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Abstract

Determining the degree of genetic variability and spatial structure of arthropod-borne
viruses (arboviruses) may help in identifying where strains that potentially cause epidemics
or epizootics occur. Genetic diversity in arboviruses is assumed to reflect relative mobility
of their vertebrate hosts (and invertebrate vectors), with highly mobile hosts such as birds
leading to genetic similarity of viruses over large areas. There are no empirical studies that
have directly related host or vector movement to virus genetic diversity and spatial structure.
Using the entire E2 glycoprotein-coding region of 377 Buggy Creek virus isolates taken
from cimicid swallow bugs (Oeciacus vicarius), the principal invertebrate vector for this
virus, we show that genetic diversity between sampling sites could be predicted by the
extent of movement by transient cliff swallows (Petrochelidon pyrrhonota) between nesting
colonies where the virus and vectors occur. Pairwise Fg; values between colony sites
declined significantly with increasing likelihood of a swallow moving between those sites
per 2-day interval during the summer nesting season. Sites with more bird movement
between them had virus more similar genetically than did pairs of sites with limited or no
bird movement. For one virus lineage, Buggy Creek virus showed greater haplotype and
nucleotide diversity at sites that had high probabilities of birds moving into or through
them during the summer; these sites likely accumulated haplotypes by virtue of frequent virus
introductions by birds. Cliff swallows probably move Buggy Creek virus by transporting
infected bugs on their feet. The results provide the first empirical demonstration that
genetic structure of an arbovirus is strongly associated with host/vector movement, and
suggest caution in assuming that bird-dispersed arboviruses always have low genetic dif-
ferentiation across different sites.
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Knowing how arthropod-borne viruses (arboviruses) vary
genetically in space can be critically important in
identifying where strains that potentially impact people or
wildlife may occur. Studies on a continental scale have
suggested that some arboviruses are relatively genetically
homogenous, such as eastern equine encephalomyelitis
virus (EEEV; Weaver et al. 1993, 1994; Brault et al. 1999) and
Highlands J virus (HJV; Cilnis et al. 1996) in eastern North
America, western equine encephalomyelitis virus (WEEV)
in western North America (Weaver et al. 1997), and Barmah
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Forest virus (Poidinger et al. 1997) and Sindbis virus (SINV)
in Australia (Sammels et al. 1999). Others show greater
genetic diversity, often with multiple strains or subtypes
sometimes co-circulating in the same geographical area,
such as EEEV in South America (Brault et al. 1999), dengue
virus (Gould et al. 2001; Carrington et al. 2005) and Vene-
zuelan equine encephalitis (Weaver et al. 2004) in Central
and South America, Ross River virus in Australia (Lindsay
et al. 1993), SINV in the Old World (Norder et al. 1996), and
tick-borne encephalitis viruses throughout northern Eurasia
(Zanotto et al. 1995).

Genetic diversity in arboviruses is generally thought to
reflect dispersal and movement patterns of the typical
enzootic reservoir host(s), with more sedentary hosts (such
as small mammals) leading to greater virus diversity and
spatial structure than more mobile hosts (such as birds)
that presumably spread viruses over large geographical
regions (Brault et al. 1999; Sammels et al. 1999; Gould et al.
2001). Movement of vectors can also potentially influence
virus genetic structure (Tabachnick 1992; Merrill et al. 2005)
although less emphasized to date, perhaps owing to the
short lifespans and presumed reduced dispersal capabilities
of small arthropods (Zanotto et al. 1995; Traore et al. 2005;
cf. Sellers 1989).

Most of the evidence used to relate host or vector move-
ment to genetic variability in viruses, however, is either
indirect (e.g. estimates of migration in mosquito vectors
using molecular data; Merrill et al. 2005), anecdotal (e.g.
reports of migrant birds with active virus infections; Lord
& Calisher 1970; Calisher et al. 1971; Crans ef al. 1994), or
relies on assumptions based on broad-scale information
about animal dispersal and movement patterns (e.g.
Rappole & Hubalek 2003; Reed et al. 2003). To our knowl-
edge, no study has empirically measured host or vector
movement over a given geographical area and related that
movement to virus genetic diversity and spatial structure
within that same area. By knowing how animal movement
influences the prevalence of virus at a site (Brown et al.
2007) and the virus’s genetic diversity, we can better predict
spatial variation in infection rates or epizootic potential.

In this study, we examine how the extent of movement
by vectors and a potential host affect genetic diversity and
spatial structure of Buggy Creek virus (BCRV), an alphavirus
in the WEEV complex (Hayes et al. 1977; Calisher et al.
1980, 1988). By relating empirical measurements of animal
movement to diversity of the E2 gene in the virus’s envelope
glycoprotein-coding region, we present evidence that
the degree of spatial genetic variation in the virus within a
relatively localized area is strongly correlated with the extent
of local movement by vectors and hosts between sites. The
E2 gene in alphaviruses codes for a glycoprotein that is
responsible for cell receptor binding (e.g. Navaratnarajah &
Kuhn 2007) and is the region of the genome most sensitive
to selection brought about by the immune systems of
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different hosts (Strauss & Strauss 1994; Powers et al. 2001;
Pfeffer et al. 2006). If there are functional differences among
virus isolates that reflect varying levels of adaptation to cell
receptors of different hosts, they are likely to be expressed
in the E2 gene.

BCRV is a bird-associated alphavirus (Togaviridae) whose
principal invertebrate vector is the blood-feeding swallow
bug (Hemiptera: Cimicidae: Oeciacus vicarius), an ectopar-
asite of the colonially nesting cliff swallow (Petrochelidon
pyrrhonota; Hopla et al. 1993; Brown et al. 2001, 2007). This
virus is unusual in being one of the few known alphaviruses
routinely vectored by an insect other than mosquitoes
(Strauss & Strauss 1994). The wingless swallow bugs are
confined during much of the year to occupied and unoccu-
pied cliff swallow nests at discrete colony sites (Loye 1985;
Brown & Brown 2004a, 2005), and thus the spatial foci for
BCRYV presence are predictable. This allows measurement
of the virus’s genetic diversity at sites of varying distances
apart and the likelihood that swallows and the parasitic
bugs move between those sites.

We estimated movement using mark-recapture of birds
in the field and multistate statistical techniques. Multi-state
mark-recapture models allow one to estimate the probability
thata bird makes a transition from one geographical site
(state) to another in the same statistical way that survival
and recapture are typically estimated (Nichols & Kendall
1995; Lebreton & Pradel 2002). We explicitly focus on esti-
mating within-season movement by cliff swallows (who
carry bugs on their feet) because extensive mark-recapture
data are available for this species in the study area, and
from this, we infer potential movement by bug vectors. We
do not consider movement of birds between years, because
we have found no evidence that cliff swallows returning in
early spring ever have measurable BCRV viremia upon
arrival in the study area (V. O’Brien, A. Moore, K. Huyvaert,
C. Brown, unpublished; see Hayes et al. 1977), and the birds
do not carry bugs to their South American wintering
grounds and back (Usinger 1966).

Methods

Study organisms

BCRV was first isolated in 1980 from swallow bugs collected
at a cliff swallow colony along Buggy Creek in Grady
County, west central Oklahoma (Hopla et al. 1993). BCRV
and another alphavirus, Fort Morgan virus (FMV), which
is also associated with cliff swallows and swallow bugs
(Hayes et al. 1977; Calisher et al. 1980; Scott et al. 1984), are
strains of the same virus (Pfeffer ef al. 2006). There are two
lineages of BCRV (A and B) that differ from each other by
> 6% at the nucleotide level (Pfeffer et al. 2006).

Cliff swallows are highly colonial passerines that breed
commonly in western North America from the Pacific coast
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to the Great Plains and more rarely farther east (Brown &
Brown 1995). They build gourd-shaped mud nests and
attach them to the vertical faces of cliff walls, rock outcrops,
or artificial sites such as the eaves of buildings or bridges.
Their nests tend to be stacked closely together, often sharing
walls. Cliff swallows are migratory, wintering in southern
South America, and have a relatively short breeding season
in North America. They begin to arrive at our study site in
late April or early May and depart by late July. Most birds
raise only one brood.

The haematophagous swallow bug is an ectoparasite
primarily of cliff swallows. Swallow bugs are nest-based
parasites that overwinter in the birds’ nests or in the cracks
and crevices of the nesting substrate near the nests. Infes-
tations can reach 2600 bugs per nest, and when numerous,
the bugs can reduce nestling and adult cliff swallow survival
and affect colony-use patterns and dispersal by the birds
(Brown & Brown 1986, 1992, 1996, 2004b; Chapman &
George 1991; Loye & Carroll 1991). Swallow bugs begin to
reproduce as soon as they feed in the spring. Eggs are laid
in several clutches that hatch over variable lengths of time,
ranging from 3-5 days (Loye 1985) to 12-20 days (Myers
1928). Bug populations at an active colony site increase
throughout the summer, reaching a peak at approximately
the time nestling cliff swallows fledge. The bugs seem to be
adapted to withstanding long periods of host absence, in
some cases for up to three consecutive years (Smith & Eads
1978; Loye 1985; Loye & Carroll 1991; Rannala 1995). Bugs
also parasitize introduced house sparrows (Passer domesticus)
that occupy nests in cliff swallow colonies (Hopla et al. 1993;
Brown et al. 2001). Swallow bugs disperse between nests
within a colony by crawling on the substrate and can
disperse between colony sites only by clinging to the
feet and legs of cliff swallows that move from one site to
another (Brown & Brown 2004a).

Study site

Our study site is centred at the Cedar Point Biological
Station (41°13'N, 101°39’W) near Ogallala, in Keith County,
along the North and South Platte Rivers, southwestern
Nebraska, USA. Cliff swallows have been studied there
since 1982. Approximately 170 cliff swallow colony sites
are in our 200 x 60-km study area; about a third of these are
not occupied by swallows in a given year. In our study
area, colony size ranges from 2 to 6000 nests, with some
birds nesting solitarily. Over a 25-year period, mean (+ SE)
colony size (n = 1812) was 393 (+ 15) nests. Each colony
site tends to be separated from the next nearest by 1-10 km
but in a few cases by > 20 km. The study site is described
in detail by Brown & Brown (1996). Linear distances
between sites were determined using global positioning
system (GPS) coordinates taken in the field at each
colony.

Virus isolations and sequencing

From a larger study of BCRV phylogenetics and ecology
(Pfeffer et al. 2006; Brown et al. 2007; Moore et al. 2007), we
used data from 19 swallow colony sites for which we had > 8
isolates of at least one of the BCRV lineages, collected from
1998 to 2006. The number of isolates per lineage per site
varied from 8 to 40, with a total of 377 used in this study.
The colony sites sampled spanned a linear distance of
183 km from Morrill east to Lincoln counties, Nebraska
(Fig. 1). All isolates were from swallow bugs collected
mostly from the outsides of cliff swallow nests during the
birds’ summer nesting season (May-July); at one site, some
isolates were from bugs collected behind the nests in winter
(December). Virus was isolated from pools of 100 bugs.
Details on field sampling and collecting are given in Moore
et al. (2007) and Brown et al. (2007).

Bug pools were macerated by mortar and pestle and
suspended in 1.0 mL of BA-1, a growth medium containing
M-199 Hank’s salts, 1% bovine serum albumin, 0.05 m
Tris-HCl (pH 7.5), 0.35 g /L sodium bicarbonate, 100 U/mL
penicillin, 100 ug/mL streptomycin, and 1 ug/mL Fun-
gizone (Gibco-BRL). Homogenates were clarified by
centrifugation. All isolates from 1998 to 2003 were identified
by plaque assay on Vero cells and sequences performed on
the first or second Vero passage (Pfeffer et al. 2006). Begin-
ning in 2004, positive samples were first identified by
reverse transcription-polymerase chain reaction (RT-PCR,
Moore et al. 2007) and later confirmed with plaque assay.
Some RT-PCR-positive samples from 2004 to 2006 that
either did not plaque (see Moore et al. 2007), or were not
tried on Vero cells, were sequenced directly from the RT-PCR
product (see below). Because samples were not screened
with RT-PCR before 2004, overall virus prevalence (of both
lineages combined) at a given pair of colony sites was
expressed as the percentage of total samples taken at those
sites in 1998-2005 that were positive by plaque assay.

Viral RNA was extracted from 100 puL of the infectious
precleared supernatant of a Vero cell passage or from the
bug homogenates using the QIAGEN QIAamp Mini Viral
RNA extraction kit (QIAGEN). Five microlitres of the eluted
RNA suspension was used as a template in an alphavirus
RT-PCR to amplify the entire 1269 bp of the E2 gene, using
a protocol modified from Pfeffer et al. (2006). The amplicon
DNA, cleaned by Millipore Montage filter tubes using the
manufacturer’s protocol, was subjected to cycle sequencing
using the ABI PRISM BigDye Terminator Cycle Sequencing
Kit, version 3.1 (Applied Biosystems). In addition to the
previously designed RT-PCR and sequencing primers
(Pfeffer et al. 2006), we used additional primers in this study
that are listed in Table 1.

Sequences were aligned against the corresponding
region in a 1981 BCRYV reference sequence (strain 81V1822,
GenBank no. AF339474) and fragments combined for a
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Fig. 1 Study area within southwestern Nebraska showing locations of 19 cliff swallow colony sites (@) sampled in this study. County names

are given in upper case, with principal towns and rivers also shown.

Table 1 RT-PCR and sequencing primers used for BCRV. These
primers were used in addition to those given in Pfeffer et al. (2006)

Primer name* Sequence

BCV2A1-F TTGCAATACACGAGCGAGAA
BCV2A1-R TTTCCCTTGTTGTTCTTCCAG
BCVE2A-F CCTGGAAGAAAATGCCGATA
BCVE2A-R CCCCAGTTTTCTGGTTGTCA
1442-R ATGTATCCGGCACTCGACT
BCVE2B-F GAGTCGAGTGCCGGATACAT
BCVE2B-R CCCAAAGGAAYGGCTGATTA
1806-F AGGCATCACTTTACACCTCAC

*F indicates + direction; R, — direction.

given isolate using sEQMAN 6.1 (DNAStar, LASERGENE) to
obtain a contiguous nucleotide sequence for each sample.
All sequences generated from this study are deposited in
GenBank (accession nos EU483667-EU484043). The number
of unique sequences at a site was determined using COLLAPSE
version 1.2 (Posada 2004). Pairwise Fg among sites for the
two lineages was estimated by performing 10 000 permu-
tations using ARLEQUIN version 3.1 (Schneider et al. 2000).
Sites with fewer than eight isolates of a given lineage were
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not included in the analyses. ARLEQUIN was also used to
estimate the haplotype and nucleotide diversities of each
lineage at each site. Each unique sequence that differed
from all others by at least one nucleotide change was
designated as a haplotype.

Each BCRYV isolate is actually a sample of multiple and
potentially variable virus particles within the host (Domingo
1998; Pfeffer et al. 2006); in our study, an isolate from a
given sample represents the dominant genotype present.
In three cases where an isolate had evidence of a sequence
polymorphism, indicating the presence of multiple viral
genotypes, it was excluded from analysis. Because of the
genetic differences between the two BCRYV lineages (Pfeffer
et al. 2006), all analyses were carried out separately for the
two lineages (A and B).

Mist-netting and capture of birds

In 1998-2006, we periodically mist-netted cliff swallows
at colonies throughout the nesting season and used the
resulting captures and recaptures to estimate daily
movement probability. Nets were placed across culvert
entrances and against the sides of bridges to catch birds as
they exited their nests, or dropped from the top of a bridge
to catch birds below as they flushed out (Brown 1998;
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Brown & Brown 2004b). A capture occasion at a colony site
equated to a single day, with netting usually carried out for
3-3.5 h per day per site. The occasions on which birds were
caught extended over total time periods ranging from 3 to
82 days within the season at a given colony site (mean,
31.9). All birds caught received a numbered US Geological
Survey band if not previously marked. Because both adult
and juvenile cliff swallows move bugs between colonies
(Brown & Brown 1996) and both are potentially fed upon
by bugs, for this study, we combined captures from adult
birds and juveniles (those having fledged that season).
Further details on field methods are given in Brown &
Brown (2004b) and Brown et al. (2007). All colony sites where
we netted birds (24-33 per year) were used in the analyses
in this study, either in estimating pairwise movement
between specific sites or in estimating total movement into
a colony site from all others (Brown et al. 2007).

Statistical estimation of movement probability

An encounter-history file for each marked bird was
constructed for each year, containing all capture occasions
during that summer pooled into consecutive 2-day intervals
from the date netting started in the study area until it
ceased. The encounter-history indicated whether each bird
was caught during each 2-day interval and at which colony.
Because of the large number of colonies in our study area
at which birds were sampled and the resulting large
number of potential movement parameters, for each year
we restricted our estimation to the subset of the colonies
where we had BCRV sequence data. Each of those sites was
considered a separate state (sensu Lebreton & Pradel 2002),
and all other colonies (without sequence data) were
combined into another state. This enabled us to estimate
pairwise movement probabilities between specific colony
sites. We did not have data for each pair of sites each year,
because in some cases, either (i) one or both sites were
unoccupied by cliff swallows, (ii) we did not net birds often
enough (= 3 times) at one or the other to estimate movement
parameters, or (iii) one site was netted (because it became
active) later in the year than the other, preventing the
estimation of movement into the first site. To get overall
movement between a pair of sites, we averaged the daily
movement probabilities in each direction for that pair each
season, and averaged the seasonal means for a pair. We
assumed no movement between colony sites in any season
when one or both was unoccupied by cliff swallows, and
these years were excluded from the calculations for a given
pair. Thus, an estimated movement probability of 0.0000 in
a given year for a given pair was used only when that value
was empirically estimated from recapture data.

In addition, to estimate overall movement into a site from
all others in the study area, we did a two-state analysis
(Brown et al. 2007). For this, we designated each capture as

either present at the focal colony or present in any other
colony in the study area (all combined into the same state).
This allowed estimation of movement from all other colonies
to the focal site in a given year; for analyses here, the yearly
movement probabilities were averaged to get an overall
estimate of movement into a given site in the years it was
active. Further details on the two-state analyses are given
in Brown et al. (2007).

Movement was measured by the parameter, y (+ 1 SE),
which specifically describes the probability of an individual
making the given transition between the specified sites
(states) during any 2-day interval during the season. Move-
ment in these analyses reflects both the daily travels of
transient, nonbreeding birds between sites (perhaps while
they are assessing where to nest) and the potential dispersal
of breeding individuals elsewhere following a successful
or unsuccessful nesting attempt.

In earlier analyses, we fit different multistate models to
the data for representative colonies each year; these models
and additional details on model fitting and goodness-of-fit
can be found in Brown et al. (2007). Program MARK (White
& Burnham 1999) was used for model fitting and to generate
maximum-likelihood estimates of survival, recapture, and
movement probabilities. When the data sets did not
meet the variance assumptions inherent in the binomial
distribution used in mark-recapture analysis, we used quasi-
likelihood (Burnham & Anderson 2002) to adjust the
variance in movement probability estimates by calculating
an overdispersion parameter, ¢, with the output from
U-CARE’s global multi-site test (Pradel et al. 2005; Brown
et al. 2007).

For each colony, the best-fitting model used for max-
imum-likelihood parameter estimation modelled daily
survival separately for each colony (state), usually varying
with ‘age’ (to account for transients; Pradel et al. 1997);
daily recapture probability varied with time (capture
occasion) across the season; and daily movement between
each pair of sites was time-constant across the nesting season
but varied with each pair of sites. Our models necessarily
reflected a balance between biological realism and compu-
tational limitations for the large number of parameters
possible in the more complex multistate models. Because
our models specifically estimated daily recapture probability,
any differences among the 2-day intervals in the likelihood
of re-catching a bird (due to sampling effort or number of
sites netted) were accounted for in estimating movement
probability.

Results

For BCRYV lineage A, we had 17 pairs of colony sites where
bi-daily bird movement between them could be empirically
measured in one or more years, and for lineage B, we had
12 pairs. Fg of BCRV isolates for a pair of sites significantly
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Fig. 2 Pairwise Fq; values for the E2 gene of BCRV in relation to
the bi-daily bird movement probability, y (+ 1 SE), between each
pair of cliff swallow colony sites. Movement was averaged over all
years, 1998-2006, and in both directions for each pair. Lineage A is
shown by closed circles (@) and lineage B by open circles (O). Fg;
declined significantly as movement probability increased (r, = —0.66,
P =0.0001, n = 29, lineages combined).

decreased as the extent of bird movement between the sites
increased; the same pattern held for both lineages (Fig. 2).
Genetic similarity of BCRV was highest for pairs of sites
with individual movement probabilities of > 0.03 (per
2-day interval) between them (Fig. 2). Fq; between sites
varied significantly with bird movement probability when
controlling for the effect of linear distance between the sites
(partial correlation of Fg and movement, —0.74, P < 0.0001,
1 = 29). Both movement between sites (F, ,, = 10.4, P = 0.004)
and distance between sites (F, ,, = 11.5, P = 0.003) explained
a significant amount of the variation in pairwise Fgp, but
there was no significant effect of lineage type (A or B;
Fy,,=0.33, P=0.57) or overall prevalence of BCRV at the
sites (F; 54 = 3.6, P = 0.07; ANcova). There was no significant
interaction between movement probability and distance in
affecting For (F; 5, = 0.16, P = 0.69).

We found a similar pattern when we restricted our
analysis only to sites that had detectable bird movement
between them (i.e. y# 0.0000). For these 14 pairs, Fo; between
sites varied significantly with bird movement probability
(partial correlation of Fg and movement, —0.81, P < 0.0007,
n=14). In this case, only movement between sites
(F119=10.5, P=0.010) explained a significant amount of
the variation in pairwise Fg; there was no significant effect
of distance between the sites (F, ;, = 0.28, P = 0.61), lineage
type (F, 1o = 0.42, P = 0.53), or overall BCRV prevalence at
the sites (F; ;= 2.6, P = 0.14; ANCOVA).

All pairwise Fg values were significant (P < 0.02) except
for two. These were for the two pairs of sites with the
second (0.0512 + 0.0180) and third (0.0449 + 0.0094) highest
estimated movement probabilities, and the lowest (0.0150)
and second lowest (0.0537) Fq; values, respectively (Fig. 2).
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Fig. 3 Lineage A haplotype diversity (+ 1 SE) (a) and nucleotide
diversity (+ 1 SE) (b) of the E2 gene in BCRV at a cliff swallow
colony site in relation to the bi-daily bird movement probability, y
(= 1 SE), into that site from all others in the study area. Yearly
movement probabilities into a site, as reported in Brown et al.
(2007), were averaged across years at a site for this analysis.
Haplotype diversity increased significantly with movement
probability (7, = 0.93, P = 0.007, n = 7), as did nucleotide diversity
(r,=0.86,P=0.02,n=7).

For lineage A, both haplotype and nucleotide diversity
of BCRYV at a site increased significantly as the overall
extent of bi-daily bird movement into a site (from all colo-
nies) increased (Fig. 3). Thus, BCRV in bugs at sites that, on
average, attracted more immigrant birds moving through
them had higher levels of genetic variation (in the E2 gene)
than did sites with less bird traffic. However, for lineage B,
there was no significant effect of bird movement on either
haplotype or nucleotide diversity (Fig. 4). Overall, nucle-
otide diversity was lower in lineage B than in lineage A
(Figs 3 and 4).

Discussion

This study shows that the degree of genetic similarity in
the E2 gene in BCRV isolates over even relatively short
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Fig. 4 Lineage B haplotype diversity (+ 1 SE) (a) and nucleotide
diversity (= 1 SE) (b) of the E2 gene in BCRV at a cliff swallow
colony site in relation to the bi-daily bird movement probability, y
(+ 1 SE), into that site from all others in the study area. Yearly
movement probabilities into a site, as reported in Brown ef al.
(2007), were averaged across years at a site for this analysis.
Neither haplotype diversity (r,=-0.36, P =0.39, n =8) nor
nucleotide diversity (r, = -0.14, P = 0.75, n = 8) varied significantly
with movement probability.

distances (< 200 km) is strongly associated with the extent
of cliff swallow movement between sites within a summer.
To our knowledge, the results are the first for any arbovirus
to demonstrate empirically a direct link between virus spatial
structure and degree of host/vector movement in space.
Although genetic diversity of this virus was also influenced
by the distance between sites, distance alone could not
explain the correlation between bird movement and Fg;
values. Pairwise Fg; was not influenced by overall BCRV
prevalence at sites. As more immigrant/transient birds
moved into a site, haplotype and nucleotide diversity of
BCRYV lineage A increased.

We measured cliff swallow movement in this study,
because it is far more practical to mark and recapture birds
than swallow bugs. However, cliff swallows routinely

move bugs (attached to their feet) from site to site (Brown
& Brown 2004a, 2005), so bird movement in our study system
in many ways also equates to vector movement. We do not
know with certainty to what extent the genetic patterns of
the virus reported here reflect infected hosts (cliff swallows)
potentially moving virus from site to site, vs. their moving
infected bugs from site to site. We suspect, though, that
the relationship between virus genetic diversity and bird
movement is brought about largely by vector (bug) trans-
port on the birds. Adult and juvenile cliff swallows are very
rarely found with viremia (V. O’Brien and C. Brown,
unpublished). Bugs, on the other hand, are often infected
(Brown et al. 2001; Moore et al. 2007), and at times large
numbers disperse from site to site by travelling on the
swallows (Brown & Brown 1996, 2004a, 2005). Thus, cliff
swallows that move between sites introduce BCRV and
lead to greater genetic homogeneity between sites probably
not by moving virus themselves and being fed on by bugs
at their destination site, but instead by moving infected
bugs from one colony to another.

Bird movement in our study system is often by transient
individuals that are not nesting or resident anywhere at the
time of their moving (Brown et al. 2007), although they had
to be present at colony sites temporarily where they were
caught and recaptured. Because transient cliff swallows
typically visit multiple colony sites over short time spans
and are exposed to large numbers of bugs seeking to disperse
from unoccupied nests, transients increase their exposure
to bugs and the likelihood of picking up one that has virus
(Brown et al. 2007). Consequently, these birds may serve as
super-spreaders (sensu Lloyd-Smith et al. 2005) of BCRYV,
contributing to genetic homogenization of virus among the
sites that they visit. The bi-daily movement probabilities
between the sites with the greatest genetic similarity
(Fig. 2) are very large, especially considering that these are
probabilities for a given bird to move during any 2-day
interval. This means that these sites experience a relatively
high degree of shared transient/nonbreeding cliff swallow
traffic. The transient population of cliff swallows in our
study area appears to be large (Brown & Brown 2004a;
Brown et al. 2007). Within a season, swallows most often
move between colonies that are within 3.5 km of each other
(Brown & Brown 1996, p. 440), although they have been
recorded to move between sites that are up to 59 km apart
during a 3-day interval (Brown et al. 2007).

For lineage A, BCRV isolated in bugs at colony sites with
a relatively high degree of bird movement into them
showed greater overall haplotype and nucleotide diversity
than at sites that attracted fewer transient cliff swallows.
Virus is also more prevalent at such sites (Brown et al.
2007). We interpret this to result from the greater likelihood
of different haplotypes being introduced to a site as the
number of transient birds that carry infected bugs at that
site increases. This implies that sites with many haplotypes
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are ones that, for whatever reason(s), are popular with
passing birds (Brown et al. 2007) and consequently probably
collect many of the virus haplotypes from nearby colonies.
Virus strains at these colony sites, overall, may be more
representative of the entire population. The effect of bird
movement on genetic diversity at a site cannot be attributed
to covariation between bird movement and colony size,
perhaps with virus at larger colonies simply being more
diverse, because bird movement probability is not signifi-
cantly correlated with colony size (Brown et al. 2007).

Interestingly, for virus lineage B, bird movement had no
relationship with either haplotype or nucleotide diversity.
This may mean that, despite the similarity between the two
lineages in how movement affected pairwise Fgp, lineage B
is less likely to be moved by birds (perhaps because itis less
likely to be found in dispersing bugs), and therefore lineage
B haplotypes do not accumulate at sites with heavy bird
traffic. Thus, we would predict lineage A to be more fre-
quently found at newly established swallow colonies that
have not had as long for the more gradual colonization by
lineage B to occur. There are a number of ecological differ-
ences between lineages A and B, and, consistent with the
results reported here, other analyses suggest that lineage A
is more closely associated with birds than is lineage B (C.
Brown, A. Padhi, A. Moore, M. Brown, J. Foster, S. Strickler,
M. Pfeffer, V. O'Brien, N. Komar, unpublished).

BCRV shows a relatively high degree of spatial structure
over small geographical distances. In the pairwise compar-
isons, some sites had Fg values of 0.8 or greater, implying
extreme differentiation between subpopulations. This runs
counter to the widely held view that bird-associated
arboviruses are transmitted over wide geographical areas
so often that they have reduced genetic diversity as a result,
even on a continental scale. Possibly this is because the role
of birds in dispersing viruses in general has been over-
estimated because of the lack of any empirical data (e.g.
Dickerman et al. 1980; Anonymous 2006; Olsen et al. 2006).
In some ways, the ecology of BCRV is unusual in that
migration of virus between sites may be largely via a seem-
ingly sedentary invertebrate vector that nevertheless can
be moved long distances by a highly mobile avian host.

Relatively few population-level genetic studies of viruses
have been carried out at the spatial scale of our study, and
thus, it is difficult to directly compare genetic structure of
BCRV to related arboviruses such as EEEV and HJV that
are supposedly more genetically uniform over large areas
in North America (Cilnis et al. 1996; Weaver et al. 1997). The
most closely similar data we are aware of comes from the
directly transmitted Zaire strain of Ebola virus (EBOV), in
which genetic distance between spatially distinct isolates is
directly correlated with pairwise geographical distance
between them (Walsh et al. 2005). This EBOV strain appears
to spread in a wave-like pattern along rivers (Walsh et al.
2005), and strains or haplotypes of BCRV may also spread
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in a more or less linear fashion since the bird colony sites
are all situated along roads or rivers that run predominantly
east—west in our study area (Fig. 1).

In summary, this study indicates that within-season
movement of both bird hosts and their associated parasitic
vectors in a local area seems to predict genetic diversity
and spatial structure of BCRYV, at least among isolates taken
from the bug vectors. The movement of transient birds that
more often encounter virus (or the parasites carrying the
virus) contributes to the extreme level of genetic structure
characteristic of BCRV (Pfeffer et al. 2006). From this, it
would seem that clusters of cliff swallow colonies closely
positioned in space (such as in the centre of our study area)
would be more likely to contain multiple, similar haplo-
types of BCRV, due to heavy swallow traffic among them,
than are sites that are more isolated from the next nearest
colony and that do not attract many transient birds. Other
factors such as distance between sites, presence of invasive
house sparrows (V. O’Brien and C. Brown, unpublished),
and different evolutionary rates of the two lineages (A.
Padhi and C. Brown, unpublished) also likely help generate
the spatial structure of this virus. However, our results
indicate that bird movement between locations is an
empirically measurable and accurate predictor of how
genetically similar virus in those areas is likely to be, and
that sites with high levels of bird traffic from elsewhere will
show greater overall virus diversity, at least for one of the
lineages. Our results also suggest caution in interpreting
bird movement as always leading to reduced genetic
diversity in arboviruses, because in our case, there was a
high degree of spatial structure of the virus (at least in
the E2 gene) over short distances despite very mobile birds
(cliff swallows) clearly moving it within the study area.
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