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Numerous diseases of wildlife have recently emerged due to trade and travel. However, the impact of dis-
ease on wild animal populations has been notoriously difficult to detect and demonstrate, due to prob-
lems of attribution and the rapid disappearance of bodies after death. Determining the magnitude of
avian mortality from West Nile virus (WNV) is emblematic of these challenges. Although correlational
analyses have shown population declines coincident with the arrival of the virus, strong inference of
WNV as a cause of mortality or a population decline requires additional evidence. We show how integrat-
ing field data on mosquito feeding patterns, avian abundance, and seroprevalence can be used to predict
relative mortality from vector-borne pathogens. We illustrate the method with a case study on WNV in
three species of small songbirds, tufted titmouse (Baeolophus bicolor), Carolina wrens (Thryothorus ludo-
vicianus), and northern cardinals (Cardinalis cardinalis). We then determined mortality, infectiousness,
and behavioral response of wrens and titmouse following infection with WNV in laboratory experiments
and compared them to a previous study on WNV mortality in cardinals. In agreement with predictions,
we found titmouse had the highest mortality from WNV infection, with 100% of 11 birds perishing within
7 days after infection. Mortality in wrens was significantly lower at 27% (3/11), but still substantial. Vire-
mia profiles indicated that both species were highly infectious for WNV and could play roles in WNV
amplification. These findings suggest that WNV may be killing many small-bodied birds, despite the
absence of large numbers of dead birds being observed and testing positive for WNV. More broadly, they
illustrate the utility of a framework for predicting relative mortality in hosts from vector-borne disease.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The impact of disease on wild animal populations has been noto-
riously difficult to detect and demonstrate, due to problems of attri-
bution and the rapid disappearance of bodies after death
(McCallum, 2005; McCallum and Dobson, 1995). The clearest exam-
ples of disease-caused impacts on wildlife populations come from
epidemics in large abundant animals such as anthrax and Rinder-
pest in African mammals (Holdo et al., 2009), experimental or pur-
poseful viral introductions such as myxomatosis and Australian
rabbits (Ratcliffe et al., 1952), and experimental studies that re-
move pathogens from hosts through treatment (Hudson et al.,
1998). For many other diseases and populations, impacts are in-
ferred from long term monitoring and observations of sudden
declines, and in rare cases scientists have been able to observe a
wave of mortality as a pathogen arrives (Hochachka and Dhondt,
2000; Kilpatrick et al., 2010; Langwig et al., 2012; Lips et al.,
2006; Vredenburg et al., 2010). However, in many cases mortality
due to disease is difficult to detect and even striking patterns, such
as distributional limits coincident with disease boundaries, re-
quired experimental infection studies to confirm impacts of disease
(e.g., avian malaria and Hawaiian birds; (Van Riper et al., 1986;
Warner, 1968)).

A recent introduction of a pathogen to North America, West Nile
virus (WNV; Flaviviridae; Flavivirus) in 1999, was also accompanied
by waves of mortality in wild birds, with large numbers of dead
American crows and Blue jays testing positive for WNV in the
northeast USA (Bernard et al., 2001; Nemeth et al., 2007). A decade
later, transmission still occurs annually in many bird communities
throughout North and South America (Kilpatrick, 2011). Several
retrospective analyses have shown population declines in birds
coincident with the arrival of WNV as it spread south and west
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from New York, with impacts being largest on corvids (Hochachka
et al., 2004; LaDeau et al., 2007; Wheeler et al., 2009). Evidence of
WNV-caused mortality in corvids was also provided by experimen-
tal infection in laboratory studies (Komar et al., 2003; Reisen et al.,
2005). However, evidence of WNV mortality in smaller passerines
has been far sparser, with relatively few WNV-infected dead birds
collected. The extent to which this is due to poor detectability
(Ward et al., 2006) or lack of mortality is not clear.

Two families of small passerines that past studies have sug-
gested may suffer population level impacts from WNV are Paridae
(chickadees and titmouse) and Troglodytidae (wrens). Multiple
studies have observed declines in one or more species in the family
Paridae and Troglodytidae coincident with the arrival of WNV
(Bonter and Hochachka, 2003; LaDeau et al., 2007), and several
other studies have demonstrated feeding on parids and wrens by
WNV mosquito vectors (Hamer et al., 2009; Hassan et al., 2003;
Kilpatrick et al., 2006a). However, these data are only suggestive
and supportive evidence in the form of WNV-infected dead chick-
adees, titmouse or wrens is mostly lacking.

The gold standard to determine whether a species suffers mor-
tality from a pathogen, part of Koch’s postulates (Koch, 1893), is
through experimental infection. There are far too many species of
birds in North America to do this for all taxa, and these studies can-
not determine whether in fact birds are exposed to a pathogen in
nature. For effective conservation planning, there is clearly a need
for a framework to determine whether WNV and other vector-
borne diseases cause mortality in small avian hosts, and other
small wildlife species that are difficult to detect.

Here we describe how one can use field data on the transmission
ecology of a vector-borne disease – specifically the feeding patterns
of WNV mosquito vectors, avian abundance, and the WNV antibody
prevalence of wild-caught birds – to generate hypotheses about dif-
ferences in mortality from WNV infection between hosts. We illus-
trate this method with a study on three species of small songbirds,
tufted titmouse (Baeolophus bicolor), Carolina wrens (Thryothorus
ludovicianus), and northern cardinals (Cardinalis cardinalis). We
generated and tested hypotheses about the relative mortality of
three species and measured morbidity and mortality following
experimental infection with WNV. Our experimental infection
studies also provide data on infectiousness for WNV that can be
integrated with the aforementioned data on mosquito preferences
to determine the role of species in WNV transmission (Hamer
et al., 2009; Kilpatrick, 2011; Kilpatrick et al., 2006a).

2. Methods

2.1. Framework for predicting relative host mortality from a vector-
borne pathogen

This framework generates a prediction about the relative mor-
tality from infection with a vector-borne pathogen between two
or more species and can be applied to any vector-borne pathogen
and host taxa with the data described.

The seroprevalence, S, or fraction of a population with antibod-
ies against a pathogen at a point in time is equal to the fraction of
the population exposed, e, multiplied by the probability of survival
(1 �m, where m is the probability of mortality given infection), di-
vided by the fraction of the original population size after exposure,
(e(1 �m) + 1 � e):

S ¼ eð1�mÞ=ð1� emÞ ð1Þ

The fraction of the population exposed, e, will increase asymp-
totically with the average number of infective bites, I, each host re-
ceives (Smith et al., 2005):

e ¼ 1� ð1þ I=kÞ�k ð2Þ
where k is parameter describing the degree to which mosquitoes
feed more on some individuals of a species than others (Dye and
Hasibeder, 1986). Previous work suggests that in some populations
k is approximately 0.25 (Smith et al., 2005). Simulations suggest
that using k = 0.25 produces qualitatively correct predictions about
which species suffers higher mortality as long as k is not too small
(i.e. <0.1, as long as bites are not extremely concentrated on just a
few individuals).

The number of bites that a subset of the population is exposed
to will increase with the host utilization index (sometimes termed
mosquito preference, forage ratio, or host selection index) of vec-
tors, U, on that subpopulation, where the utilization index is the
fraction of bloodmeals, b, from that subpopulation divided by the
relative abundance of that subpopulation, a (e.g. the fraction of
all hosts made up by a species):

U ¼ b=a ð3Þ

Thus, if data on host utilization, U, and seroprevalence, S, is
available for two or more species at the same site(s), they can be
used to predict which species has a higher mortality probability,
m, given infection. First, it is necessary to invert Eq. (2) and derive
an approximate value of infective bites, I, using the measured sero-
prevalence, S:

I ffi k½ð1=ð1� SÞÞ1=k � 1� ð4Þ

where a value of k = 0.25 is often valid. We then computed the ra-
tio(s) and confidence bounds of predicted mortality for each of
the two or more species (i = 1, 2, . . .):

m1=m2 / ðU1=U2Þ=ðI1=I2Þ ð5Þ

A ratio greater than one indicates that species 1 suffers higher
mortality once infected than species 2. It is worth noting that the
ratio derived cannot be used to estimate the exact mortality in a
species due to the approximations made in Eq. (4), but it does indi-
cate the relative difference in mortality (i.e., a larger ratio indicates
a larger difference in mortality, all else being equal).

2.2. Sites

We determined mosquito feeding patterns, avian abundance,
and WNV antibody prevalence in �1 km diameter areas at three
urban sites (Foggy Bottom, DC, Baltimore, MD, and the National
Mall, DC), two residential sites (Takoma Park, MD and Bethesda,
MD) and two park sites surrounded by residential development
(Rock Creek Park Meadowside Nature Center in Rockville, MD,
and Fort Dupont Park in southeast DC) (Kilpatrick et al., 2006a,b)
from 2004 to 2008. Evidence of WNV transmission (infected mos-
quitoes or antibody-positive resident (non-migratory) hatch-year
birds) was present at all sites except Rock Creek Park in 2005 (Kil-
patrick et al., unpub. data).

2.3. Mosquito feeding patterns

We trapped mosquitoes at each site with at least eight CDC light
traps, four CDC gravid traps and by aspirating the surfaces of veg-
etation with a large backpack mounted aspirator. Sites were
trapped for two nights approximately every 2–3 weeks between
May and mid-October each year. Mosquitoes were identified to
species and all partially or fully engorged mosquitoes were stored
in a freezer at �80 �C for subsequent host identification. We used
PCR to molecularly identify engorged Culex mosquitoes to distin-
guish between Cx. pipiens, Cx. restuans, and Cx. salinarius (Crabtree
et al., 1995). We only used data from Cx. pipiens or Cx. restuans to
estimate feeding utilizations, because these two species have
similar feeding patterns, whereas Cx. salinarius feeds on a very
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different set of hosts (Apperson et al., 2002, 2004). We identified
the vertebrate source of each blood meal by PCR amplification of
the cytochrome b gene and nucleotide sequencing of the amplified
product (Kilpatrick et al., 2006a). We compared the sequence to
known sequences in Genbank using the blastn search tool. As
described above, we calculated a mosquito utilization index for tit-
mouse and wrens by dividing the fraction of bloodmeals at each
site identified as titmouse or wren by the relative abundance (i.e.
fraction of the avian community) of the same species. Abundances
were estimated from 4 to 6 six minute unlimited distance point
counts conducted at dawn monthly from May to September and
analyzed with program Distance (Thomas et al., 2004). A mosquito
utilization index, U, of one indicates that a species is fed on in pro-
portion to their abundance, a value less than one indicates under-
utilization, and a value greater than one indicates overutilization.
In addition to data for wrens and titmouse, we show values of
the mosquito utilization index, U, (and seroprevalence, S) for
northern cardinal, a common species of bird that shows high
WNV seroprevalence, and suffered moderate (22%; 2/9 birds) mor-
tality in the laboratory following experimental infection with WNV
(Komar et al., 2005).

2.4. Avian serology

We captured birds in 20 to 40 6–18 m long mist nets operated
from dawn until early afternoon for 2–3 days at each site approx-
imately monthly from mid-July to early October. Birds were ex-
tracted and taken to a banding station where they were aged,
sexed, banded with an aluminum USFWS band, weighed, and a
0.1 ml blood sample was taken by brachial venipuncture. Blood
was tested for flavivirus antibodies using an enzyme-linked immu-
nosorbent assay (ELISA; (Ebel et al., 2002)). We confirmed a ran-
dom sample of 18% of flavivirus antibody-positive samples (185
of 1026) by a plaque reduction neutralization test (Calisher et al.,
1989; Ebel et al., 2002; Wong et al., 2004). None of these samples
indicated exposure to St. Louis Encephalitis virus, so we inter-
preted all flavivirus positive samples as indicating prior exposure
to WNV and survival in estimating WNV seroprevalence, S.

2.5. Experimental infection

We captured 11 hatch-year Carolina wrens and 12 tufted tit-
mouse (six hatch-year and six after-hatch year birds) from Mont-
gomery and Anne Arundel Counties in Maryland during the last
week of August, 2009. Birds were transported from the National
Zoo to the New York State Department of Health where they were
held for 2 weeks for acclimation. On the 15th day, a 0.05 ml blood
sample was taken by brachial venipuncture to determine whether
any birds had flavivirus antibodies by ELISA. All birds tested
negative.

Birds in captivity were given water ad libitum, and fed meal-
worms, waxworms, and a vitamin supplemented ‘‘meat mash’’
consisting of beef, wheat germ, whole grain cereal, boiled egg,
carrot, bonemeal, and powdered milk. Titmouse were also fed sun-
flower seeds.

We initially separated the birds into treatment (infection: nine
wrens, eight titmouse) and control (mock infection: two wrens and
four titmouse) groups. Treatment birds were infected by subcuta-
neous injection in the cervical region with 104 PFU of WNV (strain
03-1956 in the WN02 clade (Davis et al., 2005)) in animal diluent,
PBS w/1% fetal bovine serum. All birds were bled every other day
with half the birds bled on day 1 post-infection (PI) and the other
half on day 2 so that half the birds were sampled on each day PI, 1–
6. All control birds survived until 2 weeks after mock infection, and
by which time all birds infected in this experiment had recovered
or perished.
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Normally all surviving (control and treatment) birds would
have been sacrificed on day 14 post-infection. However, in order
to maximize sample sizes for survival and viremia profiles, we held
the control birds for 14 additional days after the initial infection
study was completed (28 days after the start of the first experi-
ment). We then infected these previous ‘‘control’’ birds and bled
these birds as described above and measured survival and viremia.
Since they served as their own controls in terms of examining the
effect of bleeding and handling during the first experiment, we
treated all birds similarly in analyses of WNV viremia and mortal-
ity from WNV infection described below. Fourteen days after the
second infection, all remaining birds were bled for evidence of
WNV antibodies and were euthanized by an overdose of
pentobarbitol.

WNV viremia was measured by plaque assay on Vero cells (Pay-
ne et al., 2006) with a limit of detection of 101.7 PFU/ml, and aver-
age daily viremias were calculated after log-transformation. We
calculated the host competence for each species by estimating
the average infectiousness of each bird on days 1–6 PI using a vire-
mia–infectiousness relationship for Cx. pipiens (% of mosquitoes
infectious (transmitting) = 0.1349 � Log10(viremia) � 0.6235; (Kil-
patrick et al., 2007)), and multiplied this average by the number
of days birds were viremic. Kaplan–Meier survival curves of the
two species following infection were compared with a log-rank
test on right-censored data using the date of sacrifice for birds sur-
viving infection as the censor date.

We examined the persistence of live virus in bird tissues by har-
vesting approximately 0.2 g portions of brain, heart, kidney, spleen,
lung, and skin (inoculation site) from all birds surviving infection
(eight wrens and zero titmice). Tissues were homogenized in BA-
1 diluent and were co-cultured as previously described (Tesh
et al., 2005). Briefly, samples were homogenized in 2� antibiot-
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Fig. 1. Survival curves (top) and average ±1 SE daily viremia profiles (bottom) and for 11
ics/fungicide and then 0.1 ml of the homogenate was inoculated
in duplicate on Vero cell monolayers. Cultures were observed for
7 days for cytopathic effect (CPE). If CPE was not present, then cul-
tures were passed to fresh monolayers. Samples were considered
negative for persistent infectious virus if after three successive pas-
sages CPE was not evident. If CPE was observed, then cultures were
confirmed by RT-PCR. Infectious viral loads were not calculated
since the assay used (co-culture) is not quantitative.

To determine whether birds showing illness or clinical signs
would be evident in the field and to what extent infected birds
might be at greater susceptibility to predation we observed the
behavior of birds using instantaneous sampling (Altmann, 1974)
with five 10 s sampling periods each day for each bird spaced over
a 30 min period in the afternoon (1200–1600). We ranked the
behaviors on a nine point scale from dead to highly active
(Table S1).
3. Results

Tufted titmouse were present at four of seven sites where they
made up 2.8% (±1 SE 2.9%) of the avian community, and we identi-
fied Culex pipens or Cx. restuans bloodmeals from them at three
sites (Table 1). Carolina wrens were present at all seven sites where
they made up 2.7% (±1%) of the avian community and we identified
bloodmeals from wrens at 5 of 7 sites. Carolina wrens were fed on
by mosquitoes significantly more than expected given their avail-
ability at two sites, less than expected at one site and fed on in pro-
portion to their abundance at two sites, whereas Culex mosquitoes
fed on titmouse slightly more frequently than expected than their
abundance at all three sites (Table 1). Northern cardinals were
present at all seven sites, made up 8.5% (±5.2%) of the avian
t-Infection

Carolina wren

Tufted titmouse

8 9 10 11 12 13 14

Day 4 Day 5 Day 6

Carolina wrens and 12 tufted titmouse following experimental infection with WNV.
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community, and were fed on at all seven sites. Feeding on cardinals
varied from being half to twice as frequently as expected based on
their abundance (Table 1). The antibody prevalence of hatch-year
birds caught in mid-July to early October was 17.5% for wrens
and 34.8% cardinals, whereas only 3 of the 176 titmouse (1.7%)
tested positive for WNV antibodies (Table 1). We used these esti-
mates of seroprevalence, S, to estimate the number of infectious
bites, I, (Eq. (4)) and combined these with mosquito utilization val-
ues to generate multiple mortality ratios or predictions (Eq. (5))
about the relative mortality of wrens, cardinals and titmouse (Ta-
ble 1; rightmost three columns): mortality was predicted to be
lowest in cardinals (22% or 2/9 birds died in a previous experimen-
tal infection; (Komar et al., 2005)), slightly (but not significantly;
confidence intervals for mortality ratios included 1) higher in
wrens, and significantly higher in titmouse.

We then performed an experimental infection study in the lab-
oratory. All control birds survived the handling and bleeding regi-
ment during the first experiment. Over the course of the two
experiments (see Section 2) we experimentally infected 11 wrens
and 12 titmouse with WNV (Fig. 1a). Three of the 11 (27%) wrens
died following WNV infection on days 7, 7, and 8 post-infection
(PI) and all 12 of the tufted titmouse died following infection
(Fig. 2; three birds on day five, seven birds on day six, one bird
on day seven, and one an additional bird on day two whose death
may have been related to handling). Survival was significantly
higher in wrens than titmouse (log-rank test: v = 19.8; df = 1,
p < 0.001). It is worth noting that although none of the control
birds died from the bleeding regiment, it is still possible that the
mortality of birds infected with WNV could have been slightly in-
flated by being bled every other day.
Fig. 2. Behavioral scores (0 = dead; 8 = active with no signs of illness) for Carolina wre
innoculation. Each color indicates a different individual bird. Note that analyses only us
The behavior of wren and titmouse following infection also dif-
fered significantly (Fig. 2). Titmouse showed a highly significant
decline in behavioral score becoming less active and alert with
increasing days since infection (mixed effects model using the
lme4 package in R (v2.15) with species interacting with days since
infection interaction as fixed effects and bird as a random effect:
species effect: titmouse coefficient �0.29 ± SE = 0.39, t = �0.735,
p > 0.5; titmouse-by-days since infection coeff. �0.43 ± 0.10,
t = �4.460, p < 0.001). The behavior of the wrens who succumbed
to infection were not significantly different from those that sur-
vived (mixed effects model with days since infection interacting
with succumbed to WNV infection as fixed effects and bird as a
random effect: days since infection-by-succumbed coeff.
0.13 ± 0.14, t = 0.95, p > 0.3). Only two of the three wrens that died
showed behaviors associated with sickness and these behaviors
were only observed the day before death.

The average WNV viremia (concentration of virus in the blood)
of wrens was significantly lower than titmouse, and peaked on day
2 at 107.8 PFU/ml, whereas titmouse viremia peaked on day 4 and
remained high through day 6 (Fig. 1b; mixed effects model with
bird as random effect: titmouse species coefficient 2.58 ± 0.49;
p < 0.001). The reservoir competence index (Komar et al., 2003)
of titmouse (3.15 or an average infectiousness of 52.4% across
6 days) was higher than that recorded for any of the other 50+ spe-
cies that have been studied (Kilpatrick et al., 2007), partly due to a
6 day long viremic period (other highly infectious species like
crows and jays died mostly on days 4 and 5 PI; (Komar et al.,
2003; Reisen et al., 2005)).

As in previous studies (Nemeth et al., 2009; Reisen et al., 2006;
Wheeler et al., 2012), infectious virus or viral RNA was detected
ns (top) and tufted titmouse (bottom) before (day 0) and during the week post-
e the non-zero values. See Table S1 for explanation of all behavioral codes.
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several weeks post-infection. We isolated virus from at least one
tissue from all wrens surviving infection at 29 days post-infection
(and viral RNA even more frequently), with the kidneys and
spleens being frequently infected (Tables S2 and S3).
4. Discussion

Analysis of population trends following the arrival of WNV sug-
gested that tufted titmouse, chickadees, and house wrens were sig-
nificantly impacted by disease, with the largest drop in mid-
Atlantic populations following the intense 2003 WNV epidemic
(LaDeau et al., 2007). However, the inference from that study and
others (Bonter and Hochachka, 2003; Wheeler et al., 2009) that
trends in these species, as well as several other small songbirds,
were due to WNV was indirect. Similarly, although songbirds have
tested positive for WNV in some dead bird surveillance efforts for
WNV (Bernard et al., 2001; Nemeth et al., 2007), the relative num-
bers are often small and thus give little hard evidence for WNV im-
pact. Here we used a model framework to generate the hypothesis
that titmouse and wrens are perishing in the field from WNV infec-
tion with equal or higher probability than a previously studied spe-
cies, Northern cardinals. We found strong support for this
hypothesis in a rigorous laboratory infection experiment in that
titmouse were highly susceptible to mortality from WNV infection,
with all birds perishing within 7 days after infection. Nearly 30% of
wrens, which were predicted to suffer lower, but significant mor-
tality, also died following infection. These results which agree well
with predictions based on serology and feeding preferences (Ta-
ble 1) highlight the utility of our framework to predict the relative
WNV mortality of different species in the absence of experimental
infection studies. With the growing number of studies that esti-
mate mosquito utilization index values (Hamer et al., 2009; Hassan
et al., 2003; Kent et al., 2009; Kilpatrick et al., 2006a; Thiemann
et al., 2011), and dozens of studies on WNV seroprevalence it is
now possible to make predictions about relative susceptibility to
mortality from WNV for many species of birds that have not been
studied but may be dying from this disease.

These results on wren and titmouse mortality suggest that
WNV may be killing many smaller-bodied birds that are not found
in large numbers in WNV dead bird collections. Our behavioral
studies suggest that infected titmouse may exhibit sick behavior
before death and this might be apparent through citizen science
projects like Feederwatch (Hochachka and Dhondt, 2000), whereas
other species like Carolina wrens show relatively little change in
behavior over most of the viremic period, even if they eventually
die from the disease. Actions to reduce WNV impacts on these
and other species include reducing WNV transmission by reducing
mosquito larval habitat of WNV vectors (e.g., Culex pipiens, Cx. rest-
uans, Cx. tarsalis; (Kilpatrick et al., 2005)) by removing man-made
containers such as tires, clogged gutters, etc. Disease reduction
through habitat modification to reduce vector density should be
considered an important part of habitat restoration for birds sus-
ceptible to WNV and other mosquito-borne pathogens.

Our results also provide valuable information about the host
competence of these two species (and other species in the previ-
ously unstudied families Paridae and Troglodytidae, because com-
petence is phylogenetically conserved to some extent; (Kilpatrick
et al., 2006a)). These data on host infectiousness have proven to
be an integral part of determining the contribution of hosts to
transmission (Kilpatrick, 2011) as well as predicting spatial and
temporal patterns of WNV transmission (Hamer et al., 2011; Kilpa-
trick et al., 2006a). We found that both wrens and titmouse were
highly infectious for WNV mosquito vectors, and are fed on by
these mosquitoes (Fig. 1; (Hamer et al., 2008)). However, due to
their low relative abundance and only moderate feeding utiliza-
tions, they are likely to play only minor roles in WNV amplification
compared to species such as American robins (Hamer et al., 2009;
Kent et al., 2009; Kilpatrick, 2011; Kilpatrick et al., 2006a).

Our host competence data also informs our broader under-
standing of host–parasite relationships. For example, the top 15
most infectious hosts for WNV (Kilpatrick et al., 2007) now span
12 families (including four non-passerine families), which demon-
strates the ability of WNV to efficiently replicate in a broad range
of hosts, and challenges assertions that only passerines or corvids
are highly competent for WNV.

More broadly, our findings demonstrate the value of both field
and experimental evidence for understanding disease susceptibil-
ity in species conservation. As more pathogens are spread among
continents and infect new hosts, there is an urgent need to predict
and mitigate the impacts of emerging diseases on wildlife popula-
tions (Kilpatrick and Randolph, 2012).
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