007; Brown et al. 2009a, 2010b). Cliff Swallows
nest in colonies on bridges and highway culverts,
and up to 6,000 nests sometimes occur on a single
bridge. Swallows often carry bugs on their feet
when the birds move between nesting colonies
(Brown and Brown 2004, 2005). Transport of in-
fected bugs seems to be the principal way that
BCRV moves from colony to colony (Brown et al.
2008), given that infectious BCRV has not been
isolated from any adult bird to date (O’'Brien et
al. 2011). Brown et al. (2007, 2008) used a long-
running mark-recapture study that involved
>100,000 captures of banded Cliff Swallows to
estimate the likelihood of an individual moving
from one colony to another per 2-day interval
across the 2-month nesting season for a cluster
of colonies in southwestern Nebraska along the
North and South Platte rivers. The prevalence of
BCRV in bugs at a given colony site was strongly
correlated with both the likelihood of a Cliff
Swallow immigrating into that site from other
colonies in the study area and with the total num-
ber of transient Cliff Swallows moving through
the site (Fig. 2A; Brown et al. 2007).
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FIG. 2. (A) Percentage of Swallow Bug pools positive for Buggy Creek virus at a Cliff Swallow colony site in
relation to the estimated number of immigrant Cliff Swallows moving into the site per 2-day interval throughout
the summer nesting season. The number of immigrant birds was estimated from mark-recapture data. Infection
of bugs increased significantly with the number of immigrant birds passing through a site (from Brown et al.
2007). (B) Genetic similarity (as measured by pairwise Fg, values for the E2 gene) of Buggy Creek virus per pair
of Cliff Swallow colony sites in relation to the likelihood of a Cliff Swallow moving between each pair of sites
per 2-day period during the summer season, y (+ SE), as determined from mark-recapture data. Two different
virus lineages are shown by closed (@) and open (0) circles, respectively. Genetic divergence between any two
sites declined as bird traffic between them increased (from Brown et al. 2008).

GENETIC EVIDENCE FOR ARBOVIRUS
TRANSPORT BY BIRDS?

The development of molecular sequencing
techniques has allowed phylogeneticists to iden-
tify virus genetic structure and make inferences
about geographic and temporal origins of in-
dividual virus strains. The prevailing view that
wild birds are responsible for frequent transport
of arboviruses has been supported by phyloge-
netic evidence of genetic similarity among viruses
in different geographic regions. Genetic homoge-
neity (i.e., lack of spatial structure) of viruses is
thought to result from frequent mixing of virus
haplotypes, with migratory birds assumed to be
the most likely agents responsible for introduc-
tion and reintroduction of different haplotypes
into given areas (Scott et al. 1994, Weaver et al.
1994, Cilnis et al. 1996, Norder et al. 1996, Sam-
mels et al. 1999, Powers et al. 2001, Nga et al.
2004, Weaver 2006, Brown et al. 2008, Young et al.
2008, Padhi et al. 2011).

ALPHAVIRUSES
Examination of genetic relationships among

North American EEEV isolates (Weaver et al.
1994) showed a strong relationship between

isolates from Michigan and Mississippi and an-
other grouping of isolates from mostly the north-
eastern United States. The first group of genotypes
was suggested to have evolved regionally, with
virus being carried north-south by birds migrat-
ing along the Mississippi and Ohio River valleys
(Weaver et al. 1994), and the second group is con-
sistent with migratory bird corridors along the
East Coast. North American EEEV isolates tend
to group by year of isolation, which suggests a
high degree of genetic conservation and led to
the suggestion that the limited spatial structure is
generated by these viruses being transported by
birds (Braultet al. 1999, Powers et al. 2001, Weaver
2006, Young et al. 2008). Consistent with this in-
terpretation, EEEV is apparently more associated
with potentially migrating birds than any of the
other North American arboviruses (Table 2).
When isolates of HJV collected between 1952
and 1994 were sequenced, they were found to be
highly conserved, with little nucleotide diver-
gence temporally or geographically (Cilnis et al.
1996). The slow evolutionary rate, combined with
evidence that HJV consists of a single predomi-
nant lineage, indicated little genetic heterogene-
ity or spatial structure in this arbovirus. The lack
of genetic diversity was assumed to arise because
birds transport HJV between geographically
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distinct transmission foci, leading to mixing of
genotypes and competitive exclusion where
genotype mixing occurs (Cilnis et al. 1996). This
hypothesis is consistent with the findings of a few
migrant birds with HJV during fall (Kissling et al.
1955, Stamm and Newman 1963, Lord and Cal-
isher 1970), although it appears that most birds
in which HJV has been isolated in the field were
not migrants at the time and, thus, not likely to be
transporting virus (Table 2).

Phylogenetic examination of WEEV lineages
using isolates from both South and North Amer-
ica revealed a lack of genetic diversity among
most of them, regardless of the geographic loca-
tion of isolation (Weaver et al. 1997). The genetic
homogeneity was thought to reflect viral mixing
and supported the hypothesis that birds trans-
port WEEV both locally and intercontinentally
on a frequent basis (Scott et al. 1994, Weaver et
al. 1997). On the other hand, a more localized mo-
lecular analysis of WEEV isolates from California
suggested that virus there has remained rela-
tively isolated in distinct foci, with little regional
(and no intercontinental) exchange between them
(Kramer and Fallah 1999). Substantial transport
of WEEV by birds at any scale seems unlikely,
however, given how few migrants have been
found with viremia; more than 92% of all known
isolates of WEEV from birds in the field have
come from nestlings (Table 2).

Phylogenetic analyses reveal that strains of
SINV from South Africa are most closely related
to isolates from northern Europe, with intercon-
tinental transport by birds suggested as the most
likely mechanism causing this result (Shirako et
al. 1991, Norder et al. 1996). Furthermore, within
Australia, genotypes cluster temporally, with
isolates from widely separated locations show-
ing identical sequences. Movement by birds was
thought to have caused this pattern by dissemi-
nating SINV widely over the continent (Sammels
et al. 1999). There are few records anywhere,
however, of SINV being isolated from birds that
were migrating (Table 2).

The strong correlation between the extent of
genetic similarity in BCRV isolates from differ-
ent bird nesting colonies and the extent of bird
movement between the sites (Fig. 2B; Brown et
al. 2008, Padhi et al. 2011) supports the view that
genetic homogeneity of virus can result from
bird-mediated dispersal, at least on a local level.
When BCRV isolates from different Cliff Swal-
low colony sites were sequenced and measures
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of Fq; (an indication of genetic similarity among
isolates) computed for pairs of colony sites and
compared with the likelihood of Cliff Swallows
moving between those specific sites, as estimated
from mark-recapture data, there was a strong
relationship between pairwise virus genetic
similarity and extent of Cliff Swallow movement
(Fig. 2B; Brown et al. 2008). Sites with more bird
movement between them had virus that was
more similar genetically than that among pairs
of sites with limited or no bird movement. These
results are probably the strongest indication we
have for any arbovirus that the magnitude and
direction of daily bird movement in a local area
can accurately predict transmission foci and di-
rectly affect spatial genetic structure of arbovirus
isolates. Note that in this case birds transported
virus solely by carrying the infected arthropod
vectors (Brown et al. 2008).

FLAVIVIRUSES

Analysis of the genetic structure of WNV in
the Old World revealed genetic homogeneity
between WNV strains in Africa and western Eu-
rope (Berthet et al. 1997, Burt et al. 2002, Charrel
et al. 2003, Zeller and Schuffenecker 2004). The
assumption has been that this similarity is caused
by frequent virus interchanges between the con-
tinents, probably brought about by migratory
birds (Hayes 1989, Berthet et al. 1997, Lundstrom
1999, Charrel et al. 2003, Hubélek 2004, Kramer
et al. 2008). Because Israel is a natural migra-
tory funnel between the Mediterranean and the
African Rift Valley, with many birds stopping
over there (Malkinson and Banet 2002), intercon-
tinental virus transport might be most likely to
be detected there. The finding of WNV-infected
migratory storks in Israel (Malkinson et al. 2002)
is consistent with at least occasional transport of
this arbovirus into Africa from the north through
the eastern Mediterranean by birds (although
that storks transported virus in that case was not
established definitively; see above).

Phylogenetic studies of WNV in North Amer-
ica showed strong genetic homogeneity among
isolates taken from different locales relatively
soon after the initial outbreak (Bertolotti et al.
2007, Brault et al. 2007); judging from the genetic
studies of other virus species, this would seem
to implicate birds as transport agents (Weaver
2006). However, since its initial introduction and
spread across North America, WNV has shown
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an increasing genetic spatial structure, indicating
establishment of the virus in local enzootic cycles
(Davis et al. 2003, 2005; Estrada-Franco et al. 2003;
Bertolotti et al. 2008; Grinev et al. 2008), presum-
ably without frequent introductions from outside
a local transmission zone. If birds were involved
in spreading the virus initially, their involvement
recently would seem to have waned as WNV be-
comes more genetically differentiated at the local
level.

The establishment of local genetic structure in
WNV may mirror that of the other predominant
flavivirus in North America, SLEV. Genetic stud-
ies indicate that SLEV persists with little change
between consecutive years, but then becomes
locally extinct before new genotypes are intro-
duced or arise through local evolution (Kramer et
al. 1997, Chandler et al. 2001, Reisen et al. 2002b).
Birds are one potential mechanism to account
for the introduction of virus into new areas, but
SLEV persistence through vertical transmission
among mosquitoes and overwintering of infected
adult mosquitoes is possible as well; none of the
proposed mechanisms has solid empirical sup-
port (Kramer et al. 1997, Reisen et al. 2002b). The
strong association between SLEV and resident
birds and nestlings (Table 2) is consistent with its
localized population genetic structure.

JEV exists as several distinct genotypes (Nga et
al.2004), two of which are widely distributed from
India across Southeast Asia (e.g., Vietnam) to East
Asia (e.g., Japan, Korea) (Burke and Leake 1988,
Erlanger et al. 2009, Weaver and Reisen 2010). The
virus’s genetic similarity over this wide area sug-
gests frequent introductions between geographic
regions, and some evidence now suggests that
one of the genotypes has recently become more
widespread (Nga et al. 2004). Transport of JEV
by birds is one hypothesized mechanism to ac-
count for this genetic pattern (Nga et al. 2004,
van den Hurk et al. 2009), although the virus has
relatively rarely been found in wild birds, the pri-
mary mosquito vector prefers mammals (Weaver
and Reisen 2010), and the known field isolates
from birds all came from nestlings (Table 2).

Birds are thought to be responsible for rela-
tively recent introductions of Usutu virus (USUV),
a flavivirus related to JEV, to Europe (Weissen-
bock et al. 2002). This virus is found in tropical
and subtropical Africa and, until the introduc-
tion to Austria, had not been recorded outside
of Africa. In late summer 2001, a sudden die-off
of Eurasian Blackbirds (Turdus merula), Great
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Gray Owls (Strix nebulosa), and Barn Swallows
in and around Vienna was attributed to USUV.
Phylogenetic analysis showed that isolates taken
from dead birds in Austria were closely related to
strains from South Africa and, in fact, appeared to
be identical at the amino acid level (Weissenbock
et al. 2002). Barn Swallows were suggested to be
responsible for introduction of USUV, owing to
their wintering in South Africa and the detection
of USUV RNA in a dead Barn Swallow. However,
USUV apparently causes heavy mortality in Barn
Swallows (Weissenbock et al. 2002), and thus it is
unclear whether this species (or any bird) could
have naturally introduced it from such a long
distance.

COMPARISON TO A MAMMAL-ASSOCIATED
ARBOVIRUS

If arboviruses amplified and transported by
birds show genetic homogeneity over large geo-
graphic distances because of repeated reintroduc-
tions that result from widespread virus dispersal,
we would predict that ecologically similar vi-
ruses not associated with mobile hosts such as
birds should show more heterogeneity in genetic
structure. La Crosse virus (LACV) is a mosquito-
transmitted bunyavirus that is amplified primar-
ily in sedentary arboreal rodents (chipmunks and
squirrels); birds have no known role in its trans-
mission. It occurs in temperate latitudes of east-
ern North America, largely overlapping portions
of the range of both EEEV and HJV. Although sev-
eral distinct lineages of LACV circulate in North
America, sometimes sympatrically, LACV shows
genetic homogeneity over wide areas, with virus
from Missouri north to Minnesota being geneti-
cally similar (Armstrong and Andreadis 2006). In
many ways, its spatial structure closely resembles
that of EEEV. The LACV example illustrates that
reduced genetic structure of arboviruses in tem-
perate regions can occur in the absence of bird
involvement and underscores the need to evalu-
ate alternative hypotheses (see below) to explain
the population genetics of EEEV, HJV, and other
temperate-latitude arboviruses.

LocAL TRANSPORT

Given that arboviruses in general have been
isolated more frequently from resident birds
than from migratory species (Table 2), local virus
transport by birds in and around their nesting
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territories may be ecologically and epidemio-
logically more relevant than that occurring over
longer distances. About 85% of bird species in the
world are believed to be territorial to some extent,
at least during the breeding season (Lack 1968),
and, thus, to confine their activities to relatively
small areas; consequently, most birds undergo
area-restricted movement during much of the
summer. The times when territorial birds are de-
fending territories and raising nestlings, and the
subsequent addition of dispersing fledglings to
the local population in late summer (Unnasch et
al. 2006b), may often overlap with periods of high
vector activity and, thus, the principal transmission
season of some arboviruses. The consequence is
that birds may most commonly transport viruses
over short distances roughly equivalent to the
longest axis of a typical territory.

The east-to-west, concentric spread of WNV
in North America is more consistent with local
movement of resident species such as House
Sparrows than with movement of migratory
species (Rappole and Hubalek 2003, Rappole et
al. 2006). Even for arboviruses such as VEEV in
which birds are relatively insignificant amplifi-
ers, they still may be responsible for local spread
of virus whenever individuals (during the short
time they are viremic) undertake short-distance,
local movements (Bowen and McLean 1977). In
general, local bird movement may result in roll-
ing “waves” of arbovirus infection that ripple
over short geographic distances, although ex-
actly how this happens and by which birds is un-
known. One scenario is suggested by the study of
radiotagged American Crows naturally infected
with WNV (Yaremych et al. 2004, Ward et al.
2006) and a spatial analysis of mosquito infection
in relation to where dead crows were found (Re-
isen et al. 2006a): after a crow is initially infected
at a roost site, it moves on the first day to feed
(before it becomes too sick to move), becomes ill
at the edge of its foraging range or territory, and
infects a vector there before it dies (Nasci et al.
2002, Nielsen and Reisen 2007). The arthropod
(mosquito) then bites another bird in an adjacent
territory or roost. This chain of events requires
adjacent territories or foraging ranges that span
a mosquito’s movement radius. Virus infection of
raptors or scavengers via bird carcass consump-
tion might also move WNYV in localized waves.

EEEV is known to occur in spatially discrete
foci centered on swamps where the principal
mosquito vector, Culiseta melanura, is abundant
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(Morris et al. 1980, McLean et al. 1985, Mor-
ris 1988, Crans et al. 1994, Howard et al. 1996).
Amplification of this virus occurs by resident
birds within or near each swamp (Dalrymple et
al. 1972, Emord and Morris 1984, Unnasch et al.
2006b). Resident birds undoubtedly transport
virus over short distances within swamps, but
despite the frequency with which EEEV has been
isolated from birds (Table 2), transient migratory
birds are thought not to have much role in ei-
ther exporting or annually reintroducing it to its
swamp-associated spatial foci (Emord and Mor-
ris 1984, McLean et al. 1985). A similar argument
was made for SLEV (Day and Stark 1999).

Even if birds are responsible for occasionally
exporting arboviruses such as EEEV or SLEV
from local foci, not all birds of a given species
may be equally likely to do so. The relatively lo-
cal spread of BCRV among Cliff Swallow nesting
colonies is perpetrated, in part, by birds whose
nesting attempts fail, which thus disperse to new
colonies to renest, or by individuals that are non-
breeders (Brown et al. 2008). This suggests that
local transport of virus may sometimes be pre-
dicted by avian nesting success, with success-
ful birds less likely to move (and spread virus)
within a summer. The consequence is that arbo-
viruses may be dispersed more widely by birds
whenever environmental conditions (including
local virus amplification and subsequent mortal-
ity in nestlings) lead to widespread nesting fail-
ures in a given area.

Transport of viruses on a mostly local scale
also follows from the fact that more sedentary
nestling birds are often better amplification hosts
for arboviruses than adults (O’Brien et al. 2010a,
b, 2011). A striking pattern among the reported
cases of arbovirus isolations from wild birds
worldwide is that ~64% have come from nest-
lings (Table 2; many of these are of WEEV and
BCRYV). That over half of all known arbovirus
detections in birds in the field have come from
nestlings, despite the relatively limited sam-
pling of them (Table 1), suggests that they may
be critical in the transmission dynamics of some
arboviruses (Burkett-Cadena et al. 2010, O’Brien
et al. 2010b). Mosquitoes (Blackmore and Dow
1958, Scott et al. 1990) and Swallow Bug vectors
(C. Brown pers. obs.) at times prefer to feed on
nestlings, probably because they are too young to
exhibit anti-arthropod defensive behavior (Scott
et al. 1988; cf. Griffing et al. 2007). Studies show-
ing that nestlings often have high viremia levels
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that exceed those of adults (Holden et al. 1973,
Bowen et al. 1980, Ludwig et al. 1986, Scott et al.
1988, Mahmood et al. 2004a, O’Brien et al. 2011),
and the high seroprevalence sometimes seen in
hatching-year birds (Howard et al. 2004, Hamer
et al. 2008), also suggest that nestlings frequently
amplify arboviruses. Furthermore, even if mos-
quitoes do not exhibit an age-related preference
and instead feed on adults and nestlings only
in proportion to their relative abundance in the
population, the greater numbers of nestlings than
of adults during a summer suggest that more
nestlings than adults will be infected (Burkett-
Cadena et al. 2010). Thus, the extent to which
nestlings fledge and move while still viremic will
determine in part the extent to which arboviruses
may be transported on a local scale.

No data are available to evaluate whether birds
ever fledge while viremic, although in most spe-
cies recently fledged young (that may still be de-
pendent on their parents) probably do not travel
very far. For example, Purple Martins rarely
move farther than ~1 km from their natal nest
during the first 4-5 days after fledging (Brown
1978), Gray Catbirds stay within 18 m of their
nest for 5-8 days after fledging (Zimmerman, in
Cimprich and Moore 1995), White-crowned Spar-
rows are sedentary in or near their natal territory
for 1-2 weeks after fledging (Chilton et al. 1995),
and Mourning Doves (Zenaida macroura) remain
within 45 m of their nest tree for 12-15 days after
fledging (Mirarchi and Baskett 1994). Many other
species show similar patterns.

Even if nestlings remain relatively sedentary,
their ability to amplify virus may still contribute
to virus spread, if mosquitoes that feed on them
subsequently feed on more mobile adults or ju-
veniles associated with a nesting territory or on
migrants passing through. Although many North
American birds, especially Neotropical migrants,
may nest largely before the peak (late-summer)
season for arbovirus transmission by mosquitoes,
up to 25% of terrestrial bird species are known
to breed at least occasionally in September or
later (Koenig and Stahl 2007). Late nests may be
important in arbovirus transmission cycles (Bue-
scher et al. 1959, O’Brien et al. 2010b), especially
because they occur at the same time that some
birds have started migration and when transmis-
sion-competent mosquitoes such as Culex are still
active. In general, however, we know relatively
little about the true extent of late nesting in most
bird populations (Koenig and Stahl 2007). Claims
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that nestlings are not important hosts for some
arboviruses (Loss et al. 2009) are premature in
the absence of thorough surveys of late nesting
by competent host species. Modeling by Unn-
asch et al. (2006b) showed that the appearance of
hatching-year birds in late summer has a greater
effect on promoting enzootic outbreaks of EEEV
in swamps than the presence of uninfected adult
birds.

The concentration of birds like Cliff Swallows
into large breeding colonies, or of species such as
Purple Martins, American Crows, American Rob-
ins, European Starlings, and various icterids into
roosts in late summer, may facilitate mosquito
feeding because of the density of potential hosts;
for example, mosquitoes seem attracted to larger
Cliff Swallow colonies (Brown and Sethi 2002).
The consequence is that highly social birds may
be more likely to transport arboviruses over short
distances between their nesting colonies or roosts
and their foraging sites simply because they are
more likely to be infected than more solitarily
living species (Brown et al. 2001). Colonial or
communally roosting species are also less likely
to be territorial and thus prone to wander more
freely. For example, some evidence indicates that
colonial waterbirds such as herons and egrets are
effective amplifying hosts for some arboviruses
(Kissling et al. 1954, Buescher et al. 1959, Boyle
et al. 1983, McLean et al. 1985, Gottdenker et al.
2003, Unnasch et al. 2006a; cf. Reisen et al. 2009b),
and these species are well known to undertake
both short- and long-distance movements in late
summer (Scherer et al. 1959, Oberholser 1974,
Bowen and McLean 1977) at a time when arbo-
viruses are most likely to be transmitted between
mosquitoes and vertebrate hosts.

CONCLUSIONS

Relatively few wild birds maintain viremia
sufficient to infect arthropod vectors with virus at
any given time (Table 1). The chain of events lead-
ing to these birds” successful transport of arbovi-
ruses in space represents a series of probabilities
that must be high enough to have a measurable
likelihood of happening (Owen et al. 2006); in
short, these events must converge to present “the
perfect storm” for each occurrence of successful
virus transport and establishment at a new lo-
cale. Presumably, the probability of these events
happening in the required sequence (initial infec-
tion, travel, viremic enough on arrival to infect
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a transmission-competent vector) is, in general,
inversely related to the distance a bird travels
and how long it takes to get there. The probabil-
ity of successful arbovirus transport by birds also
depends heavily on the likelihood of an infected
bird encountering a transmission-competent vec-
tor after it moves.

Kilpatrick et al. (2004) modeled the likelihood
of viremic migratory birds introducing WNV
to Hawaii, and even though forced to make a
number of perhaps generous assumptions about
the likelihood of the components in the specific
chain of events occurring, they concluded that
the chance of wild birds introducing this arbovi-
rus was almost nil. Nevertheless, the impression
is engrained among arbovirologists and public
health workers that bird transport of virus occurs
regularly because of the vast numbers of birds
and mosquitoes out there, and by the idea that
“it takes just one” to introduce or reintroduce vi-
rus to a specific locale. Two recent studies are the
latest examples of the conventional wisdom. Bal-
anga et al. (2009) found no evidence of past WNV
exposure in >1,100 migratory birds sampled in
southern France yet qualified their conclusion
of no role for birds in virus transport by refer-
ring to the “millions of migratory birds visiting
this region,” implying that some of these might
nevertheless introduce it. (This logic seemingly
suggests a predetermined outcome, regardless of
the empirical data obtained.) Dusek et al. (2009)
detected WNV in 17 birds (0.8% of those) sam-
pled for WNV in fall 2003 in the eastern United
States (as noted above, most could not be distin-
guished as either migrants or local residents) and
concluded that this was “a remarkable percent-
age considering that millions of migratory birds
traverse the Atlantic and Mississippi flyways in
the fall”; the authors implied that this indicates
large-scale virus transport by birds.

This sort of thinking is easy to understand.
For example, for the Gray Catbird, the most com-
monly tested species for WNV in Dusek et al.’s
(2009) North American survey, virus was isolated
from 8 of 3,178 birds (0.252%). If we use Partners
in Flight’s (2007) population size estimate of 10
million catbirds in North America (despite wide
uncertainty in this estimate; Thogmartin et al.
2006), we might infer that >25,000 Gray Catbirds
are viremic for WNV in fall at any particular time.
This certainly indicates the capacity of this spe-
cies to commonly amplify WNV in North Amer-
ica, and because of the timing of the isolations,
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some might conclude that many of the viremic
birds were migrating. However, as we empha-
sized earlier, we do not really know whether
those eight birds were in fact migrants at the time
of sampling, or if they were migrants, whether
they were infected locally and the extent to which
an infected migrant is likely to continue to move.
If none of the eight birds were actual migrants or
did not continue to migrate once infected, then
an equally plausible inference is that no viremic
Gray Catbirds were migrating. The available data
only allow us to conclude that between zero and
25,000 migrant Gray Catbirds might be transport-
ing virus at any particular time in the fall in North
America, and we have no basis to judge which es-
timate is closer to reality.

AssSUMING THAT BIRDS TRANSPORT ARBOVIRUSES
MODERATE TO LONG DISTANCES 1S PREMATURE

Although birds likely transport arboviruses
over substantial distances in some instances (Cal-
isher et al. 1971, 1974), the empirical evidence
for wild birds playing a significant role in the
continental or intercontinental transport of ar-
boviruses is at best anecdotal and not sufficient,
in our judgment, to conclude that bird-mediated
transport is important in virus maintenance,
transmission, and evolution at any but local
spatial scales. We suggest that the notion that
birds “must” be responsible for virus transport
because there is no strong evidence implicating
other dispersal mechanisms is contrary to estab-
lished procedures of scientific verification and
inference. In light of current evidence, we see the
following as the strongest arguments against as-
suming that birds are the primary long-distance
transport agents of arboviruses: (1) the lack of be-
havioral information on how viremia influences
the movement activities of birds in nature (and
the limited evidence suggesting that infection can
sometimes reduce movement propensity); (2) the
low frequency with which arboviruses have been
isolated in birds definitely known to be migrat-
ing; (3) our not knowing where or when the mi-
grant birds that have been found with virus were
infected; (4) accumulating evidence from sero-
logical surveys suggesting that migratory species
either are less often infected with arboviruses or,
if infected, perhaps more likely to succumb than
resident birds; and (5) the experimental data
showing clearly that arbovirus recrudescence is
unlikely.
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The strongest suggestive evidence for birds
being important in the transport of arboviruses
comes from the molecular data showing genetic
similarity of bird-associated viruses in different
geographic locations that are connected by avian
migratory routes (Weaver et al. 1994, Cilnis et al.
1996, Young et al. 2008) and the empirical rela-
tionship between bird movement and genetic
similarity of virus at the local level (Brown et al.
2007, 2008). Nevertheless, it seems that the role of
birds has been somewhat uncritically invoked to
explain even the genetic data without full evalu-
ation of alternatives. The genetic similarity of the
mammal-amplified LACV over wide geographic
areas demonstrates that bird involvement is not
necessary to produce homogeneity of virus spatial
structure. Could slower rates of virus evolution
in temperate latitudes, owing to colder tempera-
tures and shorter transmission seasons (Cilnis et
al. 1996, Weaver et al. 1997), and the restriction
of many arboviruses to a single mosquito vector
species, account in part for lower arbovirus spa-
tial structure in North America, irrespective of
what host amplifies the viruses?

We are not the first to question whether wild
birds regularly transport arboviruses over long
distances. Takahashi et al. (1972) and Reisen et al.
(2003c¢, 2010) doubted the importance of migra-
tory birds in transporting arboviruses because of
the infrequency with which virus (or antibody)
was detected in migrants. Morris (1988) argued
that migratory birds probably do not serve as
sources for new outbreaks of EEEV, because that
scenario would predict a spread of EEEV activ-
ity from north to south in fall as birds migrate
southward. Such a diffusive spread is typically
not seen; instead, EEEV occurs in the same foci
repeatedly where the appropriate mosquito vec-
tors occur. Scott (1988) questioned whether arbo-
viruses are likely to be transported north in the
spring, presumably because of the lack of wide-
spread transmission-competent mosquito activ-
ity when spring migrants are moving north, and
suggested that virus transport southward in the
fall might be more likely. The hypothesis (Scott
1988) that virus might be maintained in semitrop-
ical areas such as Florida and then transported
northward slowly by migrating birds or by local
bird movements has been embraced by some,
but the reports of arboviruses in birds in Florida
come mostly from territorial, resident species or
fall migrants, so significant northward movement
within North America seems unlikely.
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ALTERNATIVE HYPOTHESES

Clearly arboviruses do move in space. The most
publicized recent example is the introduction to
North America of WNV, most likely (according to
molecular evidence) from the Middle East or Af-
rica (Charrel et al. 2003). Although there are sev-
eral ornithological scenarios in which a viremic
wild bird from the Middle East or Africa might
make it to New York City, none is very likely (Rap-
pole et al. 2000). Introduction via a mosquito in an
airplane or ship seems more plausible, given that
infected vectors such as mosquitoes are known to
disperse arboviruses over wide areas by anthro-
pogenic means (Reisen et al. 1972, 2004b; Yuill
1986; Zeller and Schuffenecker 2004; Kilpatrick
et al. 2006a; Tatem et al. 2006; Weaver and Reisen
2010). Many arthropod vectors can maintain per-
manent virus infections as long as they live and,
thus, can potentially undergo longer periods in
transit to new locations than birds whose viremias
and infectious periods are short-lived.

Even in the absence of anthropogenic transport,
vectors may move long distances. For example, a
genetic analysis of mosquitoes (Culex tarsalis) that
transmit WNV in the western United States sug-
gested that widely separated mosquito popula-
tions are more genetically homogeneous than is
usually assumed (Venkatesan and Rasgon 2010).
If such genetic homogeneity reflects mixing of
haplotypes (as assumed by some for arboviruses;
see above), this would suggest that these mosqui-
toes regularly disperse long distances and, thus,
could move WNYV in the process (Venkatesan and
Rasgon 2010).

Mosquitoes in Australia are blown by winds
over distances of up to 648 km night™!, and dis-
persal of infected mosquitoes may account for
the movement of JEV from Papua, New Guinea,
to mainland Australia (Hanna et al. 1996, Kay
and Farrow 2000, Ritchie and Rochester 2001, Jo-
hansen et al. 2004). Analysis of wind trajectories
shows that WEEV-infected Culex can be carried
progressively north from southern Texas as far
as Minnesota and North Dakota and possibly as
far as Manitoba (Sellers and Maarouf 1988, 1993).
EEEV could be transported by infected mosqui-
toes from North Carolina north and east as far
as upstate New York and Michigan (Sellers and
Maarouf 1990). Wind-dispersed Culex may have
introduced Rift Valley fever virus to Egypt from
Sudan (Sellers et al. 1982). These results suggest
that some insect vectors have greater potential
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to move over long distances than is generally as-
sumed (Johnson 1969, Pedgley 1983, Drake and
Farrow 1988, Sellers 1989, Kay and Farrow 2000,
Goldberg et al. 2010), and thus more research
should be directed at measuring long-range dis-
persal of arboviruses by arthropods. On the other
hand, viruses could be less likely to be trans-
ported by arthropods if infection reduces the
vector’s survival, as has been demonstrated in
some mosquitoes for EEEV and WEEV (Scott and
Lorenz 1998, Lee et al. 2000, Moncayo et al. 2000,
Mahmood et al. 2004b).

The popularity of the idea that virus transport
(or virus recrudescence) by birds explains, in
particular, the annual recurrence of arboviruses
at specific foci may derive from the general lack
of understanding of how most arboviruses over-
winter in temperate latitudes. Because vectors are
not numerous and virus is rarely found in adult
vectors in winter (Rush et al. 1963, Rosen 1987,
Reeves 1990, Reisen et al. 2006b), most workers
have assumed (in the absence of reintroduction
by birds) that arboviruses survive the winter
period of interrupted transmission by overwin-
tering in diapausing adult vectors or by being
transovarially (or otherwise vertically) trans-
mitted from infected females to eggs that over-
winter locally (Reeves 1974, Scott and Weaver
1989, Reisen 1990, Crans et al. 1994). A number
of arboviruses have been shown to be vertically
transmitted in vectors (Watts et al. 1973, Watts
and Eldridge 1975, Mims 1981, Rosen 1981, Turell
1988, Goddard et al. 2003, Anderson and Main
2006), and there are some reports of arboviruses
surviving in adult arthropods for more than one
year (Brown et al. 2010a). Although some of the
bird-associated alphaviruses (e.g., EEEV, WEEV,
and HJV) do not seem to be vertically transmitted
routinely (Henderson and Brust 1977, Morris and
Srihongse 1978, Sprance 1981, Tesh 1984, Reisen
et al. 1996; cf. Brown et al. 2009b), nevertheless
more attention should probably be given to the
extent to which temperate-latitude arboviruses
overwinter locally in surviving adult vectors of
known or unknown species or in their eggs.

We have not attempted here an exhaustive, or
necessarily even a critical, review of the alterna-
tive ways that arboviruses may be dispersed in
space, and these alternative hypotheses also lack
strong empirical support in most cases. Our intent
is simply to point out that these other mechanisms
are plausible, understudied, and deserving of
greater attention by field workers in the future.
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Because there is empirical evidence that some
birds can transport arboviruses locally (Ward et
al. 2006; Brown et al. 2007, 2008), workers should
probably emphasize study of how local bird move-
ment contributes to the persistence and possible
spread of arboviruses within and between given
foci. The idea (Bowen and McLean 1977, Rappole
et al. 2006) that virus can be transported across a
landscape through concentric, outward radiation
of infected birds moving locally over relatively
short distances (perhaps in late summer as territo-
rial defense ceases and birds begin postmigratory
wandering) deserves more attention. Field data on
typical daily movement distances of model species,
such as House Sparrows or American Robins, could
be combined with modeling (e.g., Okubo 1980,
Shaman 2007) to evaluate the potential spread of
arboviruses such as WNV in space and time.

We need additional research on how infection
with different arboviruses specifically affects
movement behavior of birds in both the field and
laboratory; those of Lindstrom et al. (2003), Yare-
mych et al. (2004), Owen et al. (2006), van Gils et
al. (2007), and Kleijn et al. (2010) provide useful
starting points and models. Satellite-based tech-
nology for following larger species of migrant
birds is now available and widely used (Pierre
and Higuchi 2004, van Gils et al. 2007), and these
methods plus those now being developed for
tracking of even smaller (e.g., thrush-size) birds
(Cochran and Wikelski 2005, Stutchbury et al.
2009, Bachler et al. 2010) could be employed to
get a better understanding of how far birds typi-
cally travel per day while undertaking either lo-
cal or long-distance movements. Although there
are veterinary and public-health concerns asso-
ciated with experimentally infecting birds with
virus and releasing them (Enserink 2009), those
found to be naturally infected (e.g., Table 1) could
be monitored with tracking devices to determine
directly how virus infection affects movement be-
havior in the field (Yaremych et al. 2004, Ward et
al. 2006, van Gils et al. 2007, Kleijn et al. 2010).
If even 1 of the 19 birds found to be viremic for
WNV in the recent North American field survey
(Dusek et al. 2009) could have been fitted with a
radiotransmitter, our understanding of the po-
tential for arbovirus-infected birds to move in the
environment would advance enormously.

The difficulties with maintaining exclusively
insectivorous migratory birds in the laboratory
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for experimental infection studies (Reisen et al.
2010) need to be addressed so that we can begin
to understand how different arboviruses affect
these species (e.g., onset, strength, and duration
of viremias; antibody production and persis-
tence; mortality rates) in the same way we have
done for resident birds, especially if these species
allocate investment in the immune system differ-
ently (Meller and Erritzee 1998). Because of the
laborious nature of sampling birds in the field
and the infrequency with which birds with arbo-
virus infections are detected despite large sample
sizes (Table 1), molecular analyses of vector blood
meals that can identify the host species being fed
upon (e.g., Ngo and Kramer 2003, Kilpatrick et
al. 2006¢, Molaei et al. 2008, Watts et al. 2009) can
be used to determine the likelihood that resident
versus migratory species are potentially exposed
to arboviruses. Combined with field surveys of
bird species abundance taken at the same time
that blooded mosquitoes are collected, we now
have the molecular tools to investigate whether
the reduced seroprevalence of migratory species
for particular arboviruses (Day and Stark 1999;
Reisen et al. 2003c, 2010) reflects these species’
lower exposure to viruses as a result of mosquito
feeding preferences, higher mortality, or more
rapid degradation of antibodies.

A significant gap in our understanding of ar-
bovirus transmission in general is knowing how
likely a given bird is to be fed upon by transmis-
sion-competent vectors when these vectors are
present in the same habitat as the bird. A num-
ber of studies on mosquito biting rates of birds
in captivity have been conducted (Blackmore and
Dow 1958; Edman et al. 1972; Scott et al. 1988,
1990; Hodgson et al. 2001), but we know almost
nothing about how often birds of different ages,
sexes, or residence status are fed upon by mos-
quitoes in the wild (Griffing et al. 2007). An ex-
ception was a field study of American Robins that
used infrared cameras, showing that some adult
birds attracted as many as 500 Culex landings per
night while others had <50 (Griffing et al. 2007).
Although many of these landings may not have
resulted in a blood meal, same-age birds of the
same species likely differed substantially in their
rate of exposure to vectors that might transmit
arboviruses. Similar work on other bird species is
needed to determine whether certain behavioral,
ecological, or morphological characteristics make
an individual more or less likely to attract mos-
quitoes or to engage in anti-mosquito defensive
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behavior, and, if so, whether these traits vary with
avian migratory propensity. Some data indicate
that certain bird species are more likely to engage
in effective anti-mosquito defensive behavior,
resulting in interrupted feeding by mosquitoes
and in the mosquitoes’ biting of multiple host in-
dividuals; in such cases, arbovirus transmission
among more susceptible birds may be enhanced,
especially in roosts (Hodgson et al. 2001).

We need to evaluate how bird transport of
arboviruses may directly affect the evolution of
virulence in some viruses: are more asymptom-
atic strains that affect the movement of birds
less by not making them as ill (while still caus-
ing high enough viremia to infect vectors) more
likely to be transported over wide areas and thus
potentially outcompete the more virulent virus
subtypes (Komar and Clark 2006, Altizer et al.
2011)? More generally, because of transmission—
virulence tradeoffs, the relatively benign strains
may be the ones most likely to exploit opportu-
nities to infect (and be transported by) multiple
host species in the wild, in contrast to the more
highly pathogenic viruses that are better adapted
to transmission among closely spaced individu-
als of single host species (e.g., high-pathogenic
avian influenza viruses in domestic poultry; Leb-
arbenchon et al. 2010).

Future work on local transport of arboviruses
should perhaps focus on highly social bird spe-
cies that represent dense resource patches for
blood-feeding arthropod vectors, such as Ameri-
can Crows (Reisen et al. 2006a, Nielsen and Re-
isen 2007), ardeids (Bowen and McLean 1977),
American Robins and European Starlings (Ko-
mar 1997, Hodgson et al. 2001), or swallows
(Brown and Sethi 2002), and that are less con-
strained spatially to defended territories. More
generally, the importance of bird social structure
and the extent to which aggregations of hosts are
important in transmission and persistence of ar-
boviruses are largely unexplored. Some theoreti-
cal models suggest that as birds aggregate into
colonies or roosts, amplification and potential
spread of viruses such as WNV could increase
(Shaman 2007). An explicit focus on bird socio-
spatial distribution may be especially important
if some arboviruses have a greater likelihood of
direct bird-to-bird transmission than we gener-
ally assume (Holden 1955b, McLean et al. 2001,
Banet-Noach et al. 2003, N. Komar et al. 2003,
Dawson et al. 2007, Hartemink et al. 2007, Huy-
vaert et al. 2008). Direct transmission frees birds
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to potentially disperse viruses more effectively
because it removes the restrictive requirements of
having appropriate vectors feed on them at cer-
tain times and places in order for transmission to
occur. Additional work is clearly needed to de-
termine the extent to which arboviruses can be
successfully dispersed via ingestion of carcasses
or by oral or cloacal shedding. Finally, more at-
tention should be given to bird species that have
closely coevolved with their respective arbovi-
ruses, such as EEEV in wading birds in the south-
eastern United States (Kissling et al. 1954, McLean
etal. 1995) and BCRYV in Cliff Swallows (Brown et
al. 2007, 2008; O’Brien et al. 2011). These species
seem to be less negatively affected, either because
of evolved immunity to their associated viruses
or because the viruses have attenuated over time
to become less virulent (Ewald 1994, Lebarben-
chon et al. 2010).

The cautions we voice here about inferring bird
involvement in arbovirus transport have also
been raised about the frequent assumption that
wild birds are responsible for intercontinental
transport of avian influenza viruses (Anonymous
2006, Melville and Shortridge 2006, Yasue et al.
2006, Gauthier-Clerc et al. 2007, Weber and Stili-
anakis 2007, Winker et al. 2007, Stoops et al. 2009).
Although considerable effort has been directed at
sampling large numbers of wild birds across mul-
tiple continents for the highly pathogenic H5N1
strain of avian influenza, to date there is little
convincing empirical evidence that infected and
asymptomatic birds ever carry this influenza vi-
rus (or less pathogenic strains) along established
long-distance migratory routes (Feare and Yasue
2006, Yasue et al. 2006, Feare 2007, Gauthier-Clerc
et al. 2007, Krauss et al. 2007, van Gils et al. 2007,
Pearce et al. 2009). The costs to an infected bird of
mounting an immune response to avian influenza
viruses (and possibly to viruses more generally)
may curtail or greatly reduce its long-distance
movement during the period of infection (Weber
and Stilianakis 2007).

The tiny fraction of birds reported to be vire-
mic in field surveys (Table 1) may be enough to
result in meaningful arbovirus transport that can
serve to mix virus haplotypes over different geo-
graphic areas, reintroduce virus to regions where
transmission is interrupted in winter, or, in rare
cases, result in virus colonization of new locales.
Unfortunately, we cannot know how plausible
these outcomes are without better information on
the frequency with which birds that are actually
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moving carry transmissible arboviruses. Consid-
erable work is needed to substantiate the assump-
tion that arboviruses are routinely transported by
wild birds over even short distances. Premature
conclusions about the role of birds as pathogen
reservoirs or transport agents could have an un-
intended but serious negative effect on conserva-
tion of many migratory species throughout the
world (Weber and Stilianakis 2007) and cause
public health resources to be diverted into what
might ultimately prove to be ineffective ways to
predict or prevent disease spread.
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