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FOREWORD

Wildlife biologists once believed that mortality
from diseases in wildlife populations was com-
pensatory and, thus, did not affect populations.
Instead, they focused on other sources of mortal-
ity when conducting population studies. Many
avian biologists also held that belief because most
disease outbreaks were sporadic and self-limiting,
resulting in minor losses. Even then, however,
there were localized threats from bird malaria
and avian pox virus, for example, to the endan-
gered native bird populations of Hawaii and some
large, very localized mortality events among
waterbirds from diseases such as avian botulism,
avian cholera, and Newcastle disease (Friend et al.
2001). This prevailing perspective changed dur-
ing the last few decades due to the invasion,
emergence, or reemergence of some major dis-
eases of free-ranging wild birds. Avian diseases
have increased in frequency of occurrence, prom-
inence, and geographical distribution and
resulted in frequently occurring mortality events
with major losses of birds of a wide variety of spe-
cies. Increased attention also resulted from the
recognition that 175 new human diseases have
emerged in the last two decades, nearly 75% of
them caused by zoonotic disease agents that are
transmitted among wild or domestic animals
and humans (Daszak et al. 2000, Gibbs 2005).
Additionally, a troubling number of diseases
directly affecting wildlife species and populations
emerged (Friend et al. 2001, McLean 2007).
Recent avian examples include: the rapid expan-
sion and spread of conjunctivitis caused by

Mycoplasma gallisepticum from poultry to House
Finches (Carpodacus mexicanus) from the east coast
of the United States in 1994 to the Mississippi River
(Hartup et al. 2001, Dhondt et al. 2005); a major die-
oft of American White Pelicans (Pelacanus erythro-
rhynchos) and Brown Pelicans (P. occidentalis) on
the Salton Sea in California in 1996 from a unique
type C botulism (Rocke et al. 2004); and the dra-
matic mortality of North American birds from West
Nile virus (WNV), especially corvids, American
White Pelicans, and Greater Sage-Grouse (Centro-
cercus urophasianus), following its introduction to
North America in 1999 (McLean 2002, Naugle et al.
2004, Rocke et al. 2005, Clark et al. 2006, LaDeau et
al. 2007). The establishment and subsequent spread
of WNV across the continent within five years of
introduction (McLean 2006) was a primary example
of an emerging zoonotic disease affecting human,
domestic animal, and wildlife populations. The
potential threat of direct transmission of WNV and
other zoonotic diseases of birds to bird banders and
ornithologists led to the development of guidelines
and information for wild bird handlers to protect
themselves and prevent infection (Ornithological
Council 2010).

This volume brings together some important
information on emerging diseases of wild birds,
with topics ranging from how cellular mechanisms
of the immune system determine susceptibility to
pathogens to the global movement of ticks and
bacteria by colonial seabirds. WNV is a central
focus, starting with the development of laboratory
methods to immunophenotype lymphocytes that

Xi



determine natural variability in immunocompe-
tence. Two other studies included here on WNV
document bird species susceptibility and exposure
rates in the southwestern United States. Despite
nationally reported mortality from WNV in a
number of raptor species in the United States
(Nemeth et al. 2006, 2007), including American
Kestrels (Falco sparverius), a population study of
this species in Colorado found nearly all of the
adult birds were immune the year following the
2003 Colorado outbreak. The field study suggests
that American Kestrels, at least in Colorado, are
not as susceptible to WNV as previously thought
and that relatively few birds in the study popula-
tion died from the infection. Another study of
WNV transmission in southern New Mexico
revealed differential infection rates among species
and habitats. The desert and riparian habitats had
higher bird diversity and lower seroprevalence to
WNV compared to urban and agriculture habitats.

Parasitic disease and vector transmission is
another focus of this volume. For example,
haemosporidian parasites (Haemoproteus sp.) in
endemic Galapagos Doves (Zenaida galapagoen-
sis), illustrate the negative relationship between
host biodiversity and disease prevalence. Host
composition significantly affected transmission
rates, although other factors affecting disease
transmission, particularly vector population
dynamics, were mentioned as contributing fac-
tors; these were not directly investigated.

The emergence and spread of avian malaria (Plas-
modium sp.) is revealed within an endemic popula-
tion of the New Zealand honeyeater, the Bellbird
(Anthornis melanura). A relatively high prevalence of
malaria infections was detected without any of the
deleterious effects previously observed in the native
bird species of Hawaii. Global spread of ticks and
Borrelia garinii (a vector and a spirochete), which is a
human pathogen of colonial seabirds, and the
potential global spread of avian influenza viruses by
waterbirds illustrate connectivity through the natu-
ral movements of migratory birds and anthropo-
genic transportation of pathogens.

A study of seabirds in different nesting colo-
nies in the northwest Atlantic discovered the
recent arrival of B. garinii—a spirochete. Previous
records of B. garinii indicated that the pathogen

was endemic in seabird colonies in the greater
North Atlantic since at least the early 1990s and
subsequently spread into the northwest Atlantic
colonies. Prevalence of spirochete infections in
ticks, Ixodes uriae, removed from seabirds and
soil from nesting colonies varied among years
and avian host species, with prevalence rates
ranging up to 37.5%. Atlantic Puffins (Fratercula
arctica), among other seabird species, seem to be
suitable reservoirs.

A third focus of this volume is viral infection. A
unique study examined the movement patterns of
selected migratory waterfowl species and sug-
gested how the highly pathogenic H5N1 influ-
enza virus might be introduced. Established virus
foci in Europe and Asia spread to North America,
then from northern bird breeding regions to the
wintering regions farther south. A forecast for
H5N1 dispersal via migratory bird movements in
North America emphasizes the migration pattern
of six species of arctic-breeding Anseriformes
along the coasts of North America and along the
central Mississippi River system.

Three major viral pandemics with animal ori-
gins occurred during the first decade of this cen-
tury. Pandemics from SARS, H5N1 HPAI, and
H1N1 had high economic costs and major politi-
cal consequences. Many factors are responsible
for dramatic emergences of these zoonotic dis-
eases, including unprecedented worldwide
human population growth; global wildlife trade;
changes in food quality and abundance; and
increases in the frequency and speed of interna-
tional travel to transport people, food, products,
wildlife, and the vectors, diseases, and pathogens
that accompany them. Emerging threats are likely
to increase in frequency and magnitude, and con-
tinued global surveillance and research on infec-
tious zoonotic diseases are critical. With the con-
tinuing threat of diseases to free-living birds
globally and the potential influence of climate
change on diseases, synthetic reviews on avian
diseases should continue to be a high priority for
ornithological research.

ROBERT G. MCLEAN
National Wildlife Research Center,
Fort Collins, Colorado
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Ecological Associations of West Nile Virus
and Avian Hosts in an Arid Environment

Abstract. We evaluated disease associations of
West Nile virus (WNV) with avian hosts in four
key habitats of southern New Mexico (agricul-
ture, desert, riparian, and urban). Our goal was to
examine the role of avian life history traits in trans-
mission of WNV and to evaluate possible mecha-
nisms to explain differences in seroprevalence
among avian communities. Seroprevalence was
highest in Summer Tanagers (Piranga rubra,
39%) and American Robins (Turdus migratorius,
33%). Serosurveys of bird communities indicated
differences among habitats, age, and resident sta-
tus. Urban and agricultural habitats had higher
seroprevalence than desert and riparian habitats.
After-hatch-year birds had higher seroprevalence
than hatch-year birds. Seroprevalence in perma-
nent resident and local breeding species were
higher than migrants and winter residents. Males
had higher seroprevalence in 2004, while females
were higher in 2005. Analyses among commu-
nities indicated negative relationships between
seroprevalence and avian species diversity and
richness. Desert and riparian habitats had higher
diversity and lower seroprevalence compared to
urban and agriculture. This study revealed associ-
ations between WNV and avian life history traits,
providing insights into mechanisms of transmis-
sion in the arid Southwest. In addition, we found
relationships between complexity of avian host

communities (e.g., species diversity, species rich-
ness) and patterns in seroprevalence of WNV in
avian host species.

Key Words: avian community, desert, habitat, life
history, seroprevalence, southern New Mexico,
West Nile virus, WNV.

Asociaciones Ecolégicas del Virus del Nilo
Occidental y sus Aves Hospedadoras en un
Ambiente Arido

Resumen.  Evaluamos las asociaciones de la
enfermedad del virus del Nilo Occidental (VNO)
con sus aves hospedadoras en cuatro habitats
clave del Sur de Nuevo México (agricola, desértico,
ripario y urbano). Nuestro objetivo fue examinar
el papel que juegan las caracteristicas de las histo-
rias de vida de las aves en la transmisién del VNO,
y evaluar los posibles mecanismos que expliquen
las diferencias de la seroprevalencia entre las dis-
tintas comunidades de aves. La seroprevalencia
mis alta se observé en la Tangara Roja migrato-
ria (Piranga rubra, 39%), y en el Zorzal Pechirrojo
(Turdus migratorius, 33%). El estudio serolégico
de las comunidades de aves indicé que existen
diferencias entre habitats, edad, y estatus de resi-
dencia. Las aves de habitats urbanos y agricolas
presentaron una seroprevalencia mayor que las

Vuong, H. B., D. F. Caccamise, M. Remmenga, and R. Creamer. 2012. Ecological associations of West Nile virus and avian
hosts in an arid environment. Pp. 3-22 in E. Paul (editor). Emerging avian disease. Studies in Avian Biology (vol. 42),

University of California Press, Berkeley, CA.



de habitats desérticos y riparios. La seroprevalen-
cia fue mayor en aves adultas que en juveniles. La
seroprevalencia de las especies residentes y de las
especies que se reproducen localmente fue mayor
que la de las especies migratorias y las residentes
invernales. Los machos mostraron una mayor
seroprevalencia en 2004, mientras que las hem-
bras tuvieron una mayor seroprevalencia en 2005.
Los analisis para las diferentes comunidades
indicaron que existe una relaciéon negativa entre
la seroprevalencia y la diversidad y riqueza de
especies de aves. Los habitats desérticos y riparios
presentaron una mayor diversidad y menor sero-
prevalencia que los habitats urbanos y agricolas.

n the US, 326 bird species in 57 families and

23 orders have tested positive for West Nile

virus (WNV) infection since the virus was
first detected in New York City in 1999 (CDC
2009). As an emerging disease in the U.S., WNV
expanded across the Western Hemisphere, devel-
oping new host-virus associations along the way.
Initial studies in the U.S. documented the spread
of WNV and were based mainly on surveillance
for dead birds (Bernard et al. 2001; Eidson et al.
2001a, 2001b). Such studies provided informa-
tion on the impact of infection on individual
species, but they failed to examine the ecological
dynamics of WNV in relation to host communi-
ties. More recently, research efforts have focused
on the role of individual species in the associa-
tions between WNV and avian host communities
(Beveroth et al. 2006, Ezenwa et al. 2006, Marshall
etal. 2006, Harris and Sleeman 2007, Wilcox et al.
2007). In addition, reservoir competency studies
under laboratory conditions provided information
on the susceptibility of individual species to WNV
and their potential role in the transmission cycle
(Komar et al. 2003). Studies based on capture of
free-living birds have provided information on
exposure to the virus under natural conditions
(Ringia et al. 2004, Beveroth et al. 2006, Marshall
et al. 2006).

The life history traits of birds, including resi-
dency status, habitat, age, and sex, can influence
disease prevalence. Resident birds have been
shown to have higher seroprevalence for WNV
(Ringia et al. 2004, Beveroth et al. 2006, Gibbs
et al. 2006) and other mosquito-borne encepha-
litic viruses (Crans et al. 1994, Goddard et al. 2002,

Este estudio reveld la existencia de asociaciones
entre el VNO y las caracteristicas de las historias
de vida de las aves, proporcionando informacién
sobre los mecanismos de transmision en el ambi-
ente 4rido del Suroeste de los Estado Unidos.
Ademis, encontramos relaciones entre la comple-
jidad de las comunidades de aves hospedadoras
(por ejemplo, la diversidad y riqueza de especies)
y los patrones de seroprevalencia del VNO en las
especies de aves infectadas.

Palabras Clave: comunidad aviar, desierto, habitat,
historia de vida, meridional, Nuevo México, sero-
prevalencia, Virus del Nilo Occidental, VNO.

Reisen et al. 2004b) that may be due to the longer
seasonal overlap of residents with mosquito vec-
tors. Nonetheless, migratory birds may be key
players in transporting the virus to new areas
(Rappole et al. 2000). Studies of habitat effects
for WNV have focused primarily on urban versus
rural areas (Taylor et al. 1956, McIntosh and Jupp
1982, Tsai et al. 1998, Ringia et al. 2004). These past
field studies demonstrated that seroprevalence in
humans and avian hosts and WNV prevalence in
mosquitoes tend to be higher in urban habitats.
Several similar arboviruses, such as eastern
equine encephalitis (EEE; Crans et al. 1994),
St. Louis encephalitis (SLE; Gruwell et al. 2000,
Reisen et al. 2000), and western equine encepha-
litis (WEE; Reisen et al. 2000), along with WNV
(Ringia et al. 2004, Beveroth et al. 2006, Gibbs
et al. 2006), have shown differences in seropreva-
lence between age classes, with after-hatch-year
birds (AHY) generally showing higher rates than
hatch-year (HY) birds. Nonetheless, HY birds
are important in the transmission cycle of arbo-
viruses because they are naive, susceptible hosts
when they enter the population, and could serve
to amplify disease transmission and help main-
tain the pathogen for extended periods (Reed and
Crans 1998, Hamer et al. 2008). A sex bias in sero-
prevalence might provide new insights into the
ecology of host—pathogen interactions. The first
study to show sexual differences in seropreva-
lence reported that female Northern Cardinals
(Cardinalis cardinalis) in Ohio had higher WNV
seroprevalence than males (Marshall et al. 2006).
The authors suggested that this pattern appeared
because females may be more exposed to
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mosquitoes during incubation. Other studies on
WNV (Ringia et al. 2004, Beveroth et al. 2006,
Gibbs et al. 2006) and similar arboviruses (Crans
et al. 1994; Gruwell et al. 2000; Reisen et al. 2000,
2001, 2005) have not found differences in sero-
prevalence between sexes.

The importance of avian hosts in disease trans-
mission can vary in relation to both community
complexity and host responses to variations in
local ecological conditions. When few primary
reservoirs are associated with host communities,
disease risk may be reduced. For example, risk
of Lyme disease in humans is inversely related
to complexity of host communities (Ostfeld and
Keesing 2000, LoGuidice et al. 2003). The authors
suggested that risk might decline if the primary
competent host is relatively less abundant in
more complex communities. A similar relation-
ship was also shown with hantavirus (Mills 2006)
and WNV (Ezenwa et al. 2006).

As WNV spread into New Mexico, we expected
that differences in life history traits among avian
hosts would result in variations in seroprevalence.
Furthermore, we predicted that seroprevalence
would vary among habitat types based on differ-
ences in the composition of avian host commu-
nities. Therefore, the goals of this study were to
(1) evaluate the variation in disease associations
of avian hosts among four key habitats of south-
ern New Mexico (riparian, agriculture, urban, and
desert), (2) examine the role of avian life history
traits in the transmission of WNV, and (3) evaluate
the relationships between complexity of avian host
communities and patterns in seroprevalence.

METHODS
Study Area

The study area lies within the arid Chihuahuan
Desert of southern New Mexico, in Doha Ana
County (Fig. 1.1). With only four mosquito spe-
cies making up approximately 85% of the local
mosquito community, this area offers a unique
opportunity to study WNV where host-vector
interactions are relatively simple (Pitzer et al.
2009). The Chihuahuan Desert supports a large
diversity of birds that pass through the riparian
corridor of the Rio Grande River during fall and
spring migrations. The arid climate in the region
yields an average of 23.5 cm of rain per year, with
55% falling between July and September, mainly

in the form of localized thunderstorms (Western
Regional Climate Center 2009). The landcover is
composed largely of upland desert mesas domi-
nated by typical desert-shrub vegetation (Dick-
Peddie 1999). The Rio Grande River valley bisects
Dofia Ana County from northwest to southeast
and encompasses urbanized areas along with
agricultural lands and highly modified riparian
habitats adjacent to the river. We located three
study sites within each of the four primary cover
types in the area, including desert, urban, agricul-
tural, and riparian, for a total of 12 study sites.
Desert sites were located on mesas at 3-25 km
from the Rio Grande River. We chose sites with
impoundment ponds for cattle watering or natu-
ral playas that provide aquatic habitats suitable
for mosquito breeding when filled with sum-
mer rain. Urban sites were located within the
city limits of Las Cruces. We selected residential
areas that provided habitats attractive to birds.
Vegetation in the residential sites is sustained
by irrigation consisting of combinations of drip
systems, flood irrigation, and hand watering.
All agricultural crops in the Rio Grande valley
are irrigated, mainly by flood irrigation. Water
arrives to fields through a network of delivery
canals and is drained from fields through a sys-
tem of return canals that lead back to the river.
Delivery canals are maintained vegetation free,
but return canals have standing water through-
out the year and generally support dense vegeta-
tion along the banks that is heavily used by birds
(Thompson et al. 1994). The lower Rio Grande
is channelized so riparian habitats are sparse,
occurring where restored wetlands and narrow
vegetated patches are adjacent to the river.

Avian Sampling

The field season ran from March through mid-
October in 2004 and 2005. Two field crews sam-
pled each of 12 field sites on an 8-10-day rotat-
ing schedule. We captured birds using mist nets
(12 m X 2.5 m, mesh size 30 mm and 61 mm;
AFO Mist Nets, Manomet, Inc., Manomet, MA),
as described by Ralph et al. (1993). We set 5-10
nets per site about 30 min before sunrise and
checked them every 20 min for approximately
3—4 hr. We recorded species, weight, sex, and age
when possible for each captured bird (Pyle 1997,
Sibley 2000) and applied a U.S. Geological Survey
aluminum leg band.
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Figure 1.1. Map of study area showing the 12 field sites in Dofia Ana County,
New Mexico. Inset: New Mexico state map with the Chihuahuan Desert
(overlay) extending from southern New Mexico into central Mexico.

We obtained a blood sample from each bird
to test for WNV antibodies. For birds >10 g,
we used jugular or brachial venipuncture
(29 gauge needle) to obtain at least 100 wl of
blood. We placed the blood samples into 2-ml

microcentrifuge tubes containing 900 pl of
5% bovine serum albumin (BSA) in buffer
(PBS containing 0.05% Tween 20) to provide a
1:10 blood dilution. For birds <10 g we used
brachial venipuncture by lancet and absorbed

STUDIES IN AVIAN BIOLOGY NO. 42 Paul



blood directly onto filter paper strips (What-
man® 1 Qualitative, Newark, NJ). We kept the
blood samples cool while in the field and dur-
ing transport back to the laboratory. We centri-
fuged the blood samples at 530 g for 10 min,
transferred the plasma to newly labeled micro-
centrifuge tubes, and stored them at —20°C
until testing. We eluted the blood samples from
the filter paper strips overnight using 5% BSA
buffer at 4°C and centrifuged the samples the
next day at 530 g for 10 min. The eluted sera
were then transferred into newly labeled tubes
and stored at —20°C until testing.

Serological Assays

We used a blocking ELISA (enzyme-linked immu-
nosorbent assay) method described by Jozan et al.
(2003) to detect the presence of WNV antibodies.
The monoclonal antibody (MAD 3.1112G) used in
the ELISA is highly specific to the NS1 epitope
of WNV, showing essentially no cross reactivity
with SLE (Jozan et al. 2003). We initially tested all
samples at 1:20 dilution in Immulon® 2HB plates
(96 well, flat bottom Microtiter® Plates; Thermo
Labsystems, Franklin, MA). Plates were read
by Emax Precision Microplate Reader (Molecu-
lar Devices Corporation, Sunnyvale, CA) using
program SoftMax Pro (ver. 3.1.1) at 405 nm wave-
length to obtain optical density (OD) values. Dilu-
tions of the antigen and monoclonal (generally
1:2,000 and 1:2,500, respectively) were previously
determined by titration.

We estimated antibody titer by calculating the
inhibition level (IL) for the antibodies by:

IL =100 — [(g —B)x 100]

where TS is the OD of test serum, B is the OD of
the background for each test serum, and CS is the
OD of negative control. IL provides a measure of
the relative number of binding sites blocked by
the antibodies and therefore unavailable to the
monoclonal antibodies. When we obtained an IL
>45% for our sample at 1:20 dilution, we recon-
firmed by further titration (up to 1:80) before cate-
gorizing the sample as positive (Jozan et al. 2003).

Statistical Analyses

We grouped each species into one of four cat-
egories according to residency status. Permanent

residents occur locally year round. Breeding birds
spend their breeding period in the area but are
absent during the winter. Migrants pass through
during migration. Wintering birds spend their
winters in southern New Mexico but do not breed
locally (Sibley 2000).

We performed logistic regressions with the
Genmod procedure in program SAS (ver. 9.1;
SAS Institute, Cary, NC) using the binomial dis-
tribution and the logit link function to model the
probability of each bird being positive for WNV
antibodies as a function of habitat, month of cap-
ture, age, sex, or residency status. Not all levels
of combination were included in this analysis
because of too few data points to cover all levels of
the interaction. However, logistic regressions on
smaller interaction effects were conducted sepa-
rately. Differences between pairs of proportions
were tested with a chi-square test performed by
the least square means statement in the Genmod
procedure of SAS. We combined samples from
March with April and September with October
due to low numbers of captures at the start and
end of field seasons. Individuals of undetermined
age and sex were removed from analyses that
included age and sex. Recaptured birds that were
positive were only used once in the analyses, but
every recapture prior to becoming seropositive
was used in the analyses. To determine the impor-
tance of HY birds as a source population for virus
cycling, we also examined temporal changes of
seroprevalence in AHY and HY birds across the
seasons.

We used the Shannon—Wiener diversity index
to calculate avian diversity for all 12 study sites
in each year, using H' = —Xpnp; where p, is the
proportion of individuals in the ith species
(Magurran 1998). We calculated evenness follow-
ing Magurran (1998), using ]’ = H'/H, .., where
H, .. is the natural log of the species richness,
and richness (S) equals the number of species
against seroprevalence using the Mixed procedure
in SAS (SAS software, version 9.1 of the SAS Sys-
tems for Windows). Multiple analyses inflated our
type I error rate, and we corrected our analyses for
number of tests using a Bonferroni correction.
We modeled year as a random variable, which
allowed us to pool the data across both years to
obtain a single predicted slope for 24 points with-
out ignoring the covariance among points within
the same year. The slope was then tested to deter-
mine if it differed significantly from zero.
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Figure 1.2. Dates of capture and recapture for the 16 individual birds that reverted from seropositive on

initial capture to seronegative on a subsequent capture.

RESULTS

We obtained 1,977 samples in 2004 and 2,362 in
2005. The samples included 111 species from 32
families (Appendix 1.1). In 2004, the five most
common species sampled included the House
Sparrow (Passer domesticus, 23.5%), House Finch
(Carpodacus  mexicanus, 9.1%), White-winged
Dove (Zenaida asiatica, 6.4%), Red-winged Black-
bird (Agelaius phoeniceus, 4.3%), and Bullock’s
Oriole (Icterus bullockii, 4.1%). In 2005, the five
most common species sampled included the
House Sparrow (22.1%), House Finch (8.7%),
Northern Mockingbird (Mimus polyglottos, 8.2%),
Wilson's Warbler (Wilsonia pusilla, 6.3%), and
Bullock’s Oriole (3.9%). Highest levels of sero-
prevalence for individual species (combined
across years where n =20 samples) occurred in
the Summer Tanager (Piranga rubra, 39%, n = 28),
followed by American Robin (Turdus migrato-
rias, 33%, n = 64), House Finch (17%, n = 385),
Mourning Dove (Zenaida macroura, 14%, n = 107),
and Pyrrhuloxia (Cardinalis sinuatus, 14%, n = 37).
We detected 16 seroreversions, where birds were
seropositive on the initial capture but seronega-
tive on a subsequent capture (Fig. 1.2).

We performed a logistic regression to examine
the main effects on seroprevalence in the avian
community. We detected no significant differences
between years (2004: 9.3%, n = 1,977; 2005: 5.8%,

n=2,362; x*=3.23,df = 1, P = 0.07). Additionally,
we found no differences between sexes (x* = 0.04,
df = 1, P = 0.84), but differences in month, habi-
tat, age, and residency status were significant
(x*= 33.72,df =5, P < 0.0001; x* = 20.96, df = 3,
P=0.0001; x*>=8.54,df = 1, P = 0.0035; x> = 64.88,
df = 3, P > 0.0004, respectively).

We performed logistic regression to test for
interactions among our main effects. We detected
significant interactions for habitat—age—year
(x* = 34.93, df = 4, P < 0.0001) and habitat-year
(x* = 15.56, df = 3, P = 0.001), but not for
habitat—age (x* = 2.93, df = 3, P = 0.402; Fig. 1.3).
AHY birds had much higher seroprevalence
than HY birds in all habitats except for desert in
2004. However, a decline in seroprevalence for
AHY occurred in agricultural and riparian habi-
tats from 2004 to 2005, and seroprevalence for
HY birds increased in urban habitats from 2004
to 2005. In 2005, we did not detect differences
between age groups across habitats.

We detected no significant interactions for
month-age-year (x> = 5.35, df = 6, P = 0.50),
but we did find significant effects for month—age
(x* = 26.5, df = 5, P < 0.0001) and month—year
(x* = 52.62, df = 5, P < 0.0001). In 2004, sero-
prevalence was highest for AHY birds early in the
season (~15% = 2.5), but then it declined through
early fall, when seroprevalence was similar to HY
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Figure 1.3. Comparison of seroprevalence (+SE) among habitats for AHY and HY
birds in 2004 and 2005. In 2004, seroprevalence was highest in agricultural habitats,
followed by riparian and urban habitats, and lowest in the desert habitat for AHY
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seroprevalence declined in the agricultural and riparian habitats for AHY birds,

but seroprevalence for HY birds in 2005 increased in the agricultural and urban
habitats. Ag = agriculture, De = desert, Ri = riparian, Ur = urban.

birds (~5% = 2.2). In 2005, seroprevalence in both
AHY and HY birds was low in spring (~6% = 1.7)
but then increased late in the summer (~10% = 2.2).

We detected a significant sex—age—year interac-
tion (x* = 8.33, df = 2, P = 0.0155, n = 1,823)
as well as a significant sex—year interaction
(x> = 5.96, df = 1, P = 0.0147), but the sex-age
interaction was not significant (x> = 0.13, df = 1,
P = 0.716). In 2004, AHY birds of both sexes
had higher seroprevalence than HY birds, but
there was no difference between sexes across age
classes in 2005. Additionally, seroprevalence for
adult males declined from 2004 to 2005 (12.8% *+
22108.1% * 1.1).

We recognized four categories of resident status:
breeding, migrant, permanent resident, and winter
resident. Migrants comprised about 11% (482 of
4,339) of all birds captured. Migrants included 25
species, with the five most common species being
Wilson’s Warbler (n = 222), Yellow Warbler (Den-
droica petechia, n = 70), MacGillivray’s Warbler
(Oporornis tolmiei, n = 54), Orange-crowned
Warbler (Vermivora celata, n = 36), and Virgin-
ia’s Warbler (V. virginiae, n = 24). Abundance of
wintering birds was similar, making up 10.5%
(454 of 4,339) of our captures. Despite their com-
mon occurrence in our samples, there were only

three positive individuals each for the wintering
and migrant categories over both years.

Tests of interaction effects for residency sta-
tus only included resident and breeding birds
because there were only three positive individu-
als each for the migrant and wintering bird cat-
egories. We detected differences across all levels
of the interactions (status—year—age: x* = 20.43,
df = 2, P < 0.0001; status—age: x> = 15.85,df = 1,
P < 0.001; status-year: x> = 7.41, df = 1,
P = 0.007; Fig. 1.4). In 2004, seroprevalence was
highest for AHY resident birds compared to HY
residents, but not different for either AHY or HY
breeding birds in the same year. Seroprevalence
for AHY residents and breeding birds declined
from high levels in 2004 to much lower levels in
2005. Declines resulted in similar levels of sero-
prevalence in 2005 across age classes for both
resident and breeding birds. In 2005, we failed
to detect differences between age classes for both
breeding and resident birds.

The logistic model indicated an age—year inter-
action (x* = 13.44, df =1, P = 0.0002, n = 4,070).
In 2004, AHY birds had higher seroprevalence
than HY birds (13.2%, n = 1,030vs. 4.3%, n = 697,
respectively; x> = 41.77, df = 1, P < 0.0001), but
age differences were not apparent in 2005 (6.7%,
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n=1,003vs.5.3%,n= 1,340, respectively; x*= 1.96,
df =1, P=0.1617).

We selected four common bird species
(Bullock’s Oriole, Mourning Dove, Red-winged
Blackbird, and House Finch) to illustrate seasonal
patterns in abundance of age class in relation to
rates of seroprevalence (Fig. 1.5). In both years,
the proportion of AHY birds captured declined
seasonally as the HY birds entered local popula-
tions. Seroprevalence in AHY birds tended to
peak about a month earlier than in HY birds.

We compared measures of species diversity for
avian communities at the 12 study sites with levels
of seroprevalence for WNV. First, we modeled year
as a random variable using a mixed linear model
to account for covariance between years. We found
that the estimate of covariance between years was
much smaller (1-3 orders of magnitude) than the
estimate of the residual variance. Thus, between-
year variation had little effect on the model, allow-
ing us to combine years in our analysis, providing
24 data points (12 study sites X 2 yr). We found
a negative relationship between species diversity
(H') and seroprevalence (F = 8.82, df = 1, 21,
P = 0.0072; Fig. 1.6a). Species richness showed a
similar negative relationship with seroprevalence
(F=13.62,df = 1,22, P = 0.0013; Fig. 1.6b). How-
ever, comparisons with the evenness measure (J')

10

failed to show a relationship with seroprevalence
(F = 1.24, df = 1,21, P = 0.2776; Fig. 1.6¢).

DISCUSSION
Variation Among Habitats

Comparisons across habitats indicated differ-
ences in the composition of avian communi-
ties as well as in rates of seroprevalence for
individual bird species. The agricultural habitat
had highest levels of seroprevalence overall, fol-
lowed by the urban habitat. The riparian habitat
had high seroprevalence in 2004 and low in 2005,
and desert habitat was lowest overall (Fig. 1.3).
Habitat-specific variation may result from many
factors, including interactions between habitat
availability for hosts and vectors, as well as char-
acteristics of the avian and vector communities.
Agricultural areas provide some of the best habi-
tats in the region for both avian hosts and mos-
quito vectors. Agricultural areas supported the
most seropositive hosts, including the Summer
Tanager, House Sparrow, House Finch, European
Starling (Sturnus vulgaris), and Mourning Dove.
In addition, extensive irrigation systems in these
areas provide an abundance of breeding habitats
for mosquitoes throughout the long growing
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Figure 1.5. Examples of four common species comparing number of birds captured and seroprevalence for AHY
and HY birds. Seroprevalence in AHY birds tended to peak in early summer, about a month before the peak in
seroprevalence for HY birds. Solid bars are number of AHY birds captured; white bars are number of HY birds
captured; solid line is seroprevalence of AHY birds; dashed line is seroprevalence HY birds. Note: Y-axis varies

among species.

season. Seasonal overlap between birds and mos-
quitoes provides opportunity for frequent contact
between avian hosts and mosquito vectors and
likely contributes to the high levels of seropreva-
lence we found in agricultural areas.

We also found high levels of seroprevalence
in urban habitats, as has been reported in other
studies of WNV (Gruwell et al. 2000, Ringia
et al. 2004, Reisen et al. 2005, Beveroth et al.
2006). Urban habitats generally have the dens-
est human populations, support an abundance

of highly competent host species, and produce
large numbers of the principal mosquito vectors.
Abundant host species include the House Spar-
row, American Robin, House Finch, Mourning
Dove, and Northern Mockingbird. Anthropogenic
water sources such as irrigation for ornamental
plants, standing water associated with refuse, and
water catchments and watering devices for pets
provide an abundance of breeding habitats for
mosquitoes. Many human activities in urban set-
tings provide a quality environment for hosts and
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vectors, contributing to consistently high levels of
seroprevalence in these areas.

Riparian habitat provided interesting results
because of a large decrease in seroprevalence for
AHY birds from 2004 (11.9%) to 2005 (2.4%). In
a parallel study of mosquito vectors conducted at
the same sites and in the same seasons, overall
mosquito captures were much greater but had
fewer mosquito pools positive for WNV in 2005
as compared to 2004 (Caccamise et al. 2006,
Pitzer et al. 2009). In 2005, the lower proportion
of positive mosquito pools could have contributed
to the lower seroprevalence for avian hosts in the
riparian habitat.

Desert sites had the lowest seroprevalence
while supporting the highest levels of avian com-
munity richness. Although we chose sites in the
desert that could provide aquatic habitat when
summer rains occurred, availability of breeding
sites for mosquitoes varied through the study.
Sites often dried quickly after summer rains,
making mosquito reproduction highly variable.
Despite limited opportunities for virus trans-
mission and generally low seroprevalence, some
individual species in desert habitats had rela-
tively high rates of seroprevalence, including the
Pyrrhuloxia, Northern Mockingbird, and House
Finch.

Patterns in Seroprevalence and Life History Traits

We found considerable variation in seroprevalence
among the avian hosts we examined. American
Robin and Summer Tanager had the highest
average seroprevalence in 2005 (Appendix 1.1).
American Robins are known to have only mod-
erate seroprevalence (Beveroth et al. 2006) even
though they are commonly fed on by mosquitoes
and can act as superspreaders of WNV (Kilpatrick
et al. 2006a, 2006b). Seroprevalence for Summer
Tanagers in our study was much greater than
infection rates found in Georgia (Gibbs et al.
2006). Although involvement of these two species
in WNV cycling depends on levels of viremia and
feeding preferences of bridge vectors, high sero-
prevelance of WNV suggests considerable poten-
tial for involvement in the virus cycle.

It is unclear why differences in seroprevalence
occurred between sexes; this could have been an
artifact of short-term sampling in our two-year
study. On the other hand, Marshall et al. (2006)
found a sex difference for Northern Cardinals,

with females having higher WNV seropreva-
lence than males in another two-year study. The
authors attributed the difference to behavioral
differences between the sexes, because females
incubate the eggs and therefore have a higher
probability of being bitten by mosquitoes. Still,
other studies comparing seroprevalence between
sexes for WNV, SLE, EEE have not shown any sex
differences (Crans et al. 1994, Gruwell et al. 2000,
Reisen et al. 2001, Ringia et al. 2004, Beveroth
et al. 2006).

We found little evidence supporting a role for
neotropical migrants in initiating virus transmis-
sion along migratory routes into New Mexico.
We detected only three seropositive individuals
out of 482 migrants captured and tested. Dupuis
et al. (2003) captured four seropositive migrants
in Jamaica and Mexico, but failed to detect any
viremic migrants. Crans et al. (1994), studying
EEE in New Jersey, also suggested that migrants
may not be important in the transmission of EEE.
Infrequent detection of seropositive migrants
may be partly due to difficulties in mounting an
immune response while migrating, coupled with
the resulting high mortality rates among infected
birds (Male 2003). Other studies have proposed
that mosquitoes transported along highways
(Reisen et al. 2004a) and HY bird dispersal
(Beveroth et al. 2006) are potentially more impor-
tant factors in WNV spread.

Several past studies have shown that migrants
can potentially transport viruses long distances.
Fledgling White Storks (Ciconia ciconia) migrating
from Europe were positive for WNV upon
arrival to southern Israel (Malkinson et al. 2002).
Along the eastern seaboard of the U.S., Lord
and Calisher (1970) isolated EEE and WEE from
migrants during fall migration. Although the
number of individual migrants testing positive
for virus was small, extrapolating the number of
cases to the whole neotropical migratory popula-
tion would result in large numbers of migrants
transporting virus to wintering grounds (Lord
and Calisher 1970). Peterson et al. (2003) showed
through modeling that migratory birds are critical
in the transport of WNV. Although we did not find
much support for neotropical migrants initiating
virus transmission in southern New Mexico, we
found that breeding birds, which can be consid-
ered as migrants arriving primarily from Mexico
and Central America, did have relatively high
rates of seroprevalence.
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Highest rates of seroprevalence occurred in
resident and breeding birds. Our observations
are similar to results from other studies of WNV
and various other arboviruses (Work et al. 1955;
Crans et al. 1994, Reisen et al. 2000, 2004b; Ringia
et al. 2004; Beveroth et al. 2006). Opportunity for
exposure to WNV is high for resident and breed-
ing birds because these species are present in
southern New Mexico throughout peak mosquito
season (Caccamise et al. 2006, Pitzer et al. 2009).
In addition, these species breed in areas where
high numbers of vectors are present (e.g., Culex
pipiens, C. quinquifasciatus; Caccamise et al. 2006,
Pitzer et al. 2009), exposing susceptible HY birds
to infection.

Hatch-year birds have the potential to prolong
the virus season because young represent naive,
susceptible hosts as they hatch and recruit into
the population (Hamer et al. 2008). Entrance
of young into the avian community during the
mosquito season provides feeding opportunities
for mosquitoes and could drive the virus cycle
to much higher levels in late summer (Reisen
et al. 2000). Highest levels of seroprevalence for
HY birds generally lagged about a month behind
AHY birds (Fig. 1.5). The same seasonal trend
was also present in four species examined for
WEE in the Coachella Valley of California (Reisen
et al. 2000).

Seroprevalence in AHY birds declined from
2004 to 2005, although seroprevalence for HY
birds was similar in both years. Once infected,
birds generally maintain antibodies to WNV from
year to year, so the pool of AHY seropositive birds
includes those infected in previous seasons and
the current year (Beveroth et al. 2006). Circulat-
ing antibodies can produce an additive effect that
would tend to inflate seroprevalence over time
(Gruwell et al. 2000, Beveroth et al. 2006). How-
ever, WNV cycling has been shown to decline
over several years after entering a newly suscep-
tible population. In Illinois, Beveroth et al. (2006)
detected a decrease in prevalence by the third
year following initial establishment of the virus.
Reisen et al. (1997) detected fewer seroconver-
sions in sentinel chickens with SLE and WEE
from 1991 to 1992 in the Imperial Valley of Cali-
fornia, despite capturing >2 times the number
of female mosquitoes per trap night in 1992. The
first cases of WNV in humans were detected in
New Mexico in 2003, so our study in 2005 likely
represented the third year following introduction.

Declines in seroprevalence of AHY birds between
2004 and 2005 may represent a pattern similar to
that found by Beveroth et al. (2006) in the third
year following introduction. Decreasing incidence
has been shown in other geographic areas for
WNV with humans, birds, and horses (Peterson
et al. 2004, CDC 2009) and for SLE in avian
communities in California (Gruwell et al. 2000).
Declines in seroprevalence in our bird population
can also be attributed to reinfection of previously
seropositive birds. Reinfection of hosts can result
in brief immune responses, lowering the detecta-
bility of antibodies (Reisen et al. 2001, 2003).
This immune response, coupled with antibody
elimination, can result in false negatives. We
detected 16 individuals positive at initial capture
but negative when recaptured (Fig. 1.2). Revers-
als in seroprevalance have also been detected in
House Finches (Gruwell et al. 2000) and sentinel
chickens (HBV pers. obs.; L. Reed pers. comm.).
In many cases, reversals can occur through the
gradual decline in antibody titers, but other pos-
sibilities could include a reduction in antibody
production in older infections, or when infections
with low virus titers fail to elicit a full antibody
response (Reisen et al. 2003).

Avian Diversity and WNV Seroprevalence

We found an inverse relationship between sero-
prevalence and both diversity and richness
(Fig. 1.6a-b) over the 12 avian communities we
studied. Desert sites had the highest diversity of
birds and the lowest seroprevalence. High diversity
resulted in part from large numbers of migrant and
wintering resident species captured in desert habi-
tats. In contrast, agricultural and urban sites had
low diversity and high seroprevalence. Human-
modified habitats had greater numbers of local
and exotic species (e.g., House Sparrows, House
Finches; Emlen 1974, Beissinger and Osborne
1982) that tend to be competent hosts for WNV
(Komar et al. 2003). Riparian sites were somewhat
unusual, because in both years diversity was high
but seroprevalence was greater in 2004 than 2005.
While avian community characteristics may influ-
ence rates of seroprevalence, other factors likely
play a role as well. For example, higher abundances
of competent host species in urban and agricul-
tural habitats may be the key factor influencing
seroprevalence rather than avian diversity. In addi-
tion, differences in the vector communities among
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study sites likely also contributed to the differences
in seroprevalence we found, but the magnitude of
these contributions remains unknown.

We did not detect a relationship between
evenness and seroprevalence, though a trend of
decreasing seroprevalence with increasing even-
ness was suggested (Fig. 1.6¢c). A two-species
model for Lyme disease by Schmidt et al. (1999)
detected lower proportions of feeding ticks in
small mammal communities with increasing
evenness when they held richness constant. Ost-
feld and Keesing (2000) suggest that evenness
is the most appropriate parameter in assessing
disease risk and that evenness, like richness,
plays an important role in disease risk. Failure
to detect a relationship in our results may be
related to the small number of communities we
were able to sample (n = 12). With more inten-
sive sampling, a relationship might be detected.
The predicted relationship is that as bird diver-
sity increases, the rate of exposure of bird spe-
cies to infected mosquitoes decreases, resulting
in a lower seroprevalence.

Two recent WNV studies have found contrast-
ing results in testing the hypothesis for a rela-
tionship between diversity and disease risk. Allan
et al. (2009) found increasing human incidence
and prevalence of mosquito infection with decreas-
ing bird diversity as well as increasing reservoir
competency of the bird community. At the local
level (St. Louis, MO; Allan et al. 2009), human-
population density and community-competence
index of the birds provided the greatest
predictive power for WNV prevalence in mos-
quitoes. At the national level, human per capita
incidence was positively associated with human
density and community competence index, and
negatively associated with bird diversity. Con-
versely, Loss et al. (2009) did not detect a net effect
of increasing species richness on a reduction of
WNV transmission in the greater Chicago, IL,
metropolitan area. The authors found that avian
seroprevalence was high overall and that high
seroprevalence occurs across host species. Loss
et al. suggested that other intrinsic and extrinsic
factors such as variation in mosquito host pref-
erence, precipitation, temperature, and reservoir
competence should be taken into account as
important factors driving interannual WNYV varia-
tion rather than the host diversity.

Our study indicates that host community com-
position may be related to disease risk within the

community. A previous study by Ezenwa et al.
(2006) also found support for the dilution
hypothesis. However, they showed that species
richness for non-passerines showed a negative
correlation with human and mosquito infection
rates of WNV, whereas the majority of the birds
in our studies were passerines. While it appears
that support continues for the dilution hypoth-
esis, a need remains to examine other factors
that might drive WNV cycles. One such factor is
the dynamics of vector populations in the over-
all analyses of WNV prevalence in host species.
Only a combined approach that includes vectors
and hosts can provide insight into mechanics
of the transmission cycle, and how these inter-
act with host and vector populations to affect
disease risk.
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APPENDIX 1.1

All bird species captured and tested for WNV antibodies in southern New Mexico, 2004—2005.

Number Number

Species Status® Habitat® tested positive Seroprevalence

Gambel's Quail (Callipepla gambelii) R A,D,R 36 4 11%

Mourning Dove (Zenaida macroura) R A,D,R,U 107 15 14%

White-winged Dove (Zenaida asiatica) R A,D,R,U 204 6 3%

Inca Dove (Columbina inca) R U 55 1 2%

Rock Pigeon© (Columbia livia) R A 7 0%

Ladder-backed Woodpecker R AD,R,U 17 3 18%
(Picoides scalaris)

Western Wood-Pewee (Contopus B A,D,R 13 0%
sordidulus)

Cordilleran Flycatcher (Empidonax M D,R,U 8 0%
occidentalis)

Black Phoebe (Sayornis nigricans) R A,D,R,U 13 1 8%

Say’s Phoebe (Sayornis saya) A,D,R 6 0%

Ash-throated Flycatcher (Myiarchus B D,R 69 0%
cinerascens)

Western Kingbird (Tyrannus verticalis) B A,D,R,U 49 0%

Loggerhead Shrike (Lanius AD 17 0%
ludovicianus)

Warbling Vireo (Vireo gilvus) M D,R,U 18 0%

Northern Rough-winged Swallow B D,R 15 0%
(Stelgidopteryx serripennis)

Cliff Swallow (Petrochelidon B D 6 2 33%
pyrrhonota)

Barn Swallow (Hirundo rustica) B A,D,R,U 16 2 13%

Verdin (Auriparus flaviceps) A,D,R,U 44 1 2%

Cactus Wren (Campylorhynchus R D,U 12 0%
brunneicapillus)

House Wren (Troglodytes aedon) R ADR 5 0%

Marsh Wren (Cistothorus palustris) \% R 7 0%

Ruby-crowned Kinglet (Regulus W A,D,R,U 20 0%
calendula)

American Robin (Turdus migratorius) B ARU 64 21 33%

Northern Mockingbird (Mimus A,D,R,U 274 10 4%
polyglottos)

Curve-billed Thrasher (Toxostoma R AD,U 57 7 12%
curvirostre)

Crissal Thrasher (Toxostoma crissale) R A,D,R 11 3 27%

European Starling (Sturnus vulgaris) R AU 46 2 4%
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APPENDIX 1.1 (coNTINUED)

Number Number

Species Status? Habitat® tested positive Seroprevalence

Orange-crowned Warbler (Vermivora M A,D,R 36 0%
celata)

Virginia’s Warbler (Vermivora M A,D,R 24 1 4%
virginiae)

Lucy’s Warbler (Vermivora luciae) M D,R 11 0%

Yellow Warbler (Dendroica petechia) M AD,R,U 70 0%

Yellow-rumped Warbler (Dendroica W A,D,R,U 36 0%
coronata)

MacGillivray’s Warbler (Oporornis M A,D,R,U 54 1 2%
tolmiei)

Common Yellowthroat (Geothlypis B A,D,R,U 56 2 4%
trichas)

Wilson’s Warbler (Wilsonia pusilla) M A,D,R,U 222 0%

Yellow-breasted Chat (Icteria virens) B R,U 46 5 11%

Green-tailed Towhee (Pipilo chlorurus) W D,R,U 12 0%

Spotted Towhee (Pipilo maculatus) R D,R,U 10 1 10%

Cassin’s Sparrow (Aimophila cassinii) R D 7 0%

Chipping Sparrow (Spizella passerina) W A,D,R,U 83 1 1%

Clay-colored Sparrow (Spizella M AD,R 7 0%
pallida)

Brewer’s Sparrow (Spizella breweri) w A,D,R 78 1 1%

Vesper Sparrow (Pooecetes gramineus) \\% D,R 14 0%

Lark Sparrow (Chondestes grammacus) R ADR 52 0%

Black-throated Sparrow (Amphispiza R D,R 24 0%
bilineata)

Lark Bunting (Calamospiza W AD 10 0%
melanocorys)

Song Sparrow (Melospiza melodia) 4 A,D,R 7 0%

Lincoln’s Sparrow (Melospiza \\% AD,R 29 1 3%
lincolnii)

White-crowned Sparrow (Zonotrichia W ADRU 135 0%
leucophrys)

Dark-eyed Junco (Junco hyemalis) W AD,RU 16 0%

Summer Tanager (Piranga rubra) B ARU 28 11 39%

Western Tanager (Piranga AD,R,U 16 0%
ludoviciana)

Pyrrhuloxia (Cardinalis sinuatus) A,D,R,U 37 5 14%

Black-headed Grosbeak A,D,R,U 63 7 11%
(Pheucticus melanocephalus)

APPENDIX 1.1 (continued)
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Number Number

Species Status? Habitat® tested positive Seroprevalence
Blue Grosbeak (Passerina caerulea) B A,D,R 73 6 8%
Lazuli Bunting (Passerina amoena) M D 5 0%
Painted Bunting (Passerina ciris) B AR 8 0%
Red-winged Blackbird (Agelaius R A,D,R 157 14 9%
phoeniceus)
Meadowlarks (Sturnella spp.) R D 11 0%
Great-tailed Grackle (Quiscalus R ARU 8 0%
mexicanus)
Bronzed Cowbird (Molothrus aeneus) B AU 11 3 27%
Brown-headed Cowbird R A,D,R 44 1 2%
(Molothrus ater)
Hooded Oriole (Icterus cucullatus) B AD 6 0%
Bullock’s Oriole (Icterus bullockii) B A,D,R,U 174 8 5%
Scott’s Oriole (Icterus parisorum) B D 5 0%
Unknown Oriole (Icterus sp.) B D 6 0%
House Finch (Carpodacus mexicanus) R A,D,R,U 385 66 17%
Lesser Goldfinch (Spinus psaltria) R AU 7 0%
House Sparrow (Passer domesticus) R A,D,R,U 988 105 11%
Other species? B,M,R,W A,D,R,U 72 4 6%

* Migratory status of the birds included: B = breeding, M = migrant, R = resident, W = winter.

b Habitat where birds were captured included: A = agriculture, D = desert, R = riparian, U = urban.

© All Rock Pigeons sampled were captive birds.

4 Species with fewer than five tested individuals (common name, scientific name, number tested, number positive): Least Bittern
(Ixobrychus exilis, 2, 1); Green Heron (Butorides virescens, 2, 1); Sharp-shinned Hawk (Accipiter striatus, 1); Cooper’s Hawk (Accipiter
cooperii, 2, 1); Northern Bobwhite (Colinus virginianus, 4); Chukar (Alectoris chukar, 3); Ring-necked Pheasant (Phasianus colchicus, 1, 1);
Killdeer (Charadrius vociferous, 2); Solitary Sandpiper (Tringa solitaria, 3); Eurasian Collared-Dove (Streptopelia decaocta, 2); Yellow-billed
Cuckoo (Coccyzus americanus, 1); Greater Roadrunner (Geococcyx californianus, 1); Lesser Nighthawk (Chordeiles acutipennis, 1);

Belted Kingfisher (Ceryle alcyon, 2); Northern Flicker (Red-shafted) (Colaptes auratus, 1); Willow Flycatcher (Empidonax traillii, 1);
Dusky Flycatcher (Empidonax oberholseri, 4); Gray Flycatcher (Empidonax wrightii, 2); Bell’s Vireo (Vireo bellii, 1); Western Scrub-Jay
(Aphelocoma californica, 1); Bank Swallow (Riparia riparia, 1); Bewick’s Wren (Thryomanes bewickii, 1); Rock Wren (Salpinctes obsoletus, 1);
Black-tailed Gnatcatcher (Polioptila melanura, 3); unknown Gnatcatcher (Polioptila sp., 1); Swainson’s Thrush (Catharus ustulatus, 1);
Hermit Thrush (Catharus guttatus, 3); Gray Catbird (Dumetella carolinensis, 1); American Pipit (Anthus rubescens, 1); Phainopepla
(Phainopepla nitens, 4); Black-throated Gray Warbler (Dendroica nigrescens, 1); Townsend’s Warbler (Dendroica townsendi, 2);
Black-and-white Warbler (Mniotilta varia, 1); American Redstart (Setophaga ruticilla, 1); Northern Waterthrush (Seiurus

noveboracensis, 4); Mourning Warbler (Oporonis philadelphia, 1); Hooded Warbler (Wilsonia citrina, 1); Dickcissel (Spiza americana, 1);
Savannah Sparrow (Passerculus sandwichensis, 2); White-throated Sparrow (Zonotrichia albicollis, 1); Orchard Oriole (Icterus spurious, 1);
Pine Siskin (Carduelis pinus, 2).
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The Trans-Atlantic Movement of the Spirochete Borrelia garinii

THE ROLE OF TICKS AND THEIR SEABIRD HOSTS

Abstract. The spirochete Borrelia garinii, one
of three genospecies of B. burgdorferi sensu lato
(B. burdorferi s..) that can cause Lyme disease
in humans, has recently been isolated from sea-
birds from a colony in Newfoundland, Canada.
Previous records of B. garinii in seabirds suggest
that it has been endemic in seabird colonies in
the greater North Atlantic since at least the early
1990s. We determined the prevalence of B. gari-
nii in different seabird hosts from colonies in
the northwest Atlantic. We recorded B. garinii
from Gannet Islands, Labrador, and Gull Island,
Newfoundland, Canada, in Atlantic Puffins (Fra-
tercula arctica), Herring Gulls (Larus argentatus),
Common Murres (Uria aalge), and Razorbills
(Alca torda). Prevalence of infections varied
between years and within and among species.
Ticks from Atlantic Puffins had a prevalence
ranging from 10.3 to 36.4%, although the highest
prevalence was noted in Herring Gulls (37.5%)
in 2005. Earlier studies from the same localities
failed to find evidence of B. garinii, suggesting a
recent arrival of the spirochete into the northwest
Atlantic. B. garinii is closely related to European
strains of the spirochete, and its likely source is
from areas of endemicity in the Bothnian Gulf
and the northeast Atlantic seabird colonies where
seabirds, songbirds, and two different tick species
come in close proximity. Phylogenetic studies

suggest a gradual movement of the European
strains into seabird colonies in the northeast
Atlantic with subsequent spread into the North
and northwest Atlantic colonies. Atlantic Puffins
seem to be suitable reservoirs, although other
abundant species such as Common Murres and
Thick-billed Murres (Uria lomvia) may be involved
in B. garinii dynamics. Further work is urgently
needed to help document the ecology and spread
of this spirochete of importance to human health.

Key Words: Acari, Borrelia burgdorferi, Borrelia
garinii, introduced rodents, Ixodes uriae, oceanic
islands, seabirds, spread, ticks.

El Movimiento Tras-Atlantico de la Espiroqueta
Borrelia garinii: El Papel de las Garrapatas y las
Aves Marinas Como sus Hospederos

Resumen. La espiroqueta Borrelia garinii, una
de las tres especies de B. burgdorferi sensu lato
(B. burgdorferi s.1.) que causan la enfermedad de
Lyme o borreliosis en humanos, ha sido recien-
temente aislada de aves marinas de una colonia
en Newfoundland, Canada. Los registros previos
de B. garinii en aves marinas sugieren que dicho
parasito ha sido endémico en las colonias de
aves marinas en el gran Atlantico Norte desde, al
menos, principios de los 1990s. Determinamos

Muzaffar, S. B., R. P. Smith Jr,, I. L. Jones, J. Lavers, E. H. Lacombe, B. K. Cahill, C. B. Lubelczyk, and P. W. Rand. 2012. Trans-
Atlantic movement of the spirochete Borrelia garinii: the role of ticks and their seabird hosts. Pp. 23-30 in E. Paul (editor).
Emerging avian disease. Studies in Avian Biology (vol. 42), University of California Press, Berkeley, CA.

23



la prevalencia de B. garinii en diferentes aves
marinas en colonias del noroeste del Atlan-
tico. Registramos B. garinii, en las Islas Gannet,
Labrador y Gull, pertenecientes a Newfound-
land, Canada, infectando frailecillos comunes
(Fratercula arctica), gaviotas argénteas (Larus
argentatus), araos comunes (Uria aalge) y alcas
comunes (Alca torda). La prevalencia de infec-
ci6n vari6 entre afios, entre especies y dentro de
cada especie. Las garrapatas que parasitaron a los
frailecillos comunes tuvieron una prevalencia de
10.3-36.4%, aunque la prevalencia mas alta fue
registrada en gaviotas argénteas (37.5%) en 2005.
Estudios previos realizados en las mismas locali-
dades no encontraron evidencia de B. garinii, lo
que sugiere una llegada reciente de la espiroqueta
en el Atlantico Noroeste. B. garinii esta cerca-
namente relacionada con cepas Europeas de la
espiroqueta y su fuente de procedencia es posi-
blemente las areas del Golfo de Bothnian y las

orrelia burgdorferi sensu lato (s.l.) is a spiro-
chete (Spirochaetes, Spirochaetaceae) that
causes Lyme borreliosis in North America
and Eurasia (Burgdorfer et al. 1982, Peisman and
Gern 2004). At least 12 genospecies are recog-
nized within B. burgdorferi s.. The transmission
cycle of B. burgdorferi s.l. involves ticks of the
genus Ixodes (Acari: Ixodidae) and various mam-
malian or avian hosts. Borrelia afzelii, B. garinii,
and B. burgdorferi sensu stricto are the only geno-
types known to cause Lyme disease in humans,
and the extent of the disease varies when caused
by different strains within each genospecies
(Kurtenbach et al. 2002, Lagal et al. 2003, Peisman
and Gern 2004). Borrelia garinii strains usually
circulate in cycles involving birds and rodents.
The dominant genospecies in North America
is B. burgdorferi sensu stricto (s.s.), and although
it primarily circulates in ticks and mammals
(Rand et al. 2003, Peisman and Gern 2004), the
spirochete is also abundant in a range of passer-
ine songbirds (Anderson et al. 1986, Weisbrod
and Johnson 1989, Magnarelli et al. 1992, McLean
et al. 1993, Smith et al. 1996, Durden et al. 1997).
The prevalence of B. burgdorferi s.s. and the ability
of passerines to disperse infected larval and nym-
phal Ixodes scapularis ticks suggests that migratory
passerines serve as reservoirs and are involved
in the movement and expansion of Lyme disease

colonias de aves marinas del Atlantico Noreste,
en donde las aves marinas, las aves canoras y dos
especies de garrapatas estin muy cercanas unas a
otras. Los estudios filogenéticos sugieren un mov-
imiento gradual de las cepas Europeas hacia las
colonias de aves marinas en el Atlantico Noreste,
con una expansion subsecuente hacia las colonias
del Atlantico Norte y Noroeste. Los frailecillos
comunes parecen ser reservorios efectivos de la
enfermedad, aunque otras especies abundantes,
tales como el Arao comiin y el Arao de Brunnich
o pico ancho (Uria lomvia), pueden estar involu-
cradas en la dindmica de B. garinii. Se necesitan
estudios urgentes que ayuden a documentar la
ecologia y la expansién de esta espiroqueta que
tiene importancia para la salud humana.

Palabras Clave: Acari, aves marinas, Borrelia burg-
dorferi, Borrelia garinii, expansion, garrapatas, islas
oceanicas, Ixodes uriae, roedores introducidos.

spirochetes in North America (Lane 1991, Smith et
al. 1996, Durden et al. 1997, Rand et al. 1998).
Seabirds spend most of their life in the open
ocean, generally nesting in coastal cliffs or offshore
islands without mammalian predators to breed
over periods of 2—6 mo. After chicks are reared,
they return to a pelagic existence until the next
breeding season. Seabird colonies in tropical lati-
tudes may be infested by many species of soft ticks
(e.g., Ornithodoros capensis) as well as hard ticks
(e.g., Ixodes spp.) (Clifford 1979, Dufty 1991). In
northern temperate latitudes in both hemispheres,
seabird colonies are infested by Ixodes urige, a
widespread and abundant tick species (Zumpt
1952, Eveleigh and Threlfall 1974, Clifford 1979).
Olsen et al. (1993) documented the presence of
B. garinii from I. uriae ticks feeding on Razorbills
(Alca torda) on the island of Bonden, Sweden.
Additionally, the authors found infections from
skin biopsies from the Razorbill, providing some
of the first evidence of a Lyme disease cycle
involving seabirds and I. urige ticks. Since the
island was rodent-free, these data also showed
that seabirds could serve as competent reservoir
hosts without the involvement of mammalian
reservoirs. Subsequently, I. urige ticks feeding on
Atlantic Puffins (Fratercula arctica) on the Faeroe
Islands, Black Guillemots (Cepphus grylle) in Ice-
land, and Fork-tailed Storm Petrels (Oceanodroma
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furcata) in Alaska tested positive for B. garinii
(Olsen et al. 1995, Gylfe et al. 1999). The presence
of B. garinii in the Southern Hemisphere in King
Penguins (Aptenodytes patagonicus) and Black-
browed Albatrosses (Diomedea melanophris) from
Campbell Island off New Zealand as well as the
Falkland Islands testified to its widespread occur-
rence in both the hemispheres (Olsen et al. 1995,
Gauthier-Clerc et al. 1999).

Many important seabird colonies sustaining
globally significant populations occur in the north-
west Atlantic (Lock et al. 1994, Gaston and Jones
1998). Recently, the presence of B. garinii was
recorded from I. urige ticks on Gull Island, New-
foundland, Canada, constituting the first record
of this spirochete from a colony in the northwest
Atlantic (Smith et al. 2006). Since dispersal and
wintering movements of immature and adult sea-
birds from the North Atlantic (Lock et al. 1994,
Gaston and Jones 1998, Huettmann and Diamond
2000) overlap with some of the seabird colonies
with recorded B. garinii infestations (Olsen et al.
1995, Bunikis et al. 1996), we hypothesized that
infections of B. garinii were more widespread and
present in more seabird species. Additionally, since
B. garinii is widespread and identical strains occur
in both hemispheres, we reviewed the evidence
on the phylogeny and ecology of B. garinii strains
from seabirds to attempt to explain the current dis-
tribution of this spirochete among seabirds.

The objectives of this study were (1) to deter-
mine the prevalence of B. garinii in selected sea-
bird colonies of Newfoundland and Labrador and
(2) to review the potential of seabirds and the
associated tick species Ixodes urige in the disper-
sal of B. garinii over short and long distances.

MATERIALS AND METHODS
Study Area

Ticks were collected alive from the Gannet Islands,
Labrador, in 2005 and 2006; Cape St. Mary’s Sea-
bird Sanctuary in 2006; and Gull Island, New-
foundland in 2004, 2005, and 2006. The Gannet
Islands Ecological Reserve consists of a group of
small islands about 29 km off the coast of Cart-
wright, southern Labrador (54°00°N, 56°30°'W).
A cluster of six islands is referred to individually
as Gannet Clusters 1 through 6 (GC1-6) (Lock
et al. 1994). Five islands (GC1-5) are located within
500 m of one another, with GC6, the largest of the

cluster, located 1.5 km west of the GC1. Highest
seabird densities occur during the summer breed-
ing season on GC1-4 and Outer Gannet. The Gan-
net Islands collectively host over 39,300 breeding
pairs of Atlantic Puffins, 10,000 breeding pairs
of Razorbills, over 1,270 breeding pairs of Thick-
billed Murres (Uria lomvia), and over 47,000 breed-
ing pairs of Common Murres (U. aalge). The deer
mouse (Peromyscus maniculatus) is abundant on
most of the Gannet Islands. Cape St. Mary’s Eco-
logical Reserve is one of six ecological reserves of
Newfoundland and Labrador. Itis located about 200
km southwest of St. John’s on the southwestern tip
of the Avalon Peninsula (46°50'N, 54°12"W). About
24,000 Northern Gannets (Morus bassanus), 20,000
Black-legged Kittiwakes (Rissa tridactyla), 20,000
Common Murres, and 2,000 Thick-billed Murres
live within the reserve during the breeding season.
Land mammals such as the short-tailed weasel
(Mustela erminea) and the meadow vole (Microtus
pennsylvanicus) have access to the colony, which is
partly on the mainland.

Gull Island (47°15'N, 52°46'W) is located in
southeastern Newfoundland, Canada. It is one of
four islands in the Witless Bay Ecological Reserve
and is about 5 km southeast of the town of Witless
Bay (Robertson et al. 2004). Gull Island hosts diverse
seabird breeding colonies including 350,000 breed-
ing pairs of Leach’s Storm-Petrels (Oceanodroma leu-
corhoa), 1,600 pairs of Common Murres, 285 breed-
ing pairs of Razorbills, and 4,300 breeding pairs of
Black-legged Kittiwakes (Robertson et al. 2004), over
2,600 breeding pairs of Herring Gulls (Larus argen-
tatus), and 88 breeding pairs of Great Black-backed
Gulls (L. marinus; Robertson et al. 2004). Gull Island
has the largest North American colony of Atlantic
Puffins, estimated at about 140,000 breeding pairs
(Robertson et al. 2004). Land mammals are absent
from the colony, although there have been periodic
reports of one or two minks (Mustela vison) that did
not survive the winter.

Laboratory Methods

A total of over 1,500 ticks were shipped alive to the
Vector-Borne Disease Laboratory, Maine Medical
Center, during the years 2005 and 2006. The fol-
lowing analyses, described briefly here, were con-
ducted at the Maine Medical Center. A subset of
ticks was dissected and midguts were screened for
the presence of spirochetes by fluorescent micro-
scopy using a polyclonal anti-borrelial antibody
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(Donahue et al. 1987). DNA was extracted from
positive ticks using the Qiagen DNeasy Tissue Kit
(Qiagen, Valencia, CA). DNA amplification was
performed in a designated room using genus-
specific primers that include the partial sequence
of rrs-rrla intergenic spacer region, as described
by Bunikis et al. (2004) with use of negative con-
trols. Amplification products were visualized on
a 1% agarose gel containing 0.5 pg/ml ethidium
bromide. At a second laboratory, ticks positive
by fluorescent antibody screen were prepared
as above for DNA extraction, and PCR was per-
formed using primers directed at the 16s ribos-
omal DNA. Sequences of amplicons obtained at
both laboratories were confirmed to be B. garinii

by comparison with known sequences in the
Genbank database.

RESULTS

A total of 181 ticks (from all sites) was tested for
B. garinii, of which a total of 23 ticks (nymphs and
females) from Gull Island and the Gannet Islands
tested positive (Table 2.1). Specimens from the
Gannet Islands in 2005 and Gull Island in 2004
could not be tested since they were dead on arrival
at the Maine Medical Center. The prevalence of B.
garinii differed between both seabird species and
years (Table 2.1). Higher prevalence was observed
in female ticks than in nymphs in 2005, although

TABLE 2.1
Prevalence of Borrelia garinii among Ixodes uriae ticks tested from different localities in
the northwestern North Atlantic.

Number Number  Prevalence
Year Locality Source Life stage tested infected (%)
2005 Gull Island Atlantic Puffin Nymph 6 1 16.7
Female 11 4 36.4
Herring Gull (chick) Female 8 3 37.5
Soil in puffin habitat ~ Nymph 18 1 5.6
Female 6 1 16.7
2005 totals 49 10 20.4
2006 Gull Island Atlantic Puffin Larva 2 0 0.0
Nymph 3 0 0.0
Female 29 3 10.3
Atlantic Puffin (chick) Female 7 2 28.6
Black-legged Female 6 0 0.0
Kittiwake (chick)
Soil in puffin habitat ~ Larva 1 0 0.0
Nymph 34 0 0.0
Female 4 0 0.0
Common Murre Female 11 2 18.2
Gannet Islands Common Murre Female 14 2 14.3
Razorbill (chick) Female 12 3 25.0
Soil in puffin habitat ~ Nymph 1 0 0.0
Female 8 1 12.5
2006 totals 132 13 9.8
Grand totals 181 23 12.7
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the difference was not significant (Fisher’s exact
test, P = 0.074). All nymphs tested in 2006 were
negative. In general, ticks collected from Herring
Gull chicks and Atlantic Puffin adults and chicks
showed the greatest prevalence of B. garinii. The
lowest prevalence of the spirochete was recorded
from ticks collected from soil or litter samples.
Overall prevalence (prevalence of infection among
all ticks collected from all sources) was significantly
higher in 2005 than in 2006 on Gull Island (Fisher’s
exact test, P = 0.028). Comparisons of sections of
the genome of the B. garinii isolates showed greater
similarity to strains collected from the Faeroe
Islands, Slovania, and western Siberia than to the
North American strains (data not shown).

DISCUSSION

This study provides insight on the prevalence of the
recently recorded B. garinii in the northwest Atlantic
(Smith et al. 2006). The prevalence of B. garinii var-
ied between years and between and among seabird
species. Atlantic Puffins had consistently high prev-
alence in both years, although Herring Gull chicks
yielded the highest prevalence in 2005.

On both Gull Island and the Gannet Islands,
Atlantic Puffins are abundant, occurring in the
tens of thousands (Lock et al. 1994, Robertson
et al. 2004). Burrowing habits of the species bring
them into close association with I. urige ticks.
Additionally, on Gull Island, Herring Gulls nest
alongside puffins on grassy slopes (Robertson

et al. 2004), bringing this species in close associa-
tion with ticks, especially in young gulls, which
often hide from predators in puffin burrows
(Mugzaffar and Jones 2007). The higher prevalence
of B. garinii on Gull Island in 2005 is concomi-
tant with the higher abundance of ticks in that
year, suggesting that increased abundance of ticks
could lead to increased prevalence of B. garinii
infections in seabirds (Muzaffar and Jones 2007).
Muzaffar and Jones (2007) also noted differences
in the feeding preference of nymphs and adult
females of I. uriae, with nymphs feeding preferen-
tially on puffin chicks and adult females feeding
preferentially on adult puffins. Such differences
in feeding activity could be crucial in the dynam-
ics of B. garinii in seabirds.

Common and Thick-billed Murres are regarded
as the preferred hosts of I. urige ticks and finding
B. garinii in ticks from Common Murres is not
surprising (Clifford 1979). Similarly, Razorbills
sometimes share nesting habitats with murres,
making them suitable tick hosts and thereby can-
didates for infection by B. garinii. Further work
is needed to determine the extent to which these
species that were sampled opportunistically for
ticks are involved in the ecology of B. garinii.

The first recorded incidence of B. garinii in
seabirds on Bonden Island (12 km from the
mainland, Olsen et al. 1993) and subsequently
on Malgrundet in the Bothnian Gulf of the
Baltic Sea likely originated in mainland Europe
(Bunikis et al. 1996) (Fig. 2.1). The Bothnian
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Figure 2.1. Hypothesized movement of Borrelia garinii from Europe into seabird colonies in
the North Atlantic. (a) Co-occurrence of Ixodes ricinus and I. urige on seabird colonies in the
Bothnian Gulf and nearby areas. Movement of B. garinii from terrestrial to seabird cycle.

(b) Establishment of B. garinii in seabird colonies along the Northeast Atlantic. (c) Spread of
B. garinii from endemic focus in Northeast Atlantic to Faeroe Islands and Iceland. (d) Movement
of B. garinii from Iceland to colonies off the coast of Greenland and Newfoundland. (e) Low-level
movement of B. garinii infections with birds moving across the Atlantic.
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Gulf ecosystem hosts a number of seabird colo-
nies that are close to the mainland and have
overlapping populations of I. uriae and I. ricinus
(Clifford 1979, Bunikis et al. 1996). Coastal sites
within the Bothnian Gulf off Sweden and Fin-
land, as well as Norway, Denmark, Germany,
and the British Isles lining the North Sea, have
similar overlapping distributions of these two tick
species (Mehl and Traavik 1983, Jaenson et al.
1994). Sympatric distributions present a unique
opportunity for B. garinii strains from passer-
ines to come in close proximity with I. uriae, the
vector of B. garinii strains in seabirds (Jaenson
et al. 1994, Bunikis et al. 1996). Although the
two tick species have different ecological niches,
their overlapping distributions sometimes permit
co-occurrence in similar habitats (Jaenson et al.
1994). Genetically related strains of B. garinii have
been collected from both these tick species, sug-
gesting a route for the transition from an . ricinus—
B. garinii cycle in terrestrial birds and mammals
to an I. uriae—B. garinii cycle involving seabirds.
Co-occurence also suggests that strains of B. garinii
in the Bothnian Gulf and in the North Atlantic
colonies represent a northwestward range expan-
sion of the mainland strains of B. garinii, to which
they are closely related (Bunikis et al. 1996, Lagal
et al. 2003).

Once B. garinii had adapted to the seabird
transmission cycles involving I. uriae, it could
then have become established in seabird colonies
along the northeast Atlantic colonies through
dispersal movements of infected birds between
colonies. Establishment could also be facilitated
by dispersive movements of I. uriae ticks on pros-
pecting fledglings of seabirds, which has been
documented in Black-legged Kittiwakes (Danchin
1992, Boulinier and Danchin 1996, McCoy
et al. 1999, Boulinier et al. 2001). Subsequently,
movements over greater distances could have
resulted in the spread of B. garinii in the Faeroes
and colonies around Iceland (Gylfe et al. 1999).
Thick-billed Murres banded in Spitsbergen,
for instance, have been recovered from south-
west Greenland and Newfoundland (Gaston and
Hipfner 2000). Similarly, Razorbills banded as
chicks in a colony in Scotland have been found
nesting in the Gannet Islands, Labrador (Lavers
2007). With new pockets of endemicity in the
eastern North Atlantic, long-dispersal movements
of seabirds could then have facilitated the spread
of B. garinii to colonies in the northwest Atlantic.

Smith et al. (2006) collected ticks from six sites
in the northwest Atlantic: Machias Seal Island,
Matinicus Rock, Petit Manan Island, and Seal Island
in Maine; and Gannet Islands, Labrador, and Gull
Island, Newfoundland, in Canada. None of these
sites had yielded any evidence of Borrelia infections
until 2005 on Gull Island (Smith et al. 2006) and
2006 from the Gannet Islands and Gull Island.
Previous studies of ticks from a variety of seabirds
in the northwest Atlantic colonies, including the
Gannet Islands, had failed to find any evidence of
B. garinii (Gylfe et al. 1999). Tick specimens have
been collected earlier and tested for Lyme dis-
ease from colonies around Newfoundland (Cape
St. Mary’s and Gull Island; Whitney 2001) but
have never yielded B. garinii (Whitney 2001, Ben-
nett 2005). Bennett (2005) sampled 91 I. uriae in
2003-2004 from Gull Island, Newfoundland, but
these did not yield any evidence of the spirochete.

Borrelia garinii is present in seabird colonies
in the North Atlantic. The likely source of infec-
tion is from areas of endemicity in the Bothnian
Gulf and the northeast Atlantic seabird colonies,
where seabirds, songbirds, and two different tick
species are in close proximity. Phylogenetic stud-
ies suggest a gradual movement of the European
strains into seabird colonies in the North Atlan-
tic and then to the northwest Atlantic. Limited
information exists on the distribution and move-
ment of B. garinii in seabirds. Further studies
are urgently needed to help understand patterns
of spread and endemism of this spirochete of
human health significance. The Gannet Islands
colony harbors populations of deer mice that
could become adapted to B. garinii, and their
involvement in the seabird—Borrelia cycle needs
to be determined. Although B. garinii has not
yet been documented from Cape St. Mary’s, the
presence of I. uriae ticks and several seabird spe-
cies in this colony on mainland Newfoundland
warrants more detailed examination of this site
for this spirochete.
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Parasitism in the Endemic Galdpagos Dove
(Zenaida galapagoensis) and Its Relation to
Host Genetic Diversity and Immune Response

Abstract.  Studies on model organisms have
shown that individuals with lower genetic diver-
sity are more susceptible to pathogens and suffer
greater fitness costs than less inbred individuals.
We investigated how genetic diversity, immune
response, and parasitism by one hemosporidian
parasite (Haemoproteus multipigmentatus) and
two chewing lice (Columbicola macrourae and
Physconelloides galapagensis) are related to the
body condition of endemic Galdpagos Doves
(Zenaida galapagoensis) in six island populations.
We hypothesized that (1) host genetic diversity
would be negatively related to parasite abun-
dance, (2) genetic diversity would be positively
related to body condition of birds, (3) immune
response would be positively related to blood
parasite intensity but not to louse abundance,
(4) alternatively, higher blood parasite inten-
sity generates increased immunosuppression,
leading to a lower white blood cell count and
indirectly to a lower body condition, and (5) the
abundances of the three parasite species would
be positively correlated. Genetic diversity meas-
ured at eight microsatellite loci was an exogenous
variable in the path analysis and explained 58% of
the variation in body condition. Our results sug-
gest that genetic diversity directly enhances body
condition and indirectly depresses parasite abun-
dance; this pattern was the same for the three

parasite species, although it was not significant for
C. macrourae. The best model suggested that blood
parasites increase the activation of the immune
system (measured as white blood cell counts),
which may indicate an attempt of the host to con-
trol infection.

Key Words: avian diseases, Columbiformes, Galapa-
gos, genetic diversity, Haemoproteus, immune
function, Phthiraptera, Zenaida galapagoensis.

Parasitismo en la Paloma Endémica de Gal4pa-
gos (Zenaida galapagoensis) y su Realcién con la
Diversidad Genética y la Respuesta Inmune del
Huésped

Resumen. Estudios efectuados en organismos
de laboratorio han mostrado que los individuos
que tienen una menor diversidad genética son
mas susceptibles a diferentes tipos de patdg-
enos, y al mismo tiempo sufren un mayor costo
de salud en comparacién a los individuos que
presentan mayor diversidad genética. Investi-
gamos como la diversidad genética, la respuesta
inmune, y el parasitismo por un parasito de
sangre (Haemoproteus multipigmentatus) y dos
especies de pidjos (Columbicola macrourae y
Physconelloides galapagensis) se relacionan con la
condicién del cuerpo de las palomas endémicas

Santiago-Alarcon, D., R. E. Ricklefs, and P. G. Parker. 2012. Parasitism in the endemic Galdpagos Dove (Zenaida galapagoensis)
and its relation to host genetic diversity and immune response. Pp. 31-42 in E. Paul (editor). Emerging avian disease.
Studies in Avian Biology (vol. 42), University of California Press, Berkeley, CA.
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de Galapagos (Zenaida galapagoensis) en pobla-
ciones de seis diferentes islas. Nuestras hipétesis
fueron que (1) la diversidad genética se relacionara
negativamente a la abundancia de los tres tipos de
parasitos, (2) la diversidad genética se relacionara
positivamente a la condicién del cuerpo de las aves,
(3) la respuesta inmune estarfa positivamente cor-
relacionada con la intensidad de los parasitos de
sangre, pero no con la abundancia de las dos espe-
cies de pidjos, (4) alternativamente, una alta inten-
sidad de los parasitos de sangre podria suprimir
el sistema inmune lo cual llevaria a un conteo de
globulos blancos mas bajo, e indirectamente a una
peor condicién del cuerpo, y (5) la abundancia de
las tres especies de parasitos estarfa positivamente
correlacionada. La diversidad genética, medida
en base a ocho microsatélites, fue una variable

pecies inhabiting islands are considered

behaviorally and physiologically naive

(Mack et al. 2000). Hawaiian endemic
birds represent examples of the problems faced
by native species when exposed to disease agents
(van Riper et al. 1986, Atkinson et al. 2000).
Recently, we have determined that avian endem-
ics in the Galdpagos Islands are susceptible to
pathogens such as hemosporidian parasites,
pox virus, and Chlamydophila psittaci (Padilla
et al. 2004; Parker et al. 2006; Santiago-Alarcon
et al. 2008, 2010). Some of these diseases are not
native to the archipelago, such as C. psittaci and
Trichomonas gallinae (Harmon et al. 1987, Parker
et al. 2006).

Island species, particularly endemics, tend to
harbor lower genetic diversity and have a higher
risk of extinction than their continental counter-
parts (Frankham 1996, 1997, 1998). Genetic diver-
sity has been linked to the evolutionary potential
of populations to adapt to challenges imposed
by disease agents (Petit et al. 1998, Luong et al.
2007). Thus, factors reducing host genetic diver-
sity can increase susceptibility to diseases. Corre-
lations and other empirical evidence have shown
that inbred individuals are more susceptible to
parasitism and carry a higher fitness cost when
infected compared to non-inbred lines of the same
host species (Spielman et al. 2004, Whiteman
et al. 2006, Luong et al. 2007). However, few stud-
ies have analyzed this relationship in natural pop-
ulations or related this pattern to immunological

exégena en el andlisis de vias y explicé el 58% de la
variacién en la condicién del cuerpo. Los resulta-
dos del anilisis de vias sugieren que la diversidad
genética mejora la condicién del cuerpo e indi-
rectamente disminuye la intensidad o abundancia
de los parésitos; este patréon fue el mismo para
las tres especies de parasitos, aunque no fue sig-
nificativo para C. macrourae. El mejor modelo de
analisis de vias sugiere que los parésitos de sangre
activan el sistema inmune al incrementar los nive-
les en los conteos de células blancas, lo cual puede
indicar una reacciéon del huésped para intentar
controlar la infeccién.

Palabras Clave: Columbiformes, diversidad genética,
enfermedades aviar, funcién inmune, Galapagos,
Huaemoproteus, Phthiraptera, Zenaida galapagoensis.

responses of the host. Whiteman et al. (2006)
studied island populations of the endemic Galapa-
gos Hawk (Buteo galapagoensis) and found that the
more inbred populations had lower and more var-
iable natural antibody levels. Furthermore, natu-
ral antibody levels explained the abundance of the
louse Colpocephalum turbinatum, which directly
interacts with the host immune system when
feeding on blood; hawks with higher natural anti-
body titers had lower abundances of the parasite
(Whiteman et al. 2006). Interactions between
antibodies and infection were not observed for
the louse Degeeriella regalis, which feeds only on
feathers, dead skin, and keratin and thus does
not interact with the host immune system
(Whiteman et al. 2006).

Parasites affect the condition of hosts, espe-
cially when infection intensities are high (Brown
et al. 1995, Merino et al. 2000, Marzal et al. 2005).
Feather mass is reduced when lice intensities
are high; this can impose an energetic cost that
directly impacts host condition via loss of insu-
lative capacity (Booth et al. 1993). The two louse
species studied here feed on host feathers and
thus interact with mechanical and behavioral
defenses rather than the immune system (Moyer
et al. 2002). In contrast, blood parasites interact
directly with the host immune system (Raberg
et al. 2006), and high blood parasite intensity can
reduce the survival probability of host individu-
als, particularly in endemic island birds (Atkinson
et al. 2000). Effects on the host by one type of
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parasite, such as a blood parasite, might facili-
tate invasion of the host by lice or other types of
parasites—an infection with blood parasites can
reduce preening activity of the infected bird, cre-
ating a potential synergy among parasite effects
in multiple infections (Richie 1988).

The Galdpagos Islands represent the only
Pacific Ocean archipelago that still preserves its
entire avifauna (Parker et al. 2006). Some bird
populations are declining, however, and we have
detected several infectious diseases with inter-
specific transmission potential in the endemic
Galapagos Dove (Zenaida galapagoensis; Padilla
et al. 2004, Parker et al. 2006). The endemic
dove presents high historical gene flow across
the archipelago (Santiago-Alarcon et al. 2006);
thus, it has a potential role as reservoir for and
spreading agent of infectious diseases across
dove populations and, depending on the type
of disease, to other bird species as well (Parker
etal. 2006, Santiago-Alarcon et al. 2006). Here, we
studied how genetic diversity, immune response,
and parasitism by one hemosporidian parasite
(Haemoproteus multipigmentatus; Valkiunas et al.
2010) and two chewing lice (Columbicola macrou-
rae and Physconelloides galapagensis) are related to
the body condition of endemic Galapagos Doves
(Zenaida galapagoensis). The two louse species
analyzed here are native to the archipelago and
are specific to the dove (Whiteman et al. 2004);
the blood parasites infecting the endemic doves
are highly prevalent among island populations
and are not endemic to the archipelago; they are
rather widespread in continental columbiform
populations (Santiago-Alarcon et al. 2010). We
measured host body condition, genetic diver-
sity based on microsatellite markers, immune
response via white blood cell counts, and para-
site abundances in six island populations of the
Galapagos Dove. We hypothesized that (1) host
genetic diversity would be negatively related to
parasite abundance; (2) genetic diversity would
be positively related to body condition of birds,
potentially indicating superior resistance to para-
sites of individuals with higher genetic diversity;
(3) immune response would be positively corre-
lated to blood parasite intensity but not to louse
abundance; (4) alternatively to our third hypoth-
esis, higher blood parasite intensity would gen-
erate increased immunosuppression, leading to
a lower white blood cell count and indirectly to
a lower body condition; and (5) the abundances

of the three parasite species would be positively
correlated.

METHODS
Field and Lab Work

We conducted this study in the Galdpagos archi-
pelago from May through July 2002 on Santiago,
Santa Cruz, Santa Fe, and Espafiola Islands; from
June through July 2004 on Genovesa Island; and
during July 2005 on Wolf Island. We captured
endemic doves using hand nets and mist nets fol-
lowing the guidelines in Ralph et al. (1996). For
blood parasites, we took blood samples (50 pl)
by venipuncture from 25 birds each from Santa
Cruz, Santa Fe, and Espafiola Islands; 30 each
from Santiago and Genovesa Islands; and 29
from Wolf Island. We visited San Cristébal Island
during 2002 and Darwin Island during 2005, but
due to small sample sizes, these islands were
not included in our analysis. We prepared two
thin blood smears from each Galapagos Dove.
Smears were air dried, fixed in methyl alcohol
(Dip Quick Fixative; Jorgensen Laboratories Inc.,
Loveland, CO), and stained with modified Giemsa
stain. Blood films were examined for 10-15 min
at 40X magnification to detect infection by blood
parasites. Intensity of H. multipigmentatus was
quantified from blood smears by counting the
number of parasites observed in 10,000 red blood
cells for each infected bird (Valkiunas et al. 2006).
We counted white blood cells (WBC) by examin-
ing ten randomly selected fields per slide, also at
40X magnification.

Ectoparasites were quantitatively sampled
using the dustruffling technique (Walther and
Clayton 1997) by applying pyrethroid insecticide
(Zema® Flea and Tick Powder for Dogs; St. John
Laboratories, Harbor City, CA). Ectoparasites were
subsequently stored in vials containing 70% etha-
nol, and we later counted lice using a stereomi-
croscope. Dust-ruffling is the method of choice
for ectoparasite quantitative sampling when hosts
cannot be sacrificed (Clayton and Drown 2001).

Body Condition Index (BCl)

We took the following morphological measure-
ments to the nearest 0.1 mm from the right side
of each dove: (1) tarsus from the joint between the
tibiotarsus and the tarsometatarsus to the bent
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joint between the tarsometatarsus and metatar-
sals; (2) tail from the posterior base of uropygial
gland to tip of central rectrices; (3) exposed cul-
men from the tip of the feathering to the bill’s tip;
(4) bill width with calipers oriented at a 90° angle
to the axis of the bill and the measurement taken
at the tip of the feathering; (5) bill depth at the tip
of the feathering and at 90° angle to the axis of
the bill, and (6) wing chord to the nearest 0.5 mm
using a ruler with a perpendicular stop on the
unflattened wing from the carpal joint to the tip
of the longest primary. Mass was measured to the
nearest 0.1 g using 100- and 300-g Pesola scales.
We used principal component analysis (PCA)
to obtain a structural size for each individual.
We used SPSS (IBM Corp., Armonk NY) in
all analyses. Because males are larger than
females, analyses were conducted separately for
each sex (Santiago-Alarcon and Parker 2007).
Although all variables were normally distributed
(Kolmogorov—Smirnov test, P = 0.09) and were
measured in the same units except mass, which
was not included in the PCA, they were log-trans-
formed to examine the proportional contributions
of large and small measurements equally. PCAs
were based on a correlation matrix. PC1 for both
males and females was the only component with
an eigenvalue >1; therefore, we retained PC1 for
subsequent estimation of the body condition index
(Table 3.1). PC1 explained 64% of the variance in
males and 74% of the variance in females; since all
measurements loaded positively on PC1 for both
sexes, we interpret it as an index of overall body

size (Table 3.1). Eigenvectors were rotated using
varimax rotation. We retained the rotated eigen-
vector when the explained variance was higher
than that of the unrotated component or when the
interpretation of PC1 was more straightforward.

We calculated body condition indices sepa-
rately for each sex. To calculate the body condition
index, we used locally weighted nonlinear regres-
sion (LOWESS) to account for the non-linear rela-
tionship between body mass and the structural
size measurement (PC1) of some of our samples
(Green 2001). Residuals of the nonparametric
regression (our body condition index) were used
in subsequent analyses. PC1 was not correlated
with any of the parameters (genetic diversity, leu-
kocyte levels, and parasite abundance) against
which our body condition index (i.e., residual
mass) was analyzed (see Green 2001 for more
details about assumptions and requirements
for calculating body condition indices). Analy-
ses were conducted in XLstat add-in for Excel
(Addinsoft Inc., New York, NY).

Genetic Analysis

DNA was obtained from blood samples by phe-
nol-chloroform extraction followed by dialysis in
1X TNE2 (10 mM Tris-HCI, 10 mM NaCl, 2 mM
EDTA) and diluted to a working concentration of
20 ng/pl. Integrity and concentration of each DNA
sample was determined by spectrophotometry and
electrophoresis in 0.8% agarose gels run in 1X
TBE. Individuals were scored at five polymorphic

TABLE 3.1
Principal component scores (PC1) and communalities (proportion of variance extracted) for each morphological
variable for analyses of residual body mass (body condition index) of female and male Galdpagos Doves.

Females Males
Variable PC1 Communalities PC1 Communalities
Culmen 0.889 0.790 0.825 0.681
Bill width 0.895 0.802 0.693 0.481
Bill depth 0.920 0.846 0.847 0.717
Tarsus 0.863 0.744 0.862 0.743
Tail 0.693 0.480 0.708 0.502
Wing chord 0.884 0.782 0.857 0.735

NOTE: PC scores represent the correlation of each variable with the principal component. Communalities are the squares of the
correlation coefficients on the first component or the proportion of variance extracted from each variable.
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microsatellite loci (Santiago-Alarcon et al. 2006)
and three other loci previously developed for White-
winged Doves (Zenaida asiatica; S. Tanksley pers.
comm.) that were monomorphic for the Galapa-
gos Dove. We prepared 10-ul PCRs that included
50 ng of whole genomic DNA, 1 mM dNTP’s,
4 of 10X reaction buffer, 2. of 25 mM MgCl2,
0.5 pg of each primer, 0.1 pl of DM SO, and 0.5 units
of Taqg DNA polymerase (SIGMA). PCR condi-
tions were as follows: initial denaturation at 94°C
for 3 min, followed by 35 cycles of denaturation
at 94°C for 30 sec; annealing from 54-56°C for
1 min, extension at 72°C for 1 min, and a final
extension at 72°C for 10 min. PCR products were
separated in non-denaturing 7.5% polyacryla-
mide gels run on BioRad sequencing apparatus.
Gels were stained with 0.05% ethidium bromide
(EtBr). Gels were visualized using a Kodak UV dig-
ital imager (Kodak image station 440CF). Genetic
diversity was calculated as a standardized measure
of heterozygosity (He) using the program IRma-
croN3 for Excel (Amos et al. 2001). We used a PCR-
based technique for sexing individuals (Fridolfsson
and Ellegren 1999).

Statistical Analyses

Parasites normally exhibit aggregated distribu-
tions in host populations, conforming to a nega-
tive binomial distribution (Wilson and Grenfell
1997). For this reason, models assuming a normal
distribution are not usually appropriate to analyze
parasitism data (Wilson et al. 1996, Wilson and
Grenfell 1997). It has been shown that general
linear models (GLM) assuming a negative bino-
mial error structure are superior to classical lin-
ear regression models, even after data have been
transformed to fulfill normality requirements
(Wilson et al. 1996). Thus, we implemented
GLMs in R (version 2.4.1) assuming a negative
binomial error for our analyses using the function
glm.nb of Venables and Ripley (2002). Model con-
struction was started with a full model and then
adjusted by deletion tests (Crawley 2005). Because
age of doves (determined by plumage coloration
as juvenile or adult; Santiago-Alarcon et al. 2006)
and sex were not significant in explaining parasite
abundance, we dropped these two variables from
subsequent analyses. We constructed models
using abundance of parasites as a response vari-
able (one model for each parasite); we controlled
for island (fixed factor), and covariates included

heterozygosity, body condition index, and white
blood cell counts. We then constructed a simi-
lar GLM but used white blood cell counts as the
response variable. Results from GLMs produced
interaction effects which were difficult to inter-
pret; therefore, we conducted path analyses using
structural equation modeling implemented in
SPSS Amos (ver. 7.0.0, IBM Corp., Armonk, NY).
Path analysis models were constructed following
the theoretical base explained in the introduction
and guided by results obtained from our GLMs.
To select among competing models, we used the
Akaike Information Criterion (AIC), and the fit of
the model was assessed by using x?* test, NFI, CFI,
and the RMSEA indices (Klem 2000). Last, we cal-
culated Kendall’s rank correlations between para-
site abundances, and we corrected the alpha level
for multiple comparisons (Bonferroni corrected
a = 0.016).

RESULTS
General Linear Models

Body condition had a significant negative correla-
tion with parasite abundance for blood parasites
and for P. galapagensis; the trend was similar for
C. macrourae but was not significant (Table 3.2). We
also identified an interaction effect between body
condition and heterozygosity for the two louse spe-
cies but not for the blood parasites (Table 3.2). We
observed an island effect for the three parasite spe-
cies (Table 3.2). For the GLM with white blood cells
as the response variable, blood parasite intensity,
but not louse abundance, was a significant effect.
We identified a significant interaction between
body condition and blood parasite intensity and a
three-way interaction between body condition—het-
erozygosity—blood parasite intensity (Table 3.3);
a marginally significant interaction was detected
between heterozygosity and blood parasite inten-
sity (P = 0.10). Parasite abundances were positively
correlated (H. wmultipigmentatus—C. macrourae,
0.36, P < 0.001; H. multipigmentatus—
P. galapagensis, T = 0.29, P < 0.001; C. macrourae—
P. galapagensis, T = 0.55, P < 0.001).

T =

Path Analysis

To better understand relationships among the dif-
ferent variables, and because the GLMs produced
interaction effects that were difficult to interpret,
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TABLE 3.2

General linear models for the relationship among parasites, host body condition, and genetic diversity.

Values presented in the table are the z values derived from the model.
Significance levels are indicated as follows: ¥ P = 0.05 to 0.10, “ = P < 0.05, * = P < 0.01,
" = P<0.001, ns = P> 0.10 and not statistically significant in the model.

Only variables that were significant in any one model are included.

Response variables

Columbicola Physconelloides Haemoproteus

macrourae galapagensis multipigmentatus
Explanatory variables abundance abundance intensity
Intercept 5.637 4187 —6.18"
Island —3.24" 513" 412
Body condition index (BCI) ns —2.87" —2.22"
Heterozygosity based on 1.94% 1.81% ns

microsatellite markers (He)

BCI X He 1.66% 3.07 ns

NOTE: Contrasts were conducted for differences in abundance and intensity among islands. C. macrourae abundance: Wolf Island was
significantly different from all other islands except Santiago Island; Genovesa Island was significantly different from Santiago Island.
P. galapagensis abundance: Wolf Island was significantly different from Santa Fe, Santa Cruz, and Genovesa islands; Genovesa Island
was significantly different from Santiago Island; Santiago Island was significantly different from Santa Fe and Santa Cruz Islands;
Santa Cruz Island was significantly different from Espanola Island. H. multipigmentatus intensity: Genovesa Island was significantly
different from all other islands.

TABLE 3.3
General linear model for counts of white blood cells.

Values presented in the table are the z values derived from the model.
Significance levels are indicated as follows: ¥ P = 0.05 to 0.10, * = P < 0.05, * = P < 0.01,
“* =P <0.001, ns = P> 0.10 and are not statistically significant in the model.
Only variables that were significant in any one model are included.

Explanatory variables

Response variable (white blood cells)

Intercept

Body condition index (BCI) X H. multipigmentatus intensity

Heterozygosity based on microsatellite markers (He) X
H. multipigmentatus intensity

BCI X He X H. multipigmentatus intensity

2.7
2127
—1.65%

—2.11"

we constructed path analysis models based on the
theoretical expectations presented in the intro-
duction and using as a guide the results obtained
from the GLMs. The model that produced the best
fit based on AIC suggested that individual birds
with higher genetic diversity had a better body
condition (Fig. 3.1). Birds with better body condi-
tion also were negatively associated with parasite
abundance or intensity; however, the directionality
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of the effect could not be established (Fig. 3.1).
H. multipigmentatus intensity had a direct posi-
tive effect on white blood cell counts. Reduction
of H. multipigmentatus intensity by the immune
response was not supported by the model. Heter-
ozygosity had significant indirect negative effects
on the intensity of H. multipigmentatus (—0.21)
and on the abundance of Physconelloides galapa-
gensis (—0.20) (Fig. 3.1). The black box in the path
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—-0.43

White blood cell count
(WBC)

# 0.44

Haemoproteus multipigmentatus
(HA) abundance

Heterozygosity
(He)

Body condition index
(BCI)

0.58

Physconelloides galapagensis
(PG) abundance

-0.23

Columbicola macrourae
(CM) abundance

Figure 3.1. Path analysis based on structural equation modeling for the effects of
genetic diversity on body condition of birds, parasite abundance, and immune
response. x* = 64.12, df = 10, P < 0.001, NFI = 0.9, CFI = 0.89, RMSEA = 0.081.
AIC. = 382.59 for best model (combination of hypotheses 1, 2, and 3), AIC. =
575.49 for second-best model (combination of hypotheses 2 and 3), AIC. =

1,005.2 (combination of hypotheses 1, 2, 3,

and 5), and AIC. = 1,099.5 for worst

model (combination of hypotheses 1, 4, and 5). Black lines represent statistically
significant paths (P < 0.05), gray lines represent marginally significant paths

(P = 0.05 to 0.10), and thin black lines represent nonsignificant paths (P > 0.10).
The black box means several unmeasured intermediate steps (see results). The
circle indicates that an alternative hypothesis exists (see results).

diagram indicates that there are several unmeas-
ured steps. For example, neutral genetic variation
is unlikely to directly determine the body condi-
tion of an individual; it would, rather, have to fol-
low an indirect path to affect the bird’s condition
(Fig. 3.1). The circle in the path diagram indicates
an alternative hypothesis: The positive effect of
H. multipigmentatus intensity on WBC count may
reflect a parallel response of the blood parasites to
the presence of unobserved parasites, which may
be responsible for eliciting an immune response
(Fig. 3.1).

DISCUSSION

In this study, we analyzed the associations of three
different parasites (C. macrourae, P. galapagensis,
and H. multipigmentatus) with the body condi-
tion of the endemic Galipagos Dove and their
relationship to host neutral genetic diversity and
WBC counts as an index of immune response.
Based on a meta-analysis, Reed and Frankham
(2003) showed that the fitness of individuals is
positively related to their genetic diversity. Links
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between fitness and diversity are supported by
experimental studies of model organisms where
more inbred individuals are less resistant to infec-
tion and suffer higher fitness costs (Spielman
et al. 2004, Luong et al. 2007). Similarly, correla-
tional studies have shown that individuals with
higher genetic diversity have lower parasite loads
(Acevedo-Whitehouse et al. 2006, Whiteman et al.
2006). Our results indicate that individual doves
with higher genetic diversity had better body con-
dition and lower abundances of all three parasite
species. Path analysis confirmed the relation-
ship between genetic diversity and body condi-
tion but was not able to determine directionality
between body condition and parasite abundance.
In addition, individuals with higher blood para-
site intensities presented higher counts of white
blood cells, but two louse species had no signifi-
cant effect on cell counts. Our results support
the hypothesis that parasites that elicit an immu-
nological response are those directly interacting
with the immune system of the host (Meller
and Roézsa 2005, Whiteman et al. 2006). Thus,
our model does not support the hypothesis of
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immunosuppression, where we would expect
a negative effect of blood parasites on counts of
white blood cells. Path analysis identified a sig-
nificant indirect effect of genetic diversity on P.
galapagensis abundance and on blood parasite
intensity. Indirect effects corroborate the triple
interaction effect (He X BCI X H. multipigmen-
tatus intensity) detected in a GLM where white
blood cells were the response variable (Table 3.2).
Our results are consistent with one of the main
priorities in conservation genetics: the mainte-
nance of species genetic variation.

We did not identify a significant island effect
on white blood cell counts. In contrast, Lindstrom
et al. (2004) found a significant island effect of
Darwin’s finches to ectoparasitic mites and avian
pox based on a phytohaemagglutinin injection
assay and a keyhole limpet haemocyanin essay.
Apanius et al. (2000) found a positive immune
response based on WBC to hemosporidian para-
sites of passerine birds in the Lesser Antilles,
which is the pattern that we identified in this study
(Ricklefs and Sheldon 2007). Nonetheless, this
positive immune reaction due to infection could
be produced by other parasites infecting birds and
what we observed is just a parallel response of
the H. multipigmentatus parasites to the immune
response elicited by a different parasite(s). Here,
we have provided only one measure of immunity
(WBC counts); the inclusion of other arms of the
immune system likely would reveal trade-offs
among different parts of the immune system in
response to parasitism (Lindstrom et al. 2004,
Lee et al. 2006). The lack of a direct interaction
between genetic diversity and immune response
might reflect a trade-off between different parts of
the immune system and a rather indirect route by
which neutral heterozygosity affects the immune
response of an organism, as suggested by the
path analysis (Lindstrém et al. 2004). In addition,
we used neutral genetic markers—a global meas-
ure of inbreeding—instead of individual markers
linked to fitness genes (local effects), where indi-
vidual markers of local effects may differ from a
global measure of genetic diversity in both their
direction and occurrence (Lieutenant-Gosselin
and Bernatchez 2006). Use of neutral markers
might explain the lack of a direct or indirect effect
of genetic diversity on the immune response
(WBC) in the path analysis model.

Parasite abundances were positively corre-
lated, which suggests a synergistic effect between

parasites (Richie 1988). Path analysis, however,
did not allow us to discern which parasite is facili-
tating infection by the other parasites or whether
the positive correlations were simply due to par-
allel responses of the three parasite species to
another factor. Furthermore, by adding correla-
tions among parasite species (hypothesis 5), the
fit of the model was severely reduced based on
AIC_ (see legend of Fig. 3.1). Assuming a syner-
gistic interaction, one possible explanation is that
blood parasites make dove individuals more sus-
ceptible to infection by the two species of louse.
Blood parasites have fitness effects on birds which
are particularly severe in endemic birds (Merino
et al. 2000; Atkinson et al. 2001a, 2001b; Marzal
et al. 2005). Accordingly, the energy that indi-
viduals allocate to the immune system to control
infections may reduce other behavioral activities
such as preening. Preening is the principal way
that birds control louse numbers (Clayton 1990,
Moyer et al. 2002). Consequently, reduced preen-
ing activity due to fitness effects of blood parasites
may create an opportunity for lice to increase
their population size. Chewing lice and other
ectoparasites also reduce the insulation capacity
of avian plumage, which increases metabolic rate
and reduces body mass and long-term survival of
the host (Booth et al. 1993, Brown et al. 1995).
Galapagos Doves are susceptible to Trichomonas
gallinae, Chlamydophila psitacci, and H. multipig-
mentatus (Harmon et al. 1987, Padilla et al. 2004,
Santiago-Alarcon et al. 2008). H. multipigmentatus
prevalence and infection intensities (parasitemia)
can be high—100% prevalence in some islands
and up to 12% parasitemia (Santiago-Alarcon et
al. 2008). High levels of infection intensity are
uncommon in natural populations (Valkiunas
2005). Parasitemias exceeding 12% have been
recorded in experimentally infected endemic
Hawaiian birds (Atkinson et al. 1995, 2000, 2001a,
2001b; Yorinks and Atkinson 2000). Experimen-
tal infections result in high mortality rates, cor-
roborating the high susceptibility of endemic
birds to infectious diseases. Results presented in
this study suggest that individuals of the endemic
dove, even when highly susceptible, may be able
to mount an immunological response to chal-
lenges imposed by blood parasites if they are
in good body condition, which depends on their
genetic diversity (Fig. 3.1). The effects iden-
tified by our path analysis model should be
corroborated with experimental infections that
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control for the variables analyzed in this study.
Our results also suggest that if an exotic patho-
gen arrives in the archipelago, individuals with
less genetic diversity will be more likely to suf-
fer higher fitness consequences. We previously
showed that the Galapagos Dove has undergone
high historical gene flow across the archipelago
(Santiago-Alarcon et al. 2006). High rates of dis-
persal have conservation implications because the
dove can act as reservoir and vector for spread of
pathogens which are capable of infecting other
species of native birds. In response to potential
threats posed by pathogens in the archipelago,
our research group, in partnership with the Saint
Louis Zoo, the Galdpagos National Park, and the
Charles Darwin Research Station, established an
avian disease surveillance program in 2001 to
prevent ecological disasters and to maintain the
pristine conditions of the endemic avifauna of the
Galapagos (Parker et al. 20006).
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Prevalence and Effects of West Nile Virus on Wild American
Kestrel (Falco sparverius) Populations in Colorado

Abstract. To assess the potential impacts of West
Nile virus (WNV) on a wild population of free-
ranging raptors, we investigated the prevalence
and effects of WNV on American Kestrels (Falco
sparverius) breeding along the Front Range of
the Rocky Mountains in northern Colorado. We
monitored kestrel nesting activity at 131 nest
boxes from March to August 2004. Of 81 nest
attempts, we obtained samples from 111 adults
and 250 young. We did not detect WNV in sera;
however, 97.3% (108/111) of adults tested posi-
tive for WNV neutralizing antibodies. In contrast,
10.0% (23/240) of chicks tested positive for WNV
neutralizing antibodies, which possibly repre-
sented passive transfer of maternal antibodies.
Clutch size, hatching, and fledging success in our
study did not differ from that previously reported
for this species, suggesting that previous WNV
exposure in kestrels did not have an effect on
reproductive parameters measured in the breed-
ing population we studied in 2004.

Key Words: American Kestrel, Colorado, Falco
sparverius, nesting, raptor, reproductive success,
West Nile virus.

La Prevalencia y los Efectos del Virus del Nilo
Occidental en Poblaciones del Cernicalo Ameri-
cano (Falco sparverius) en Colorado

Resumen. Para determinar los impactos poten-
ciales del virus del Nilo Occidental (VNO) en una
poblacién de avesrapacessilvestres, estudiamosla
prevalencia y los efectos del VNO en cernicalos
americanos (Falco sparverius) que nidifican a lo
largo del rango frontal de las montafias Roco-
sas en el norte de Colorado. Monitoreamos la
actividad de nidificacién en 131 cajas nido de
marzo a agosto de 2004. De 81 intentos de nidi-
ficacién, obtuvimos muestras de 111 adultos y
250 juveniles. No se detecté VNO en el suero;
sin embargo, el 97.3% (108/111) de los adultos
fueron positivos para los anticuerpos de neu-
tralizacién del VNO. Por el contrario, el 10.0%
(23/240) de los polluelos fueron positivos para
los anticuerpos de neutralizacién del VNO, lo
cull pudo representar la transmisién pasiva de
los anticuerpos a través de la madre. El tamafio
de la nidada, la eclosién, y el éxito de los volan-
tones durante el estudio no fue diferente a lo que
se ha reportado previamente para esta especie,
sugiriendo que la exposicién previa al VNO en
cernicalos americanos no tuvo un efecto sobre
los pardmetros de reproduccién que se midieron
en la poblacién reproductiva estudiada en 2004.

Palabras Clave: Cernicalo Americano, Colorado,
éxito reproductivo, Falco sparverius, nidificacion,
rapaz, virus del Nilo Occidental.

Dusek, R. J., W. M. Iko, and E. K. Hofmeister. 2012. Prevalence and effects of West Nile virus on wild American Kestrel
(Falco sparverius) populations in Colorado. Pp. 45-54 in E. Paul (editor). Emerging avian disease. Studies in Avian Biology

(vol. 42), University of California Press, Berkeley, CA.
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he detection of West Nile virus (WNV) in

North America raised considerable concern

about its effects on wild bird populations.
Reports provide evidence that some species have
been heavily impacted, including American Crow
(Corvusbrachyrhynchos; Caffreyetal. 2003, Yaremych
et al. 2004) and Greater Sage-Grouse (Centrocercus
urophasianus; Naugle et al. 2004). Other studies
analyzing long-term population monitoring data
suggest that while some species may be nega-
tively impacted by WNV, others may be unaffected
(LaDeau et al. 2007).

Raptors are among the bird groups that are
susceptible to WNV. West Nile virus has been
detected in at least 34 North American raptor spe-
cies since its arrival in the Western Hemisphere
in 1999 (Nemeth et al. 2006a). While WNV causes
morbidity and mortality in numerous species
of North American birds, particularly corvids,
a health risk to raptors was first documented in
2002. Beginning in the summer and fall of 2002,
submissions of sick raptors to rehabilitation cent-
ers in the eastern and midwestern U.S. increased
substantially (Winschmann et al. 2004, Joyner
et al. 2006, Saito et al. 2007). Investigation into
a subset of these submissions concluded that
approximately 70% were directly or likely due to
WNYV infection (Joyner et al. 2006, Saito et al. 2007).
In contrast, experimental infections rarely have
produced clinical signs of disease or death (Komar
et al. 2003; Nemeth et al. 2006a, 2006b). Addition-
ally, WNYV antibodies have also been reported from
a number of apparently healthy free-living raptors,
providing further evidence of their ability to sur-
vive infection with this virus (Banet-Noach et al.
2004, Stout et al. 2005, Hull et al. 2006).

In addition to direct mortality brought about
by WNV infection, the possibility exists of longer-
term effects brought about from infection.
Humans with more severe WNV illness can expe-
rience fatigue, depression, poor physical health,
weakness, and aching that can last for months,
and in more severe cases, lifelong neurologic
deficits (Rao et al. 2005, Carson et al. 2006, Hayes
and Gubler 2006). In birds, this issue is much
less understood. Nemeth et al. (2006a) reported a
naturally infected Great Horned Owl (Bubo virgin-
ianus) with mild clinical signs for more than 5 mo
while receiving care. Without more detailed stud-
ies on free-living and captive raptors, the impacts
of this virus relative to raptor populations cannot
be completely understood.

To better understand the impacts of WNV on
free-living raptors, we initiated a study in 2004
on American Kestrels (Falco sparverius) in
Colorado. American Kestrels are a common
North American raptor with a breeding range
that includes much of the continent (Smallwood
and Bird 2002). In 2003 in Colorado, kestrels
found dead frequently tested positive for WNV
(Nemeth et al. 2007) and have previously been
reported with WNV antibodies (Medica et al.
2007). However, the short-term and long-term
effects of WNV on kestrel populations, includ-
ing overall survivorship and reproductive suc-
cess in the wild, are not well understood. In this
study, we investigated the prevalence of WNV in
a population of American Kestrels; we measured
their reproductive success and compared that
against baseline data for this species to assess the
impacts of (WNV) on a wild population of free-
ranging raptors.

METHODS

Nest boxes were monitored from March to August
2004 at multiple sites along the Front Range of the
Rocky Mountains in Colorado, from the Denver
metropolitan area and north of Fort Collins to
the Wyoming border. In the Denver metropolitan
area we sampled birds from the following loca-
tions: Rocky Mountain Arsenal National Wildlife
Refuge (39°49'N, 104°51'W), Barr Lake State Park
(39°56'N, 104°45'W), Cherry Creek State Park
(39°37'N, 104°50'W), York Street Ponds (39°49'N,
104°57'W), Denver Metro Wastewater Recla-
mation District (39°48'N, 104°57"W), Riverside
Cemetery (39°47'N, 104°57'W), and Aurora
Reservoir (39°36'N, 104°39'W). In Northern
Colorado we sampled birds at Meadow Springs
Ranch (40°54'N, 104°57'W), Rawhide Power
Plant (40°51'N, 105°01'W), and in Wellington,
Colorado (40°53'N, 105°01'W).

We monitored nest boxes every 10-14 d
throughout the breeding season for evidence
of nesting activity and to trap and sample adult
and nestling kestrels from the box. In addition,
we used bal-chatri traps to catch adult birds near
nest boxes (McClure 1984, Iko 1991). Nests were
checked for activity by closing off the nest box
hole and climbing to the box to check for pres-
ence of nest cup, eggs, young, or adult kestrels.
All adult kestrels were banded with an individu-
ally numbered U.S. Geological Survey (USGS)
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aluminum band and a unique color band combi-
nation. Chicks were initially banded with a tem-
porary color band that was removed and replaced
with a permanent aluminum USGS band prior
to fledging. We also obtained at least one blood
sample from all adults and chicks. After sample
collection and banding, kestrels were placed back
in the box and the nest box hole covered for up to
2 min before reopening. Kestrels captured using
a bal-chatri trap were directly released.

At each nest visit the number of eggs or chicks
present was recorded. Clutch size was the highest
count of eggs made prior to hatching. If hatching
did not occur, the nest was recorded as abandoned
and that clutch was not incorporated into calcu-
lation of mean clutch size. Brood size was deter-
mined by direct count of hatched chicks. Fledging
success was determined by direct count of chicks
that left the nest. If a chick was absent from the
nest and known to be =28 d post-hatching and no
evidence of chick remains was found in or around
the nest, the chick was considered to have fledged.
We compared the reproductive parameters from
Denver metropolitan area and northern Colorado
using Systat 12 (Systat Software Inc., Chicago, IL).

Approximately 1.0 ml of whole blood was col-
lected by jugular or brachial venipuncture from
adult birds and transferred to a labeled centrifuge
tube with no additives. In some individual adult
kestrels, we obtained blood samples on more than
one trapping occasion. However, only results from
the first blood sample were included in this study.
For chicks, blood samples were similarly col-
lected, but of variable volume so that samples did
not exceed 1.0% of body weight. We attempted to
serially sample kestrel chicks approximately every
10-14 days. Small volume blood samples (<0.2 ml)
were diluted by putting the sample in a cryovial
or centrifuge tube containing 0.5-1.0 ml BA-1
diluent (M199 medium with Hank’s salts and Tris
HCI [with 7.5% sodium bicarbonate] 20% bovine
serumalbumin, 20% fetal bovine serum, Penicillin-
Streptomycin, 100X, and Fungizone) immedi-
ately after collection. All samples were stored with
frozen ice packs until processed in the laboratory.
For processing, blood samples were separated by
centrifugation and sera frozen to —80°C. Serum
was later shipped to the USGS National Wildlife
Health Center (NWHC) on dry ice, where they
remained frozen at —80°C until testing. Serum
samples were tested for the presence of specific
WNV neutralizing antibodies and determination

of reciprocal antibody titers by plaque reduction
neutralization test (PRNT; Beaty et al. 1995). West
Nile virus antibody positive samples were also
tested for specific St. Louis encephalitis virus
(SLE) neutralizing antibodies and reciprocal titer
determination by PRNT (Beaty et al. 1995). Serum
samples with =90% neutralization of WNV were
considered antibody positive. When a serum sam-
ple was positive for both WNV and SLE neutral-
izing antibodies, a four-fold increase in titer of
one virus over the other distinguished that virus
as the causative etiologic agent of infection result-
ing in the antibody development. Serum was also
tested for WNV by standard plaque assay (Beaty
et al. 1995). Appropriate serum, cell, and WNV
test dose controls were included in the test.

RESULTS

Of monitored nest boxes, 56% (74/131) were used
by kestrels, resulting in 81 nesting attempts—72
first nesting attempts and nine renesting attempts.
Two of the first nests were lost from further analy-
sis because one box was knocked down and one
box could no longer be checked. Of the remain-
ing first-nest attempts, 74.3% (52/70) successfully
fledged at least one young. From these boxes, a
total of 111 adults (67 females and 44 males) were
captured and sampled for WNV. From the 81
nesting attempts, 260 young hatched, including
103 females, 115 males, and 42 where the sex was
unknown because they died or fledged before sex
could be determined. Of those that hatched, 224
(86.2%) young successfully fledged.

We obtained serum for all 111 adults and
tested for active viral infections and for specific
WNV neutralizing antibody. We obtained serum
for 241 chicks and tested 240 for WNV specific
neutralizing antibody and 224 samples for active
viral infections. We were able to obtain an addi-
tional 163 samples from recaptured chicks that
were also tested for WNV antibody (n = 162) and
viral infections (n = 103). No infectious WNV was
detected in 439 (representing 336 individuals)
serum samples tested, while all positive control
samples yielded virus in the expected quantity.
We tested 513 serum samples (representing 351
individuals) for WNV neutralizing antibodies,
with 100% (67/67) of the adult females, 93.2%
(41/44) of the adult males, and 10.0% (23/240) of
chicks testing positive. For adult birds, reciprocal
specific WNV neutralizing antibody titers ranged

]
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TABLE 4.1
Specific West Nile virus neutralizing reciprocal antibody titers in American Kestrels
(Falco sparverius), Colorado.

Titer frequency at first capture

Test subjects Neg 20 40 80 160 320 640 1,280 2,560
Adult female (n = 67) 0 1 2 4 25 18 13 3 1
Adult male (n = 44) 3 1 5 9 11 9 5 1

Chick male (n = 113) 101 8 2 2

Chick female (n = 101) 92 5 3 1

Chick unknown (n = 26) 24 2

from 20 to 2,560, whereas for chicks the range
was 20 to 160 (Table 4.1). The chicks testing posi-
tive for WNV antibodies represented nine (15.5%,
n = 58) different nests where chicks were sampled
(Table 4.2).

Nesting success for first nests was not signifi-
cantly different for any of the parameters meas-
ured between Denver metropolitan area and
northern Colorado sites (Table 4.3; clutch size,
t = —1.58, P = 0.121; brood size, t = —0.06,
P = 0.963; number of fledglings, ¢ —0.75,
P = 0.458). For all first nesting attempts, mean
clutch size was 4.8 (n = 58, SD = 0.49), mean brood
size 4.3 (n = 58, SD = 0.99), and mean number
of fledglings per successful nest 3.77 (n = 57,
SD = 1.58). Nest abandonment of first nests after
at least one egg was laid was 25.7% (18/70).

We recorded renesting attempts in nine nest
boxes. In those boxes we captured five banded
females that had previously attempted nesting
(four in their original box and one in a new box
not previously used by any birds in 2004); we did
not capture the adult female in two of the boxes;
and for the two other boxes it was the second
nest recorded for the box but with a new, previ-
ously unbanded, adult female. Of the five banded
females that renested, four fledged at least one
nestling; in three cases this represented a sec-
ond successful nest. The four that successfully
renested had WNV neutralizing antibody titers of
160, 160, 320, and 640; and for the one that did
not successfully renest, the titer was 160. The two
adult females that represented a second nest in a
box previously occupied by another female were
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unsuccessful nesters and had titers of 320 and
1,280.

DISCUSSION

Our study took place in the spring of 2004, one
year following an epizootic and epidemic WNV
season in Colorado. We documented a high prev-
alence of specific WNV neutralizing antibodies in
kestrels, but we detected no evidence of ongoing
WNV transmission. The high WNV seropreva-
lence among breeding adult kestrels was likely at
least in part a result of the extensive WNV trans-
mission in Colorado in 2003. While WNV was ini-
tially detected in Colorado in 2002, in 2003 Colo-
rado had the highest number of WNV human
cases in the United States (U.S. Centers for Dis-
ease Control, http://www.cdc.gov/ncidod/dvbid/
westnile/surv&control.htm). The first WNV case
detected in Colorado in 2004 was on 30 May in a
human, suggesting that limited transmission was
occurring among wild birds and mosquitoes pre-
vious to this date (ProMED-Mail 2004). West Nile
virus antibody persistence is poorly studied but
has been documented to persist in wild-caught
captive Rock Pigeons (Columba livia) for >1 yr
and in Fish Crows (Corvus ossifragus) for at least
1 yr (Gibbs et al. 2005, Yabsley et al. 2007).
American Kestrels found dead have been tested
for WNV as part of annual state WNV surveil-
lance programs. In 2000, 57% (n = 14) of kestrel
carcasses in New York tested positive for WNV
(Bernard et al. 2001). In 2003 in Colorado, 43%
(n = 42) of kestrel carcasses tested positive for
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TABLE 4.2
Relationship of American Kestrel (Falco sparverius) adult- and chick-specific West Nile virus neutralizing antibody titers for family groups with seropositive chicks, Colorado, 2004.

Adults Chicks (first capture) Chicks (second capture)
Nest Sex Titer Date Sex Date Weight (grams) Titer Date Weight (grams) Titer
BLO4 F 320 23-Jun F 17-May 119 20 26-May 131 Neg
M 180 16-Apr F 17-May 118 160 26-May 143 Neg
M 17-May 89 20 26-May 123 Neg
M 17-May 104 NR 26-May 125 Neg
M 17-May 99 NR 26-May 121 Neg
CCO05 F 320 22-Apr F 1-Jun 95 20 15-Jun 144 Neg
M 80 22-Apr F 1-Jun 83 Neg 15-Jun 132 Neg
M 1-Jun 77 20 15-Jun 126 Neg
M 1-Jun 79 160 15-Jun 128 Neg
M 1-Jun 65 Neg 15-Jun 118 Neg
CC10 F 640 1-Jun U 12-Jul 97 20
M 320 29-Jun U 12-Jul 79 20
U 12-Jul 87 Neg
U 12-Jul 89 Neg
MS70 F 160 27-May F 8-Jul 59 40 15-Jul 111 Neg
M 40 15-Jun M 8-Jul 62 20 15-Jul 99 Neg
M 8-Jul 47 40 15-Jul 95 Neg

TABLE 4.2 (continued)



TABLE 4.2 (CONTINUED)
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Adults Chicks (first capture) Chicks (second capture)
Nest Sex Titer Date Sex Date Weight (grams) Titer Date Weight (grams) Titer
MS99 F 160 3-May F 10-Jun 126 20
M 80 17-May F 10-Jun 122 Neg
M 10-Jun 109 20
M 10-Jun 114 20
M 10-Jun 118 Neg
RMATINW F 80 20-Jul M 4-Aug 82 20 11-Aug 116 Neg
M 160 6-Jul M 4-Aug 75 20 11-Aug 119 Neg
RMA29SE F 320 28-Apr F 24-May 118 20 7-Jun 134 Neg
F 24-May 104 40 7-Jun 134 Neg
M 24-May 96 40 7-Jun 120 Neg
M 24-May 108 Neg 7-Jun 112 Neg
M 24-May 74 Neg 7-Jun 114 Neg
RMA35NW F 320 27-Apr F 20-May 81 40 7-Jun 120 Neg
M 80 13-Apr F 20-May 92 Neg 7-Jun 137 Neg
F 20-May 95 Neg 7-Jun 134 Neg
M 20-May 70 160 7-Jun 110 Neg
M 20-May 91 Neg 7-Jun 120 Neg
RP40 F 160 21-Apr F 26-May 101 20 9-Jun 131 Neg
M 640 5-May F 26-May 79 Neg 9-Jun 123 Neg
F 26-May 97 Neg 9-Jun 139 Neg
M 26-May 95 20 9-Jun 127 Neg

NOTE: Titer results expressed as reciprocal titers. Neg = negative. NR = no result (chick not sampled).



TABLE 4.3
American Kestrel (Falco sparverius) nesting success at Denver metropolitan area and
northern Colorado during the 2004 breeding season.

Clutch size Brood size n fledged chicks
Location n x SD x SD x SD
Denver metropolitan area 37 4.9 0.49 43 1.1 39 1.52
Northern Colorado 21 4.7 0.46 4.3 0.78 3.6 1.70°
n = 20.

WNV (Nemeth et al. 2007). However, little infor-
mation exists on the numbers of free-ranging
kestrels that survive WNV infection. Our data
indicate that many wild American Kestrels in
Colorado survived infection and developed WNV
antibodies. Survival of American Kestrels follow-
ing infection with WNYV is also supported by past
research. Our results are similar to those reported
in a small breeding population of kestrels in Penn-
sylvania, where 95% (21/22) of American Kestrels
were seropositive for WNV (Medica et al. 2007).
Kestrels that were experimentally infected with
WNV survived with no clinical signs; however, the
sample size was small (Nemeth et al. 2006a).

In addition to assessing WNV among breeding
adults, we monitored their nestlings for infec-
tious WNV and WNYV neutralizing antibodies. In
contrast to the high rate of WNV seroprevalence
in adults, we detected low seroprevalence rates
in chicks. Due to the lack of evidence of recent
WNYV infection of individuals within the breeding
season (e.g., antibodies only detected in relatively
young chicks, no seronegative chicks showed sub-
sequent evidence of seroconversion, no chick first
identified as positive was still positive at its second
capture, and lack of detection of viremia), antibod-
ies in chicks were likely maternally derived. The
observation of higher WNV seroprevalence rates
in adults versus their offspring has been corrobo-
rated by previous studies. Eighty-eight percent of
adult Cooper’s Hawks (Accipiter cooperii) in south-
east Wisconsin were seropositive for WNV but
only 2.1% of chicks were seropositive (Stout et al.
2005). In addition, 9.2% of nestling Red-tailed
Hawks (Buteo jamaicensis) and 12% of nestling
Great Horned Owls had detectable WNV antibod-
ies within the same study area (Stout et al. 2005).
In serial sampling of individual kestrels in our
study, we found none of the chicks that were sero-

positive on the first sampling remained positive
on subsequent samplings, which is very strong
evidence of maternal antibody transfer (Hahn
etal. 2006), and also suggests that detection of anti-
bodies in these chicks may be dependent on how
early after hatching chicks are sampled. Maternal
antibodies were undetectable in most domestic
chicken (Gallus gallus domesticus) chicks derived
from WNV seropositive hens by 28 d post-hatch
(Nemeth and Bowen 2007). In addition, hen sera
and egg yolks had similar antibody titers at the
time of egg laying, but by 1 d post-hatching, chick
serum antibody titers had at least a four-fold (and
up to 32-fold) reduction below that of their hens,
indicating a sharp drop in detectable titers, which
continued through 14 d post-hatching (Nemeth
and Bowen 2007). Therefore, detection of mater-
nal antibody transfer among free-living raptors
may depend on early sampling of chicks. Stout
etal. (2005) sampled chicks beginning at 10 d post-
hatching, while we attempted to sample chicks at
approximately 7 d post-hatching, when maternal
antibodies had potentially waned below detectable
levels. Even though maternal antibodies may
have been undetectable, they could potentially
still offer some level of protection if a chick were
infected with WNV, as observed by Nemeth and
Bowen (2007) in chickens. At 42 d post-hatching
in seven experimentally infected chicks that had
previously shown maternal antibodies, three
failed to become viremic and the remaining four
had viremias of later onset and lower peak levels
than their seronegative counterparts (Nemeth
and Bowen 2007).

Measurements of reproductive success in
American Kestrels are variable depending on
geographic location of the population; however,
throughout the range of American Kestrels,
average clutch size is 4.6 eggs, mean brood size
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is 3.5 young, and mean number of fledglings is
3.3 (Smallwood and Bird 2002). Except that our
mean number of fledglings was slightly higher
(3.7), our findings were similar. In studies on
the Cooper’s Hawk, Red-tailed Hawk, and Great
Horned Owl, WNV did not appear to have a
detectable impact on population numbers (Stout
et al. 2005). In contrast, Medica et al. (2007) sug-
gested that WNV could be a contributing factor
in an observed loss of breeding kestrels in their
study area. Compared with the findings of Small-
wood and Bird (2002), our study population of
American Kestrels did not appear to be negatively
impacted by WNV. Additionally, three successful
double broodings were recorded in our study pop-
ulation in 2004, supporting the notion that the
reproductive efforts of some breeding adults were
not hindered by previous WNV exposure (Toland
1985, Smallwood and Bird 2002).

While we observed many healthy seropositive
kestrels in the wild, increases in submissions of
symptomatic raptors including kestrels and other
species diagnosed with WNV have been docu-
mented in rehabilitation facilities (Joyner et al.
20006, Saito et al. 2007). Unfortunately, it is diffi-
cult to determine the exact reasons for this dichot-
omy. These observations may represent individu-
als with an increased susceptibility to this disease
(Stout et al. 2005). An increased susceptibility
may be the result of a number of factors, includ-
ing age, co-infection with other disease agents,
genetic variability, and species differences. Other
reasons may include variable doses of WNV
because not all mosquitoes will inject the same
quantity of virus into a bird due to interrupted
feeding, or, if kestrels are becoming infected with
WNV via ingestion of infected prey (Komar et al.
2003), virus levels in prey may vary. In addi-
tion, awareness has been heightened by concern
about WNV, and the public may be more likely
to notify a rehabilitation center when an appar-
ently diseased bird is observed. State surveil-
lance programs have also actively solicited reports
of dead birds, especially corvids and raptors. In
the end, it is difficult to determine whether the
increases noted are actually due to an increase in
the number of sick and dead raptors due to WNV
infection or simply an increase in awareness
and concern in human observers. Although our
study may not fully address this dichotomy, these
results provide a better understanding of WNV
impacts on free-living, breeding populations of

American Kestrels. However, longer-term moni-
toring of free-ranging bird populations is needed
to assess how WNV may impact the overall popu-
lation in both the short and long term.
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First Example of a Highly Prevalent but Low-Impact Malaria
in an Endemic New Zealand Passerine

PLASMODIUM OF TIRITIRI MATANGI ISLAND BELLBIRDS (ANTHORNIS MELANURA)

Abstract.  Historical surveys for avian hemos-
poridian parasites in New Zealand have not
revealed substantial prevalence within native
birds. However, recent detections of avian malaria
(Plasmodium spp.) within captive native species
have been associated with the death of these birds.
Such occurrences have highlighted concerns
regarding the possibility of a malaria-associated
epizootic event within the New Zealand avifauna
similar to that witnessed within Hawaii’s naive
native bird populations. In contrast to previous
findings, we report the first instance of a high
prevalence Plasmodium (50%, 39/78) within an
endemic New Zealand honeyeater, the Bellbird
(Anthornis melanura), on Tiritiri Matangi Island.
Furthermore, since this prevalence was deter-
mined via microscopy, it is likely to be an under-
estimate of the true parasite prevalence within
this population. This Bellbird population is pro-
ductive and anecdotally among the densest within
New Zealand. A small and newly establishing
mainland Bellbird population, within 20 km of
the Tiritiri population, also exhibited 23% (5/22)
prevalence. Size and weight of infected and
uninfected birds did not differ significantly. No
other hematozoa were detected within sampled
Bellbirds. This is the first recorded instance of a

common, yet non-lethal, association between an
endemic passerine and avian malaria.

Key Words: Anthornis melanura, avian malaria,
Bellbird, New Zealand, Plasmodium.

El Primer Ejemplo de una Malaria Altamente
Prevalente Pero de Bajo Impacto en un Ave Pase-
rina Endémica de Nueva Zelandia: Plasmodium
en las Campaneras de Nueva Zelandia (Anthornis
melanura) de la Isla Tiritiri Matangi

Resumen. Los muestreos histéricos de los parasi-
tos haemosporida de las aves en Nueva Zelandia
no han revelado altas tasas de prevalencia en aves
nativas. Sin embargo, recientemente la mortali-
dad de las especies de aves nativas mantenidas
en cautiverio ha sido asociada a infecciones con
la malaria aviar (Plasmodium spp.). Dichos regis-
tros han resaltado las preocupaciones concerni-
entes a la posibilidad de un evento epizo6tico de
la malaria aviar en la avifauna de Nueva Zelandia,
similar al que ocurrié en las poblaciones de aves
nativas de Hawaii. A diferencia de hallazgos ante-
riores, aqui se reporta la primera ocurrencia de
una alta tasa de prevalencia de Plasmodium (50%,
39/78) en un ave endémica de Nueva Zelandia,

Barraclough, R. K., T. M. Cope, M. A. Peirce, and D. H. Brunton. 2012. First example of a highly prevalent but low-impact
malaria in an endemic New Zealand passerine: Plastmodium of Tiritiri Matangi Island Bellbirds (Anthornis melanura).
Pp. 55-64 in E. Paul (editor). Emerging avian disease. Studies in Avian Biology (vol. 42), University of California Press,

Berkeley, CA.
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el Campanero de Nueva Zelandia (Anthornis mela-
nura), en la Isla Tiritiri Matangi. Ya que la tasa de
prevalencia fue determinada usando microscopia,
es muy posible que sea una subestimacién del ver-
dadero valor de la prevalencia en esta poblacion.
La poblacién del Campanero de Nueva Zelandia
es productiva y de manera anecdética esta entre
las mas densas de Nueva Zelandia. Una pequena
poblacién de esta especie que se estableci6 recien-
temente, a 20 km de la poblacién de la Isla Tiritiri,
presenté una prevalencia del 23% (5/22). El tam-

he genera Plasmodium, Haemoproteus, and

Leucocytozoon (phylum Apicomplexa, order

Haemosporida) are common protozoan
parasites of birds. These three genera are closely
related (Perkins and Schall 2002, Pérez-Tris et al.
2005) and fall within the same order or family,
depending on the author (Garnham 1966, Levine
1988, Valkiunas 2005).

Prevalence can vary enormously across pas-
serine species worldwide. For example, Deviche
et al. (2001) recorded infections ranging from 0 to
90% across 11 breeding Alaskan species. No sim-
ple correlation has been found between infection
and loss of fitness (Hatchwell et al. 2001). Despite
the frequency of these parasites within success-
ful breeding populations, species from each of
these three genera have been linked to bird mor-
talities (Cardona et al. 2002, Schrenzel et al. 2003,
Remple 2004).

The most famous instance of pathenogenicity
within Plasmodium is arguably the Hawaiian P.
relictum capistranoae epizootic (Warner 1968, van
Riper et al. 1986, Atkinson et al. 1995, Freed et al.
2005), where mortality in many endemic species
can range from 50 to 90% (Jarvi et al. 2001). The
vulnerability of the Hawaiian fauna was assumed
to be due to their naiveté, partly attributable to
their geographical and evolutionary isolation.

Due to its historic and geographic isolation,
New Zealand too has a highly endemic fauna
(Daugherty et al. 1993). The forest avifauna of
New Zealand, which includes only two interna-
tional migratory species (two cuckoos, genera
Chrysococcyx and Eudynamys), is also largely eco-
logically isolated. Consequently, a concern exists
regarding the possibility of a Hawaiian-like avian
malaria epizootic emerging within New Zealand
involving novel parasites (Tompkins and Gleeson

afio y el peso de las aves infectadas y las no infecta-
das no fue significativamente diferente. Ningin
otro pardsito Haematozoa fue detectado dentro
de las aves muestreadas. Este es el primer registro
de una asociacién comun, pero no letal, entre una
paserina endémica y la malaria aviar.

Palabras Clave: Anthornis melanura, Campanero
de Nueva Zelandia, malaria aviar, Nueva Zelan-
dia, Plasmodium.

2006). However, New Zealand differs from
Hawaii in many important aspects that make it
reasonable to expect the presence of native hema-
tozoa along with those established with European
settlement (within the last 200 yr). These include
its Gondwanan origin and its relative proximity
to Australia. For instance, as demonstrated by
Adlard et al. (2004), the Australian avifauna car-
ries each of these three genera (11.4% prevalence
of one or more hematozoa, n = 3,059) with gen-
erally low levels of parasitemia. Moreover, a high
occurrence of Plasmodium has been detected else-
where in the South Pacific, with 59% prevalence
found in native land birds of American Samoa
(Jarvi et al. 2003). Jarvi et al. (2003) and Atkinson
et al. (2006) suggested that this latter Samoan
hematozoa fauna is likely to be native due to the
low parasitemia, chronic nature of the infections.
Furthermore, Atkinson et al. (2006) proposed
that the Long-tailed Cuckoo (Eudynamys taitensis)
that migrates between Samoa and New Zealand
might be responsible for shifting parasites into
and out of Samoa. In contrast to the above, a
thin blood smear survey of 79 Cook Islands birds
did not detect any presence of blood parasites
(Steadman et al. 1990).

Avian malaria records in New Zealand date
back to the early 1900s, when it was predomi-
nantly detected in introduced species (Doré
1920a, 1920b, 1921; Laird 1948, 1950). At that time
researchers posited malaria as a potential factor
in early colonial local native bird extinctions. The
possibility of introduced malaria and other avian
diseases impacting native birds was also acknowl-
edged in ensuing papers (Turbott 1961). Never-
theless, between Laird’s surveys and the work
by Fallis et al. (1976), blood parasites are rarely
mentioned in the New Zealand literature. The
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comprehensive thin blood smear work by Fallis
et al. (1976) surveyed 43 bird species (n = 326
birds), including 113 Passeriformes (among them
three Bellbirds) and a single Fiordland Crested
Penguin (Eudyptes pachyrhynchus) infected with
Leucocytozoon tawaki. It is seems reasonable to
speculate that the absence of intervening report-
age was partially due to problems associated with
access to protected species, including logistical
and legal limitations.

In contrast, recent detections of avian malaria
(Plasmodium spp.) have been associated with the
death of captive birds. In 1996, an outbreak of
avian malaria and avian pox in captive endemic
New Zealand Dotterel chicks (Charadrius obscu-
rus) led to the death of 10 of 16 birds (Richard
Jakob-Hoff et al., unpubl. data). More recently an
outbreak of malaria among endemic Yellowheads
(Mohoua ochrocephala) held in a Christchurch
wildlife park killed all but one bird in the popu-
lation (Derraik 2006). Within wild populations,
P. relictum spheniscidae had been reported his-
torically from the endangered Yellow-eyed Pen-
guin (Megadyptes antipodes; Fantham and Porter
1944, Laird 1950), and it was later suggested that
malaria may have caused deaths within this spe-
cies (Graczyk et al., 1995). Malaria was eventually
confirmed in one case of clinical malaria infec-
tion by Alley (2001).

Only six further hemosporidian parasite-native
host associations have been reported in the New
Zealand literature. Recently, a North Island Robin
(Petroica australis) was found positive for Hae-
moproteus (Parker et al. 2006), whereas Plasmo-
dium and Haemoproteus have been detected in
Saddleback (Philesturnus carunculatus) and Tui
(Prosthemadera novaseelandiae), respectively, in
one North Island location, Mokoia Island (Castro
and Howe pers. comm.). Laird (1950) identified
a single infection of Plasmodium sp. in 210 indi-
viduals examined of the Grey Duck (Anas super-
ciliosa), P. relictum spheniscidae was detected in
the Fiordland Crested Penguin (Laird 1950), and
an unidentified Plasmodium was identified in the
New Zealand Pipit (Anthus novaeseelandiae) (Doré
1920D, Laird 1950).

The Hawaiian lineage of Plasmodium (GRW4,
lineage 15; P. relictum capistranoae) has been
detected within the Australia—Papua New Guinea
region (Beadell et al. 2006). Plasmodium relictum
has also been found in New Zealand (Laird 1950,
Tompkins and Gleeson 2006).

Non-hemosporidian parasites identified in New
Zealand include an Atoxoplasma found within
a New Zealand rail, the Stewart Island Weka
(Gallirallus australis scotti; Laird 1959). The newly
described Babesia kiwiensis and Hepatozoon kiwii
have also been described from the North Island
Brown Kiwi (Apteryx australis mantelli; Peirce
et al. 2003).

To advance knowledge of blood parasite prev-
alence within native New Zealand species, we
conducted a thin blood smear survey of the
widespread endemic honeyeater, the Bellbird
(Anthornis melanura), in two locations within the
Hauraki Gulf, North Island. The long-standing
Tiritiri Matangi Island (Tiritiri) population was
the primary target of our survey. The relatively
new and self-introduced Bellbird population on
the Tawharanui peninsula, nearby (<20 km), was
the secondary target.

Bellbirds are relatively abundant in native for-
ests on both main islands of New Zealand, with
the exception of the upper North Island, north
of Waikato and Northland where they have been
locally extinct since the 1860s (Heather and
Robertson 1996). Bellbird populations and dis-
persal have been seriously affected by the removal
of native forests and the introduction of invasive
predatory species such as cats (Felis catus), mus-
telids (Mustela), and rodents (Rattus) (Heather
and Robertson 1996). However, these predators
occur throughout the mainland and the cause of
the local extinction of Bellbirds from the north
of the North Island is unknown. Bellbirds also
inhabit most forested offshore islands, including
those in the Hauraki Gulf, alongside the region
of mainland extinction. On such predator-free
offshore islands such as Tiritiri, Bellbird densities
can reach very high numbers; for example, Sagar
(1985) measured densities of 22.2-24.4 pairs ha™!
on the Poor Knights Islands.

Tiritiri is an island of 220 ha, offshore in the
Hauraki Gulf, 28 km north of Auckland. Despite
a history of grazing and burning of vegeta-
tion (grazed until 1971), a Bellbird population
remains on the island. Active restoration of this
island started in the 1980s, after which time this
population burgeoned. Tawharanui Regional
Park is a 588-ha park on an eastern coast penin-
sula off the North Island that extends into the
Hauraki Gulf. The park is a site that receives
conservation management for invasive mamma-
lian predators, and its self-introduced Bellbird
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Figure 5.1. Intra-erythrocytic schizonts (a and b) and macrogametocyte (c).

population is growing. The song dialects of this
population indicate that Bellbirds are naturally
dispersing from Little Barrier Island, also situ-
ated in the Hauraki Gulf, rather than Tiritiri
(D. H. Brunton, unpubl. data).

METHODS

One hundred Bellbirds were sampled from May
2006 to May 2007, 78 from Tiritiri and 22 from
Tawharanui. Tiritiri birds were sampled in con-
junction with research on their breeding systems.
Birds were mist-netted and captured at feeding
stations. Between 5 and 15 pl of blood was taken
via venipuncture of the brachial vein. Morpho-
metric measurements (weight, and wing, tail, tar-
sus, and head-bill lengths) were also taken where
possible; however, not every bird was measured.

Thin blood smears were air-dried and fixed
with absolute methanol. The smears were stained
for 1 hr with Giemsa (AppliChem) at 1:10 dilu-
tion. Slides were inspected via light microscopy,
initially at 200X for 2 min and then at 1000X
oil-immersion for 15 min. Photographs were
taken of representative parasites.

Morphometric measurements of Bellbirds
positive and negative for Plasmodium infection
were compared separately for males and females
using two sample t-tests because male birds are
larger than females. Ratios of weight to wing,
tarsus, and exposed culmen (correlates of body
condition) of Bellbirds positive and negative for
Plasmodium were also compared separately for
males and females using Wilcoxon two-sample
tests with pooled data from Tiritiri Island and
Tawharanui. No site-dependent differences in
morphometrics were known between these two
relatively close locations. Statistical analyses were

conducted using SAS (ver 9.11, SAS Institute,
Cary, NC) with an alpha level = 0.05.

RESULTS

Plasmodium prevalence within Tiritiri Bellbirds
was 50% (39/78), and 22.7% (5/22) in Tawha-
ranui. Overall, Bellbird prevalence was 45%.
On available microscopic evidence, the mor-
phology of the parasite is consistent with the
subgenus Novyella. The number of merozoites
observed ranged from 4 to 11 per schizont
(Fig. 5.1a-b). The elongated shape of the gameto-
cytes (Fig. 5.1c) confirmed that this Plasmodium
species is not part of the subgenus Haemamoeba
complex that includes the invasive Hawaiian
P. relictum capistranoae. No Haemoproteus, Leuco-
cytozoon, or other hematozoa were observed dur-
ing slide inspections.

Tarsus length, head-bill length, wing length,
and weight did not vary significantly between
infected and non-infected birds. Although the
difference between weight and tarsus length
of female Bellbirds positive and negative for
Plasmodium prevalence approached significance
(P = 0.06, df = 20 and P = 0.06, df = 14, respec-
tively; two-sample t-test). Wilcoxon tests for ratios
between weight and wing length (P = 0.29, female,
n = 10 negative and n = 5 positive; P = 0.16, male,
n = 27 negative and n = 26 positive), weight:tarsus
length ratios (P = 0.30, female, n = 10 negative
and n = 5 positive; P = 0.96, male, n = 26 negative
and n = 27 positive), and weight:head-bill length
(P = 0.09, female, n = 10 negative and n = 5 posi-
tive; P = 0.96, male, n = 26 negative and n = 27
positive). Wilcoxon tests also did not detect signifi-
cant differences between infected birds and those
in which parasites were not detected.
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Morphometric comparisons were limited by
small sample sizes of female Bellbirds. However
the t-test comparisons between infected male
Bellbirds birds and those where no parasites
were detected were supported by sample sizes
large enough to detect significant differences in
morphometric parameters. For example, post hoc
power analysis indicates that we had 80% likeli-
hood of detecting a 3-g difference in the weight
of female Bellbirds (mean = 23.19 g, negative
n = 14; mean = 21.53 g, positive n = 8 birds),
whereas we had a 80% likelihood of detecting a
1.7-g difference in the weight of male Bellbirds
(mean = 29.27 g, negative n = 27; mean = 29.18,
positive n = 32 birds).

DISCUSSION

Microscopy does not require an a priori selection
of organism-specific primers and is therefore still
the standard for survey work when there is no
prior knowledge about the diversity of parasites
that may be present (Atkinson et al. 2006). How-
ever, it is also well established that Plasmodium
prevalences determined via examination of thin
blood smears will tend to underestimate the true
prevalence (Jarvi et al. 2003, Ribeiro et al. 2005).
Only Plasmodium was detected during these slide
inspections, and the resulting prevalences likely
represent an underestimate of the true Plasmo-
dium levels.

It is certain that Plasmodium is well established
within the prolific Bellbird population on Tiritiri
and the new population on Tawharanui. At this
stage it is unknown whether the prevalences
reported here are similar to those elsewhere in
New Zealand, or what the origin of this parasite
may be. Plasmodium parasites are not necessarily
host-specific, and this parasite may be either intro-
duced or native (Szymanski and Lovette 2005,
Krizanaskiene et al. 2006). If this Plasmodium
proves widespread and these levels of prevalence
are typical of this host/parasite association, then
it is remarkable that this parasite had not been
detected previously. However, a number of rea-
sonable potential reasons could explain why it has
not been discovered until now. First, the Tiritiri
Bellbird population may have a decreased immu-
nocompetence due to historical bottlenecking (as
in the North Island Robin; Hale and Briskie 2007)
and are therefore likely to carry a higher parasite
load. Alternatively, since prevalence levels can

change greatly through time, chance may have
led to historical thin blood smear surveys coincid-
ing with periods of low prevalence. For example,
Bensch et al. (2007) detected a 3—4 yr fluctuation
in prevalence of common parasite lineages, some-
times in orders of magnitude.

Another possible explanation for previous lack
of detection is that climate and vector-associated
differences in prevalence may have led to fewer
Bellbird parasite infections at the more south-
erly, cooler sites of earlier surveys. Plasmodium
parasites are transmitted to avian hosts by mos-
quitoes, notably Culex and Aedes (Raharimanga
et al. 2002, Valkiunas 2005), including C. quin-
quefasciatus, the primary avian malaria vector
known from Hawaii, which has been reported to
have increased its distribution throughout New
Zealand over the last few decades (Tompkins and
Gleeson 2006). The degree of exposure to vectors
impacts blood-parasite prevalence across habi-
tats and geographical distribution (Rohner et al.
2000, Scheuerlein and Ricklefs 2004, Mendes
et al. 2005), and within New Zealand Tompkins
and Gleeson (2006) have detected a pattern of
decreasing Plasmodium prevalence within intro-
duced passerines from north to south, matching
the known distribution of C. quinquefasciatus.
This range in prevalence reflects the north—south
winter temperature gradient within New Zealand,
and it is reasonable to speculate that any possi-
ble nationwide parasitism gradient patterns may
be reflected in native as well as introduced bird
species.

Whether or not this parasite is native to the
Bellbird, one may speculate about the possibility
that this Plasmodium could have played a part in
the historical local extinction of this bird on the
mainland adjacent to these islands. For instance,
parasite burden interacting with the predation
pressures from introduced mammals and the
stress from loss of habitat may have negatively
impacted northern Bellbirds. Northern island
based remnant populations may also have devel-
oped increased immunity to this malaria, in
a manner similar to that observed within sur-
viving individuals of a vulnerable Hawaiian
species, the Amakihi (Loxops virens; Atkinson
et al. 2001a, Woodworth et al. 2005). Certainly,
this Plasmodium is not a recent introduction to
New Zealand. This is because it has completely
penetrated these groups of successfully breed-
ing Bellbirds without any anecdotally observed
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mortality, as may be associated with the high
virulence necessary for quick yet comprehensive
invasion.

Breeding success of the Tiritiri Bellbird popu-
lation for 2005-2006 did not differ significantly
from that reported for 1977-1978 (Anderson and
Craig 2003, T. Cope, unpubl. data). Given that
the Tiritiri Bellbird population continues to be
productive and that no significant relationship
was found between infection and morphometric
measures, it is interesting to speculate on the
impact that this parasite may be having on its
host. Historically, reports of pathogenicity within
the avian Haemosporida were largely confined to
a few parasite species that infect domestic birds
(Galliformes and Anseriformes; Bennett et al.
1993). However, the comprehensive experimental
work done with native species of Hawaiian birds
in captivity has illustrated the potential patho-
genicity of these parasites for wild birds (Atkin-
son et al. 1995, Yorinks and Atkinson 2000).
Hemosporidian infections have been related to
depression in reproduction success (Marzal et al.
2005) and correlated to an inability to mount a
strong immune response (Navarro et al. 2003),
and infected birds can be more vulnerable to pre-
dation (Meller and Nielsen 2007). Furthermore,
Atkinson and van Riper (1991) suggest that all
species within these genera may be pathogenic,
with pathogenicity being related to host specifi-
city, environmental stress, age, nutrition, and the
availability of suitable vectors. Last, Peirce et al.
(2004) described in detail the physical impact of
Plasmodium, Haemoproteus, and Leucocytozoon
infections of Australian honeyeaters (Meliphagi-
dae)—for example, schizonts in the spleen, lung,
skeletal muscle, liver, and heart displacing func-
tional tissue, as well as local inflammation and
fibrous reparation processes. Plasmodium spp.
were also described causing obstruction of small
vessels and inflaimmation in the spleen, tissue
displacement in the lung, and thrombosis in the
liver of Noisy Miners (Manorina melanocephala).
It is also known that the probability of infec-
tion increases through time, and adult birds
can have higher prevalences due to cumulative
exposure (Mendes et al. 2005, Tomé et al. 2005).
Despite the fact that no observed die-backs of
Bellbirds have been observed on Tiritiri Island,
it is possible that small numbers of Bellbirds
are being continually lost from the Tiritiri sys-
tem undetected.

The impact of individual parasite species
is unpredictable, as witnessed by the vari-
ability in susceptibility of the Hawaiian bird
fauna (Atkinson et al. 1995, 2000, 2001b).
Even when infection is associated with factors
such as poor condition, this may not necessar-
ily negatively affect host survival (Schrader et
al. 2003). A variety of studies have found lit-
tle or no evidence for a negative relationship
between intensity of hematozoa parasitism
and factors such as host body condition, adult
survival, reproductive success, chick growth
rates, or recruitment (Dufva 1996, Shutler et al.
1999, Blanco et al. 2001, Bensch et al. 2007).
Therefore, no clear relationship exists between
infection by these parasites and fitness. Our
results did not indicate a significant differ-
ence between either male or female infected
and uninfected birds. However, it is unfortu-
nate that morphometric parameters were not
available for every bird sampled within this
study, as this limited the power of our com-
parisons between infected and uninfected
female birds. Since the relationship between
both weight and tarsus size and infection sta-
tus approached significance within females,
we suggest that this issue warrants more
study within these and other infected Bellbird
populations.

What is certain is that these Bellbirds carry a
previously unsuspected malarial parasite bur-
den. However, no die-back has been observed
within either of these populations over this
period of discovery, despite the fact that both
these populations are within sites of intensive
conservation management by New Zealand
Department of Conservation and the Auckland
Regional Council. Crucially, this is the first
report of a high-prevalence Plasmodium popula-
tion within an endemic New Zealand passerine
that is not associated with observed mortality.
Thus it is of interest to conservation managers
as well as biologists involved in untangling the
blood parasite-bird dynamics of New Zealand
systems.
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Prototype System for Tracking and Forecasting
Highly Pathogenic HSN1 Avian Influenza Spread
in North America

Abstract. The recent emergence of a highly
pathogenic strain (H5N1) of avian influenza that
affects both birds and humans has raised global
concern about its spread. Given the rapid spread
of the disease and the desire for proactive monitor-
ing and preparedness, I present a prototype fore-
casting framework for H5N1 dispersal for when/
if it arrives in North America via migratory bird
movements. The prototype summarizes move-
ment patterns by six species of arctic-breeding
Anseriformes and emphasizes the importance of
spread along all coasts of North America, as well
as along the lower Mississippi River. This forecast-
ing system is applicable only to the extent that
migratory birds are the principal mode of disper-
sal and spread of the disease. The H5N1 situation
calls for considerable effort in (1) understanding
details of bird migration globally, (2) sharing avian
biodiversity data globally, and (3) exploring novel
approaches to data analysis and interpretation.

Key Words: avian influenza, forecasting, H5NT,
migratory birds, waterbirds.

Un Sistema Prototipo para Rastrear y Predecir
la Expansién de la Influenza Aviar Altamente
Infecciosa H5SN1 en Norte América

Resumen. la reciente apariciéon de la cepa alta-
mente patogénica (H5N1) de la influenza aviar que
afecta tanto a las aves como a los humanos ha gen-
erado una preocupacion global acerca de su expan-
sién. Dada la rapida expansion de la enfermedad y
el deseo proactivo de un monitoreo y preparacién
temprana, se presenta el marco de un prototipo
para la prediccién de la dispersion del H5N1 por
medio de los movimientos de las aves migratorias
para/por cuando/si llegue/llega en Norte América.
El prototipo resume los patrones de movimiento de
seis especies de Anseriformes que se reproducen
en el Artico, y enfatiza la importancia de la expan-
sién alo largo de todas las costas de Norte América,
asi como también a lo largo de la parte baja del Rio
Mississippi. El sistema de monitoreo es ttil unica-
mente en situaciones donde las aves migratorias
son el principal modo de dispersién y expansién
de la enfermedad. La situacién del H5N1 requiere
de un esfuerzo considerable para (1) entender los
detalles de la migracién de las aves a nivel global,
(2) compartir la informacién sobre la biodiversidad
de las aves a nivel global, y (3) explorar nuevas for-
mas de analizar e interpretar la informacién.

Palabras Clave: aves acuticas, aves migratorias,
H5N1, influenza aviar, prediccién.

Peterson, A. T. 2012. Prototype system for tracking and forecasting highly pathogenic H5N1 avian influenza spread in
North America. Pp. 67-80 in E. Paul (editor). Emerging avian disease. Studies in Avian Biology (vol. 42), University of
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lu viruses have long been known to circu-
late in birds, which led to intensive stud-
ies of avian influenzas in the middle of the
20th century. The emergence of a highly patho-
genic influenza A strain H5N1—beginning in
1997 in southern China and Southeast Asia, and
spreading into Africa, the Middle East, Europe,
and even marginally into the Australo-Papuan
region (Lavanchy 1998, Yuanji 2002, Tran et al.
2004, Kwon et al. 2005, Normile 2005, Olsen
et al. 2006, Parry 2006)—has brought this issue
again to the forefront of global attention. The fear
is of a global influenza pandemic: This highly
pathogenic H5N1 strain (hereafter referred to as
“HP-H5N1”) is associated with high human case
fatality rates, but for the present lacks the abil-
ity to be transmitted efficiently among humans
(Belshe 2005, Mermel 2005, Hsieh et al. 2006).
For the moment, HP-H5N1 is an avian phe-
nomenon in terms of its transmission cycle; that
is, although it is dangerous to humans once they
are infected, HP-H5N1 is transmitted efficiently
only among birds, and few human-to-human
transmission chains have been documented. If, at
some point, HP-H5N1 evolves efficient human-
to-human transmissibility, then human move-
ments and connectivity will likely govern the
spread of the virus (Brockmann et al. 2006). Until
then, however, HP-H5N1 is being spread prima-
rily in birds, probably by combinations of disper-
sal via human-mediated movements of domestic
poultry and dispersal by local movements and
long-distance migratory movements of wild birds
(Kilpatrick et al. 2006). In this paper, I describe
initial explorations of using known wild bird
movements and patterns of regional connectivity
to forecast potential spread patterns within North
America.

H5N1 SPREAD

First isolated in 1996 from a farm goose in
Guangdong Province, People’s Republic of China,
HP-H5N1 has spread dramatically since discov-
ery (WHO 2005). The virus was next detected in
domestic poultry and humans in Hong Kong in
1997. After a silent period, HP-H5N1 appeared in
quick succession in Thailand (December 2003),
Republic of Korea (December 2003), Vietnam
(January 2004), Japan (January 2004), Thailand
(January 2004), Cambodia (January 2004), Laos
People’s Democratic Republic (January 2004),

Indonesia (February 2004), and People’s Republic
of China (February 2004). The next set of appear-
ances began with records in People’s Republic
of China, Indonesia, Thailand, and Vietnam
in June and July of 2004, and then in Malaysia
(August 2004).

After a pause late in 2004, a large outbreak
occurred at Qinghai Lake in central China (April
2005) where 6,000+ wild birds died, as did poultry
in Xinjiang Autonomous Region, western China
(June 2005), both well to the northwest of previous
detections. In quick succession, outbreaks then
occurred in western Siberia (Russia, July 2005),
Kazakhstan (August 2005), Tibet (August 2005),
and Mongolia (August 2005). Finally, late in
2005, HP-H5N1 appeared in Turkey, Romania,
Taiwan, and Croatia (all in October 2005), and
later in Cyprus, Saudi Arabia, Kuwait, and Iraq
(late 2005—early 2006). As of 2007, the virus had
been detected across almost all of Europe and the
Middle East, in numerous southern and eastern
Asian countries (all except Nepal and Bhutan), as
well as in several countries in West Africa and the
northeastern portion of Africa (Egypt and Sudan;
Alexander 2007).

To summarize, from an initial appearance in
Southeast Asia, HP-H5N1 spread quickly up the
Pacific coast as far as Japan and Korea. It then
jumped northward into central Asia, and then
appeared to the southwest in the Middle East,
Europe, and Africa. These “jumps” have led many
to expect increasingly rapid spread, perhaps even
globally, in coming years. In reality, though, the
apparent extreme rapidity of the spread (particu-
larly in 2005-2006) is most likely a reflection of
establishment of surveillance programs—the
virus may already have spread to most of the areas
listed above prior to initiation of surveillance
efforts.

ARE WILD BIRDS SPREADING H5N1?

There is little doubt that wild birds are an impor-
tant long-term reservoir of influenza A viruses
(Olsen et al. 2006). However, the broad geo-
graphic pattern of spread of HP-H5N1 has been
variably interpreted as reflecting involvement of
wild birds (FAO 2005, Taubenberger and Morens
2006, Webster et al. 2006) or not being consistent
with wild bird movements (ABC 2005, National
Audubon Society 2005, BirdLife International
2006, JNCC 2006), with a few more balanced

68 STUDIES IN AVIAN BIOLOGY NO. 42 Paul



opinions (Kilpatrick et al. 2006, Melville and
Shortridge 2006). The answer to this debate will
guide development of plans for forecasting and
remediation in response to HP-H5N1 infections.

The basic argument revolves around the relative
weights of four types of evidence: (1) where the
virus has been documented to occur, (2) where
the virus has not been documented to occur,
(3) whether the virus has been detected in testing
of healthy wild birds, and (4) whether wild birds
can be infected with the virus and not become
dramatically ill. Brief discussion of these points
follows.

Where the Virus Has Been Documented

The pattern of occurrence of HP-H5N1 appears
well correlated with wild bird movements.
Southeast Asia is the winter home of most migra-
tory birds that breed across East Asia. From
there, spread to northeastern Asia (e.g., Japan
and Korea) is logical in view of the East Asia/
Australian Flyway. Spread to central Asia (Russia,
Mongolia, Kazakhstan) is reasonable given the
major waterfowl concentrations at sites such as
Qinghai Lake; although these regions are not
directly connected by traditionally recognized fly-
ways, movements of some waterbirds (at least in
low numbers) to that area from Southeast Asia
is highly likely. Last, movement south and west
from central Asia into the Middle East, Europe,
and Africa is expected given the East Africa/
western Asia flyway.

If we consider a Southeast Asian source area
for HP-H5N1, then much of the observed spread
of the virus is expected given known migratory
bird movements. Colonization of central Asia
from Southeast Asia is not in accord with recog-
nized flyways, but movement of some individu-
als between these areas is likely, at least given the
observed levels of straying and vagrancy reported
in other regions (BirdLife International 2006,
Kilpatrick et al. 2006, Melville and Shortridge
2006). Apart from this discrepancy, the zigzag,
north-and-south movements of HP-H5N1 coin-
cide with expectations of ties to migratory bird
movements (Peterson et al. 2004).

The alternative explanation centers generally
on the poultry industry and its human-mediated
movements of birds among regions (BirdLife
International 2006). This explanation (at least
in isolation) would explain the observed spread

patterns much less well. For example, southeast-
ern China is much more “connected” by domes-
tic bird trade with eastern China (e.g., Shanghai,
Beijing) than with Japan and Korea, for instance,
yet HP-H5N1 has not yet been detected in eastern
China. Similarly, trade and movements of poul-
try between Southeast Asia and Tibet, Mongolia,
Russia, Niger, and Kazakhstan cannot be sig-
nificant. The exclusively human- and poultry-
mediated explanation simply does not appear to
be a viable explanation (Kilpatrick et al. 2006).

Where the Virus Has Not Been Documented

Another point on which argument has cen-
tered has been that of where HP-H5N1 has not
occurred. The argument is that if the virus is
present in central Asia, and if migratory birds
are spreading it around, then it should have been
detected in India and in Africa, because those
regions receive large numbers of migratory birds
from Central Asia (BirdLife International 2006).
Curiously, since the publication of the BirdLife
position paper, HP-H5N1 has been documented
in India, Pakistan, Bangladesh, and broadly across
West and northeastern Africa. Other regions
that have been argued to be curiously absent for
HP-H5N1 include Taiwan (where it subsequently
appeared), the Philippines, and northern and
western Australia (FAO 2005).

Two points, however, should be borne in
mind. First, in some of these regions of appar-
ent absence, human densities (and, more impor-
tantly, poultry densities) are low. As such, non-
detection in parts of northern Australia or East
Africa should be viewed with caution. Second,
HP-H5N1 transmission by migratory birds is
clearly a relatively rare event, as its spread has
been so spotty and sparse; as such, one would
not expect it to appear in all areas—the sample of
transmission events is small, and some gaps are
sure to be present.

Nondetection of the Virus in Wild Birds

Nondetection of the virus in samples from healthy
wild birds in Hong Kong, Mongolia, New Zealand,
Australia, and Canada has been the focus of con-
siderable comment (BirdLife International 2006).
Here, the epidemiology of the disease needs to
be taken into account: HP-H5N1 is known to
be highly pathogenic to birds, and circulating
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infections or individuals that have survived infec-
tions should rarely be encountered. Nonetheless,
it only takes a single actively infected individual
to start an outbreak, so low probabilities make
detection difficult. Similar difficulties of detection
were observed in West Nile virus (WNV) in North
America—early initial testing of thousands of
migratory birds failed to detect active infections;
nonetheless, detailed subsequent studies docu-
mented extensive exposure of migratory birds to
the virus, allowing them to spread WNV widely
in the Western Hemisphere (Dupuis et al. 2003,
2005; Komar 2003; Komar et al. 2003, 2005; Marra
et al. 2003).

The BirdLife argument also ignores several
studies that have detected HP-H5N1 infec-
tions in wild birds. For instance, a recent study
based on sampling 13,000+ migratory birds in
China detected HP-H5N1 eight times (Chen
et al. 2006). A recent detailed and extensive
study found avian influenza infections (other
strains, albeit at low prevalences) in five wild
ducks (Anas spp.; Winker et al. 2007). Many
additional records of HP-HS5N1 infections in
wild birds can be found in the ProMed archives
(www.promedmail.org).

Can Wild Birds Be Infected Asymptomatically?

A last point made as an argument against a
role for migratory birds spreading HP-H5N1
(BirdLife International 2006)—that infected birds
would be too sick to migrate, and thus could not
serve as efficient vectors of HP-H5N1 spread—
requires additional study and careful thought.
A recent study concluded that at least domestic
ducks can indeed be infected asymptomatically,
based on the observation that experimentally
infected ducks can shed virus for extended peri-
ods of time (Hulse-Post et al. 2005), a result
confirmed recently in a larger study (Chen et al.
2006). Chen et al. (2006) reported HP-H5NT1 iso-
lation from apparently healthy wild ducks from
China; more importantly, that study reported 34
of 1,092 (3.1%) migratory ducks seropositive for
HP-H5N1, indicating that numerous migratory
birds had been infected and had survived the
infection.

Thus, the available evidence indicates that
migratory waterfowl can indeed be infected with
the virus and not necessarily all die or become too

sick to migrate. Further insights might be gained
via mass testing of healthy birds from areas
in which the virus is known to be circulating.
Results cited from Canada (BirdLife International
2006) may have little relevance to the prevalence
of HP-H5N1 since the virus has not yet spread
to the Americas! It is worth noting that early in
the WNV invasion of North America, this same
point was made repeatedly, suggesting that wild
birds simply could not be agents of broad spread
of WNV because it killed all the birds it infected—
this argument has clearly been counterindicated
(Dupuis et al. 2003, Komar et al. 2003, Peterson
et al. 2004).

Moreover, long experience with some of the
worst infectious diseases and associated mortal-
ity rates demonstrates that the idea of universal
mortality is untenable, and seeding a new out-
break only takes a single infected individual.
For example, Ebola virus ranks among the most
dramatic and drastic of diseases that affect
humans, and mortality rates range from 40% to
80% (Murphy et al. 1990). Rabies virus is usually
cited as universally fatal, but a number of cases
of human survival are known (Hemachudha et
al. 2002). The point here is that genetic variation
is universal, and disease resistance is generally
present in at least some individuals of a popu-
lation—the idea of universal mortality is unten-
able, and seeding a new outbreak only takes a
single infected individual.

Avian Role in Spreading HP-H5N1

A key conclusion regarding HP-H5N1 spread
is identification of a need for further informa-
tion. However, considerable evidence argues in
favor of migratory birds playing an important
role, although poultry-mediated spread events
may also occur. The recent study based on mas-
sive samples from China identified phylogenetic
connections between viruses isolated from ducks
from northern China and Hong Kong, indicating
migratory bird transport over ~1,700 km (Chen
et al. 2006). As such, the argument that wild birds
are “victims not vectors” (BirdLife International
2006) is based on negative evidence only, and is
unlikely to be tenable once additional information
is available. Rather, wild birds are likely to prove
to be both victims and vectors in the spread of
HP-H5NI1.
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WHICH WILD BIRDS SPREAD H5NT1?

An additional consideration is the taxonomic dis-
tribution of HP-H5N1 infections. A widespread
view is that this virus mainly infects waterfowl,
but this point may eventually prove to be more
dogma than scientific result (Olsen et al. 2006,
Taubenberger and Morens 2006, Webster et al.
2006). Waterfowl tend to congregate in large
numbers at freshwater and coastal sites, and
opportunities for transmission from individual
to individual are great. When large-bodied water-
birds get sick or die, carcasses are much more
obvious than remains of small-bodied songbirds
in forests or other complex habitats.

In the course of studies at several of the
HP-H5N1 outbreak sites, landbirds have been
found to be infected with the virus. For exam-
ple, a 29 January 2006 ProMed post documented
an Oriental Magpie-Robin (Copsychus saularis)
found dead in Hong Kong that tested positive for
H5N1. A small sample of Eurasian Tree Sparrows
(Passer montanus) in China showed surprisingly
high prevalences of HP-H5N1 (Kou et al. 2005).
Several studies now in progress are sampling
avifaunas more broadly in an effort to character-
ize the true host distribution of avian influenza
viruses, and results are beginning to appear. As
such, the conclusion that waterfowl alone are the
hosts of HP-H5N1 (cf. a recent review in Olsen
et al. 2006) should probably be reexamined in
the face of new evidence from broader sampling
programs. If only waterbirds are sampled for
HP-HS5N1 infection (most avian influenza sam-
pling programs focus exclusively or principally
on Anseriformes and Charadriiformes), then one
may well conclude that only waterfowl carry these
viruses! These considerations should be weighed
in designing forecasting systems based on migra-
tory patterns of bird species.

H5NT IN NORTH AMERICA

I have argued that wild birds play a significant
role in spreading HP-H5N1 geographically. While
alternative hypotheses are possible, a significant
role of wild bird migration in HP-H5N1 spread
seems undeniable, and explorations of the impli-
cations of bird migration for this phenomenon
are merited. Not only can predictions be made
regarding HP-H5N1 spread in coming months
and years, but also the bird migration-based

scenarios can provide a baseline expectation
against which observed patterns can be compared
versus causation by other agents such as trans-
port of domestic poultry.

A point of particular interest is linkages among
continents. As mentioned in a previous review of
WNV dynamics (Peterson et al. 2004), distances
in the high Arctic are not great (particularly for
migratory birds), and North America and Eurasia
are more interconnected by migratory birds than
one might expect. A suite of Asian birds extends
their breeding range from eastern Siberia to west-
ern Alaska, and numerous American birds use
both eastern Siberia and westernmost Alaska
(Cramp and Perrins 1977-1994). Similar link-
ages exist between Europe and eastern Canada,
mostly centered around Greenland. Last, many
pelagic seabirds show long-distance movements
that could also provide connectivity among
continents. Intercontinental connections were
reviewed and analyzed by Peterson et al. (2007),
and demonstrate ample connectivity by migra-
tory birds between Eurasia and the Americas.
Different sectors of the migratory avifauna may
transport the virus to the extreme northwest, the
extreme northeast, or broadly along coastal areas
of North and even South America.

FORECASTING H5NT1 SPREAD IN NORTH
AMERICA: A PROTOTYPE

Considering that the Americas may now be one
of few regions in which time still remains for
strategic planning of responses to and monitor-
ing for these viruses, an understanding of likely
“next steps” of the virus, once it arrives in North
America, becomes key. For example, if the virus
were to appear in Labrador in August, where
would it be expected to be in December, if migra-
tory birds were vectors of dispersal?

The principal motivation for this work was the
idea that breeding and wintering distributions of
migratory bird species are likely highly structured
and interconnected (Webster et al. 2002), as has
long been known in the monographic literature
(Palmer 1976). Birds from the eastern end of a
breeding distribution may not have the same
probability of ending up at the eastern or west-
ern end of the wintering distribution compared
to western birds. Techniques for characterizing
this non-random connectivity based on fine-res-
olution genetic information (Kimura et al. 2002)
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and stable isotope distributions (Hobson 1999,
Lott et al. 2003, Farmer et al. 2004, Hobson
et al. 2004, Atkinson et al. 2005) are beginning to
be explored (Webster et al. 2002) but are not yet
sufficiently mature to yield detailed answers in
as short a time span as the avian influenza situ-
ation may demand; still, these techniques clearly
will provide important new insights in the future.
Radio-tracking or satellite-based tracking offers
impressive detail on individual movements but
does not as yet produce sufficient sample sizes
to allow detailed and comprehensive conclusions
(Berthold et al. 1995).

Here, I describe a prototype of how existing
diverse information sets (Fig. 6.1) can be used
to develop a useful forecasting system now. Data
incorporated in this prototype include the North
American Breeding Bird Survey and Canadian
Breeding Bird Census to establish breeding-
season distributional areas, and Christmas Bird
Count and other winter-season data sets to estab-
lish overwintering areas. Data associated with

specimens in natural history museums offer par-
allel information for Mexico and other regions
poorly covered by national monitoring programs.
Banding recoveries from the North American Bird
Banding Laboratory data set were used to estab-
lish connectivity of distributional areas by migra-
tory movements. Last, detailed geospatial data sets
were used to permit inference and interpolation
of distributional areas. My prototype model treats
only southward migratory movements from along
the arctic rim of North America, and is based on
only six waterfowl species—but it serves to illus-
trate the concept as well as to teach some interest-
ing lessons about the structure of North American
bird migration. The model is already in advanced
phases of expansion and improvement (Peterson
et al. 2009).

Methods

The prototype model presented here focuses on
five species of geese and one seaduck—Ross’s

Figure 6.1. Illustration of the large quantity and diversity of avian occurrence data used in the prototype. Shown are points
indicating occurrence data from North American Breeding Bird Survey and Christmas Bird Count; lines represent banding-
recovery events between breeding and wintering seasons by six species of Anseriformes, with gray shade depicting a different
species. The circles along the northern rim of the continent represent the eight exemplar breeding-distribution source areas
treated in the prototype. Note the eastbound and westbound banding data linking North America with Greenland and Siberia.
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Goose (Chen rossii), Snow Goose (C. caerulescens),
Greater White-fronted Goose (Anser albifrons),
Atlantic Brant (Branta bernicla), Black Brant (B.
nigricans), and Common Eider (Somateria mol-
lissima). The set of species was chosen on the
basis of availability of banding data as well as
to illustrate high arctic bird migration dynam-
ics, and is not intended to be comprehensive
or even necessarily representative. Rather, it is
intended to be illustrative of the challenge and
of the complexities of bird migration across
North America.

Raw occurrence data were taken from the
Breeding Bird Survey, Canadian Breeding Bird
Census, Christmas Bird Count, and banding and
recovery events in the U.S. Banding Laboratory
data set (without connecting banding and recov-
ery events for individual birds at this point in
the process—see below). For Mexico, observa-
tional data sets were complemented by data from
the Atlas of Mexican Bird Distributions, which
summarizes Mexican bird specimen holdings
of 64 natural history museums (Peterson et al.
1998; Navarro-Sigiienza et al. 2002, 2003). For
the purposes of the prototype, occurrence data
were restricted to records from two 3-month
“breeding” (May—July) and “wintering” periods
(December—February).

Ecological niche modeling (ENM) tools were
then used to interpolate between occurrence
records and map likely geographic distributions
for each species in each season. Specifically,
I used the Genetic Algorithm for Rule-set
Prediction (GARP; Stockwell and Noble 1992,
Stockwell and Peters 1999) to profile each spe-
cies’ seasonal distribution in ecological space.
Species profiles, which can be termed an “eco-
logical niche model,” can then be projected
back onto the geographic landscape to identify
areas of potential distribution (Peterson 2003).
The approach, and its assumptions and details,
is discussed at length elsewhere (Soberén and
Peterson 2004, 2005).

After development of a static picture of the
overall breeding and wintering distributions of
each species, I used the Bird Banding Laboratory
data to link areas in the two seasons. To illustrate
the idea of connectivity, I selected eight 500-km-
diameter “windows” across the arctic rim of
North America (Fig. 6.1) as focal source regions
in the prototype. My goal was to be able to antici-
pate where birds originating (breeding) in each

of these eight windows spend the winter within
the modeled winter distribution of each species
under consideration.

I converted each of the banding records from
the breeding season for which a winter recovery
was available (or vice versa) into a vector data
element in a GIS shapefile, as a line segment
connecting the breeding locality and the winter
locality (Fig. 6.1). For each species and for each
window, [ then identified vectors originating in
that window and plotted a point on the winter
distributional area to represent the winter des-
tinations of those birds from that sector of the
breeding distribution. I also produced 1,000 ran-
dom points from across the winter distribution
of each species to provide a “background” value of
inferred absences of the species.

Last, assigning the known winter destinations a
value of 10 and the random points values of 0, I fit
a surface using an inverse distance weighting, of
the form w(d) = 1/d?, and used a distance weight-
ing of p = 2. Weighting schemes were arbitrary
and are under further experimentation for the
full implementation of the forecasting system.
The resulting surface provided a first approxima-
tion of the winter destinations of individuals of
each species originating within each of the eight
windows. The surfaces were summed across the
six species for each window to provide a more
general picture of the winter destinations of birds
originating in those sectors of the arctic rim.

Results and Discussion

The steps in my prototype model provide infor-
mation on (1) a “best guess” as to the breeding
and wintering distributions of each species; and
(2) to the limits of information available, the
likely winter destinations of members of each
species originating in particular portions of the
breeding distribution. The procedure is complex,
with several decisions and options, and clearly
will require further exploration and fine-tuning.
However, it provides a first picture of intercon-
nectivity of areas in the breeding distribution with
areas in the winter distribution, at least for migra-
tory species that have received sufficient banding
and recovery effort.

The Greater White-fronted Goose provides
an illustration of the procedures for estimat-
ing connectivity between seasonal distribu-
tional areas (Fig. 6.2). The breeding range of
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Figure 6.2. Example of Greater White-
fronted Goose (Anser albifrons) records
of breeding within Window 1, and
procedures used to characterize their
winter destinations. (A) Identification
of paths originating in Window 1.

(B) Points indicating winter destinations
(dotted squares) and random points
used for contrast (Xs). (C) Surface
produced, in which darkest shading
of gray indicates greatest numbers of
individuals.

Window 1 known migratory paths

Known occurrences and random points overlaid on

modeled winter distribution
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Figure 6.3. Greater White-fronted Goose (Anser albifrons) winter destinations, based on breeding-distribution banding records

in three windows across the Arctic rim of North America.

the species extends from westernmost Alaska
west to central northern Canada, and it winters
in central California, the southern Great Plains,
the lower Mississippi River Valley, and the Gulf
Coast (Palmer 1976). As expected, but perhaps
at a finer scale than would have been expected,
non-random associations exist between portions
of the breeding and winter distributional areas
(Fig. 6.3). Birds breeding in westernmost Alaska
(Window 1) migrate almost exclusively to cen-
tral California; birds breeding just a few hun-
dred kilometers farther east in western Alaska
(Window 2), however, spread out between central
California, the south-central United States, and
central Mexico. Birds from the eastern extreme
of the species’ breeding distribution (Window 7),
in contrast, do not migrate to California at all—
rather, they winter in the lower Mississippi River
Valley, along the Gulf Coast, and to a lesser degree
on the East Coast. These contrasts and non-
random associations are indicative of interesting

and intriguing complexities in the fine details of
bird migration in North America that remain to
be discovered once additional techniques (e.g., sta-
ble isotope analysis, molecular genetic studies)
are developed fully for this purpose.

Looking at more general patterns by averag-
ing over all six species reviewed in the prototype
(Fig. 6.4) reveals patterns similar to those just men-
tioned, but the greater diversity of species makes
for more general results. In particular, western-
most Alaska breeders (Window 1) concentrate in
the Pacific coastal states, and again, breeders from
just a few hundred kilometers inland and east-
ward across much of the arctic rim (Windows 2-7)
spread out between central California and the
interior of the United States. East of Hudson Bay
(Window 8), however, the California component of
wintering populations is lost entirely, and winter-
ing is focused in the lower Mississippi River Valley
and on the East Coast. Birds breeding farther to
the east (Window 10) appear to winter almost
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exclusively along the northeastern coast of the con-
tinent, although the sample of species included in
the prototype is small.

The patterns illustrated by this prototype serve
several purposes—including illustration of the
complexity in how breeding populations map
onto wintering populations. Linking these results
back into the context of HP-H5N1, avian move-
ments indicate that the likely “next step” of the
virus in North America will be highly sensitive
to where the virus enters North America and
to where it is able to spread before migration
begins—just a few hundred kilometers could
make a considerable difference in whether whole
sectors of the continent should be considered vul-
nerable. What the prototype does not do is sum-
marize any real patterns or offer any solid basis
for policy decisions, as many more species would
have to be considered before such results could be
considered robust.

Prototype to Full Implementation

The prototype model has received a number of
extensions and improvements. It is—for the
moment—developed in terms of breeding popu-
lations mapping onto wintering populations, as
this situation will likely be the firstissue at hand in
dealing with HP-H5N1 in North America. Clearly,
extending the coverage of species to all migratory
birds in North America is a key goal. Greater tem-
poral detail is also desired, to the extent permit-
ted by the temporal density of records available
in the bird-banding data set; moving from two
seasons to perhaps biweekly periods or months,
at least in the months of migration, is important.
Next, the prototype considered eight windows
across the arctic rim of North America; an impor-
tant extension is to develop it for a uniform grid
across the continent (e.g., all »° or 1° grid squares
in North America). Last, several technical details
of the analysis need attention: seasonal distribu-
tional models should be tested and evaluated for
significant predictivity prior to use, more diverse
surface-fitting algorithms should be explored,
and a number of sample size—-dependent options
should be added to the analysis.

With additional model improvements—which
will, of course, require significant investment of
time and computing—the prototype can cease
to be a prototype and begin to be a summary of
broadest-scale information resources regarding

the details of the geography of North American
bird migration. One of the principal lessons of
this exercise will be that of illustrating the com-
bination of great complexity with sparse data and
knowledge—much more remains to be learned
about bird migration, even in North America
(Palmer 1976). A knowledge base on avian move-
ments will be useful in anticipating likely patterns
of spread once HP-H5N1 reaches North America.

RECOMMENDATIONS AND CONCLUSIONS

The appearance of HP-H5N1 and the potential
risk of influenza pandemics represent a seri-
ous challenge to a broad sector of the scientific
community—obviously, the public health and
epidemiological communities must worry about
transmission among humans and the possibility
of an emerging influenza pandemic. However,
HP-H5N1 as an avian zoonosis also presents
challenges to ornithologists worldwide—under-
standing the fine details of migratory bird move-
ments to permit anticipating of next steps in the
spread of the virus globally. Ornithology has been
a scientific discipline for several hundred years
and should be able to inform the public health
and agriculture sectors about how birds will likely
interact with this virus. Many lessons remain,
however, particularly in the realm of organizing,
sharing, and interpreting information already
in hand.

Several sectors of this challenge would benefit
from increased attention from the ornithological
community. In particular, of particular need is
intensive monitoring of bird movements within
continents during migratory periods; such data
would greatly inform efforts to anticipate when
a disease like HP-H5N1 would arrive at a par-
ticular location, given a previous appearance
elsewhere. Spatial data are now being organ-
ized in data caches such as ORNIS (ornisnet.
org, mostly for specimen-based data) and eBird
(ebird.org/content/ebird, for observation-based
data). In particular, focus on documenting fre-
quencies and patterns of intercontinental avian
movements would be helpful—this information
will require intensive documentation of occur-
rences and movements in remote areas of west-
ern Alaska, northeastern Canada, and Greenland,
as well as in Australia, New Guinea, and South
America. More generally, broad, efficient, and
open sharing of distributional data of all sorts
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North America showing windows

Figure 6.4. General patterns of winter destinations across the six species of waterfowl included in the Arctic rim prototype, showing estimated winter destinations of individuals breeding
within eight windows across the region.



via new Internet-based protocols such as DiGIR
(Stein and Wieczorek 2004) will greatly enable
such research (Peterson et al. 2005).

Further development and exploration of
genetic and isotopic approaches to understand-
ing the fine details of migration of key species will
also be important in coming years (Webster et
al. 2002). These techniques have the potential to
be more direct and less subject to sampling bias
than the banding data used herein—at least once
they are developed and tested more rigorously.
New methods offer the potential for creating con-
nectivity maps between breeding and wintering
areas for species that do not depend on the vagar-
ies of banding data, and would depend simply
on the existence of robust protocols for analysis
of recent, data-rich specimen material in natural
history museum collections.

Last, management of HP-H5N1 will certainly
require major efforts in the realm of actual
monitoring for the virus. Such work is likely to
be perilous, as the virus is highly pathogenic
to humans and any handling of potentially
infected birds must be carried out under the
strictest of safety guidelines. However, it will
track the advance of the virus, and is the only
means by which to clarify the points discussed
above regarding wild birds and landbirds as
contributors to its spread. Virus tracking would
involve sampling birds and vouchering the
samples with specimens, sampling live birds
to boost numbers and increase probabilities of
detection of rare infections, and detecting dead
birds and getting them tested. Screening of
dead birds proved to be among the most sensi-
tive “detectors” of the advance of West Nile virus
across North America in the past half decade
(Eidson et al. 2001).
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Immunophenotyping of Avian Lymphocytes

IMPLICATIONS AND FUTURE FOR UNDERSTANDING DISEASE IN BIRDS

Abstract. Chicken (Gallus gallus domesticus)
T-cell populations can be delineated into subsets
based on their expression of cell-surface pro-
teins such as cluster of differentiation (CD) cell
surface markers. However, immunophenotyping
using flow cytometry in birds has focused on cell
characterization in the thymus and spleen dur-
ing development in chickens. West Nile virus
(WNV) causes differential infections in birds,
ranging the entire spectrum of pathogenesis. In
order to accurately assess immunocompetence
to diseases such as WNV in birds, more efficient
methodology to access natural variability in avian
immune function must be devised and under-
stood. Previously, lymphocyte subpopulations
CD4* and CD8* have been found to be critical for
clearing infection of WNV in mammals. Focus-
ing on chickens, a species that is susceptible but
not infective for WNV, our objectives were to:
(1) further develop flow cytometry for estimat-
ing subpopulations of lymphocytes in peripheral
blood from poultry, (2) estimate the best antibody
and cell marker combination for estimating lym-
phocyte subpopulations, and (3) estimate repeat-
ability and application to other avian species sus-
ceptible to WNV. Immunophenotyping of CD3+,
CD4+, CD8+, and CD45+ was successfully com-
pleted for chicken peripheral blood but not for
the Common Raven (Corvus corax) or Black-billed

Magpie (Pica hudsonia). Future studies include
immunophenotyping during infection studies
of WNV in chickens and further development of
flow cytometry for other bird species.

Key Words: chicken, flow cytometry, Gallus gal-
lus domesticus, host range, immunophenotyping,
lymphocytes, West Nile virus.

Caracterizacién Inmunofenotipica de Linfocitos
de Aves: Las Implicaciones y el Futuro Para el
Entendimiento de la Enfermedad en Las Aves

Resumen. Las poblaciones de las células T del
pollo (Gallus gallus domesticus) pueden ser cara-
cterizadas en base a la expresion celular de sus
proteinas de superficie, tales como los marca-
dores de antigenos de diferenciacién leucocitaria
(CD). Sin embargo, la caracterizacién inmun-
ofenotipica usando citometria de flujo en aves
se ha enfocado a la caracterizacién celular en el
timo y el bazo durante el desarrollo de pollos. El
virus del Nilo Occidental (VNO) causa diferentes
formas de infeccién en las aves, y cubre todo el
espectro patologico. Para poder evaluar de man-
era precisa la inmunocompetencia de las aves
a las enfermedades como el VNO es necesario
desarrollar metodologias mas eficientes, que per-
mitan accesar la variabilidad natural de la funcién

Fair, . M., K. J. Taylor-McCabe, Y. Shou, and B. L. Marrone. 2012. Immunophenotyping of avian lymphocytes: implications
and future for understanding disease in birds. Pp. 81-90 in E. Paul (editor). Emerging avian disease. Studies in Avian Biol-

ogy (vol. 42), University of California Press, Berkeley, CA.
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inmunolégica de las aves. Anteriormente se iden-
tific6 que las subpoblaciones de linfocitos CD4+ y
CD8+ son indispensables para eliminar la infec-
cién del VNO en los mamiferos. Enfocandonos
en los pollos, la cudl es una especie susceptible
pero no infectiva para el VNO, nuestros objetivos
fueron: (1) mejorar la metodologia de la cito-
metria de flujo para estimar subpoblaciones de
linfocitos en la sangre periférica de aves de corral,
(2) calcular la mejor combinacién de anticuerpos
y marcadores celulares para estimar subpobla-
ciones de linfocitos, y (3) estimar la consistencia y
la aplicacién para otras especies de aves suscepti-
bles al VNO. La caracterizacién inmunofenotipica

ecently, considerable interest has focused

on life-history effects on immunocom-

petence and emerging diseases in birds.
If immunocompetence is limited by available
resources, then trade-offs between investment
in life-history components and investment in
immunocompetence could be important in deter-
mining optimal life-history traits (Norris and
Evans 2000). Understanding these trade-offs and
immunocompetence in respect to emerging avian
diseases will be critical for predicting, mitigating,
and managing disease impacts in both domestic
and wild bird populations.

Immunophenotyping can be defined as a proc-
ess used to identify cells based on the types of
antigens or markers on the surface of the cell.
Specific antibodies are the critical tools for immu-
nophenotyping, and antibodies can be colored by
conjugation with the appropriate fluorochrome
used in flow cytometry (Stewart and Nicholson
2000). Antibodies are globular proteins known
as immunoglobulins (Ig; Kindt et al. 2007). Since
great biological diversity exists among proteins
of the same types within and between species,
the differences can be used to elicit the produc-
tion of specific antibodies. However, these dif-
ferences typically result in non-cross-reactivity
between antibodies produced by other species
that are not phylogenetically related. For example,
the antibodies for a subpopulation of lymphocyte
T cells in humans may cross-react with T cells
from monkeys as the T cells share the common
epitope (Stewart and Nicholson 2000). Immu-
nophenotyping is accomplished by identifying
cells using fluorochrome-conjugated antibodies

de CD3+, CD4+, CD8+ y CD45+ fue exitosa
para la sangre periférica de pollos, pero no fue
exitosa para el Cuervo Comun (Corvus corax)
y para la Urraca (Pica hudsonia). Los estudios
para el futuro deberan incluir la caracterizacion
inmunofenotipica de los pollos durante la infec-
cién con el VNO y el desarrollo de la citometria de
flujo para otras especies de aves.

Palabras Clave: caracterizacién inmunofenotipica,
citometria de flujo, Gallus gallus domesticus, lin-
focitos, pollo, rango de hospedero, virus del Nilo
Occidental.

as probes to proteins expressed by cells. Lym-
phocytes express distinct assortments of mole-
cules on their cell surfaces, many of which reflect
either different stages of their lineage-specific
differentiation or different states of activation or
inactivation. Lymphocyte cell surface molecules
are routinely detected with anti-leukocyte mono-
clonal antibodies (mAbs). Using different combi-
nations of mAbs, it is possible to profile the cell
surface immunophenotypes of different leuko-
cyte subpopulations, including the functionally
distinct mature lymphocyte subpopulations of B
cells, helper T cells, cytotoxic T cells, and natural
killer cells, as well as estimate the whole leuko-
cyte count. The cluster of differentiation (CD)
applies to the subpopulations of lymphocytes
that describe the antibody directed to the antigen
on the cell, and not to an epitope of that antigen
(Table 7.1). For example, in humans, Stewart
and Nicholson (2000) noted that CD11a refers
to all antibodies that bind to any epitopes on the
alpha chain of LFA1. Conventions in nomencla-
ture arose out of the need to identify the antigen,
rather than the epitope.

The CD molecules most commonly referred
to are CD4+ and CD8+, which are markers for
two different subtypes of T-lymphocytes, T-helper
cells, and cytotoxic T cells, respectively, with dif-
ferent roles in the immune system, as their
names imply. Lymphocytes that express CD4+
and CD8+ are critical for the regulation and
control of many pathogens—in particular, viral
pathogens. For example, CD4+ is specifically
recognized and bound by several viruses such as
HIV, leading to viral infection and destruction of
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TABLE 7.1
Known specificity and function of monoclonal antibodies for antigens in mammals.

Cell surface

Conjugation/

antigens Specificity/distribution label used Function

CD3+ T cytotoxic lymphocytes, during FITC, PE T-cell receptors
thympoiesis

CD4+ T helper lymphocytes, some FITC, PE Antigen recognition, MHC
natural killer (NK) cells Class I and IT

CD8+ T cytotoxic lymphocytes, FITC, PE Antigen recognition, MHC
thymocytes, some NK cells Class I restricted

CD45+ Total lymphocytes, all nucleated FITC, PE Regulation of tyrosine

haematopoietic cells

phosporylation, signaling
thresholds

CD4+ T cells (Altfeld and Rosenberg 2000, Picker
and Maino 2000). Evidence also suggests that
CD4+ and CD8+ are important in the immunol-
ogy of West Nile virus (WNV) in vertebrate hosts
(Wang et al. 2003b, Shrestha and Diamond 2004,
Shrestha et al. 2006, Sitati and Diamond 2006).
Recent techniques have improved our ability to
quantify CD4+ and CD8+ T-cell responses fol-
lowing viral infection. It is becoming clearer
that many viral infections induce strong antigen-
specific T-cell responses (Doherty and Chris-
tensen 2000). Due to the importance of their
response to disease in vertebrates, T cells are, like-
wise, considered a critical aspect of the immune
system to investigate in birds. Flow cytometry
rarely has been applied to birds compared to
humans, and while most immunophenotyping
using flow cytometry has focused on cell charac-
terization in the thymus and spleen and during
the development in chickens (Gallus gallus domes-
ticus; Lillehoj 1991, Paramithiotis et al. 1991, Erf
et al. 1998), few studies have immunophenotyped
peripheral blood in chickens (Furusawa et al.
2000, Kliger et al. 2000, Czekaj et al. 2005, Bohls
et al. 2006).

Immunophenotyping Differences Between Birds
and Humans Birds differ from humans in that
they have nucleated red blood cells that allow
for cell division. In the past, this difference in
physiology has provided a roadblock to rapidly
and accurately obtaining lymphocyte cell counts
in birds since red cells outnumber white cells by

orders of magnitude. For human lymphocyte cell
measurements, non-nucleated red blood cells are
easily lysed and can be eliminated or separated
from measurement. However, avian red blood
cells are not as easily lysed without lysing all the
lymphocytes simultaneously, and red blood cells
also been found to have a lower ability to adapt
to local sheer force such as centrifugation (Gaeht-
gens et al. 1981).

Therefore, centrifuging to separate lymphocytes
can increase the amount of erythrocytic lysate
in the sample, increasing the need for multiple
cleansings. Another major challenge for sam-
pling birds is the amount of sample that can be
obtained nondestructively. By using the assay plat-
form of single-cell, high-sensitivity flow cytometry,
small sample volume can be overcome. Because
thousands of cells per second can be analyzed
individually, the counting statistics are favorable
for examining scant sample volumes. In addition,
flow cytometry is especially well suited for high-
throughput analysis of large numbers of samples.
In this paper, we used a two-color labeling system
because only FITC, unlabeled, or R-PE labels
are available for anti-chicken CD markers. We are
confident that once this technique is utilized more
often in avian samples, assays for more than two
colors, such as those used commonly for human
studies, will become available. Use of the tech-
nique will enable more immune markers to be
processed within one sample within a given period
of time than has been done previously, allowing for
immediate analysis. Collecting samples from birds
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either in the laboratory or in the field is very time
consuming and limits the number of samples. The
ability to sample more birds at greater frequen-
cies will overcome another limitation of the use of
free-range avian sentinels, which is the potential
for grossly underestimating the effect of disease
because of poor sampling.

Immunology of an Example Disease: West Nile

Virus  Since the emergence of WNV in New York
Cityin 1999, this Flavivirus has emerged as one of the
most important arthropod-borne viruses in North
America (for a review of WNV in birds, see McLean
2006). WNV has been maintained in an enzootic
cycle among mosquitoes, birds and mammals, and
the environment that affects mosquito populations.
One of the most striking impacts of WNV was the
difference in host susceptibility among species of
birds, ranging from totally asymptomatic species
that may still replicate the virus, such the Rock
Pigeon (Columba livia; Allison et al. 2004, Deegan
et al. 2005, Gibbs et al. 2005), to species that suffer
extremely high morality rates such as the Common
Raven (Corvus corax; Potter 2004) and the Ameri-
can Crow (C. brachyrhynchos; Yaremych et al. 2004,
Caffrey et al. 2005, Ward et al. 2006). Komar et al.
(2003) experimentally showed five top species that
might have a higher probability of functioning as
reservoir species based on susceptibility, infectious-
ness, and duration of viral shedding. These species
included the Blue Jay (Cyanocitta cristata), Common
Grackle (Quiscalus quiscula), House Finch (Carpoda-
cus mexicanus), American Crow, and House Sparrow
(Passer domesticus). Another long-term study using
Breeding Bird Survey data from the last three dec-
ades has shown population decreases as high as
45% in groups of birds such as crows and ravens
since 2001 across the U.S. (LaDeau et al. 2007).
Currently, the mechanisms underlying differences
in bird species’ susceptibilities remain unknown for
WNV.

The host range of pathogens can be driven by
many things. The major host range determinant
for all influenzas is the binding site for entrance
of the virus into the cell, sialic acid, which var-
ies between mammals and bird cell membranes
(Suzuki et al. 2000). To gain entrance into cells,
human influenza viruses bind preferentially
to sialic acid containing N-acetylneuraminic
acid alpha2,6-galactose (SAalpha2,6Gal) linkages,
while avian and equine viruses bind preferentially
to the sialic acid containing N-acetylneuraminic

acid alpha2,3-galactose (SAalpha2,3Gal) linkages.
Another candidate host cell receptor for WNV is
thought to be «VB3 integrin (Chu and Ng 2004).
Integrins are membrane proteins that play a role
in the attachment of the cell to the extracellular
matrix and in signal transduction. However, little
information is available on integrins in birds.

In humans, host factors in elderly and immuno-
compromised individuals determine a greater risk
for WNV infection (Lanciotti et al. 1999). Similarly,
wild birds may be immunocompromised due to
environmental stress conditions and infection with
other disease, leading to differential infection by
WNV. Through animal models, T and B cell lym-
phocytes have been shown to protect against WNV
infection (Halevy et al. 1994; Diamond et al. 2003a,
2003b). Humoral immunity mediated by B cells has
also been shown to be a critical component of the
immune response to WNYV for both IgG (Diamond
etal. 2003a) and IgM (Diamond et al. 2003b).

CD4+ T cells contribute to the control of WNV
infection through the multiple mechanisms
that include CD8+ T-cell priming, cytokine
production, B-cell activation and priming, and
direct cytotoxicity (Samuel and Diamond 2006).
Mice deficient in T-cell receptor £ (TCRR) have
increased mortality to WNV (Wang et al. 2003a).
In these mice, CD4+ cells respond most in the
peripheral blood (Kulkarni et al. 1991), and CD8+
cells are found in the spleen and brain following
WNV infection (Liu et al. 1989).

The y3T cells are a subset of T cells that com-
prise a minority of CD3+ cells in the lymphoid
tissue of mammals, as well as in the epithelial
and mucosal sites, but are not well represented
in the peripheral blood (Hayday 2000), and it has
been shown that ydT CD3+ help control WNV in
mice (Wang et al. 2003a). CD45+ is expressed on
B lymphocytes and naive, activated, and memory
T lymphocytes.

Similar to humans where pathogenesis of
WNV infection is a balance among virulence,
innate and adaptive immunity, and viral evasion
(Samuel and Diamond 2006), wild birds have the
additional impacts of the environment and poten-
tial natural selection through past mortalities that
may cause more pronounced roles over similar
human situations. Another host factor suggested
for susceptibility to WNV was body temperature,
but it has been found that the North American
genotype (NY99) has the ability to replicate at high
temperatures measured in infected American
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Crows (Kinney et al. 2006). While many host fac-
tors may be involved in WNV replication within
individuals (Brinton 2001), differences between
species should be more pronounced.

Chickens have been key players in the under-
standing and potential control of WNV. A can-
didate WNV surveillance sentinel species such
as the chicken would be susceptible to mos-
quito-borne infection yet resistant to disease.
The sentinel species must survive infection and
develop detectable antibodies, but should not
develop sufficient viremia to infect mosquitoes
and other nearby chickens (Langevin et al. 2001).
In addition, chickens have been shown to have
passive transfer of maternal WNV antibodies to
chicks that decayed by 28 d post-hatch without
vertical transmission (Nemeth and Bowen 2007).

In order to accurately assess immunocompe-
tence in birds, natural variability in both avian
immune function and the methodology must be
better measured and understood. It is also impor-
tant to develop a better understanding of the
pathology of disease in birds, and the host range
of viruses such as WNV in birds is needed. Prior
to understanding how lymphocyte subpopula-
tions control WNV infection in different species
with varying susceptibilities, immunophenotyp-
ing techniques must be further developed.

The first objective of this research was to esti-
mate peripheral blood lymphocytes CD3+, CD4+,
CD8+, and CD45+ using flow cytometry for chick-
ens under free-ranging conditions. The second
objective was to investigate repeatability of using
flow cytometry for lymphocyte subpopulations and
to estimate variation in a diverse selection of chicken
breeds in free-ranging conditions. The last objective
was to explore the use of antibody and T-cell marker
combinations for estimating lymphocyte subpopu-
lations in other bird species that are susceptible to
WNV but that are not related to chickens.

METHODS

Eighty-five female chickens were obtained from
several flocks maintained in and around north-
ern New Mexico. Chickens in this study were
free-ranging in order to adequately represent vari-
ability in diet and environments. Variability in the
diet and environment came from different farms
and husbandry practices, including diet, which
was unknown. All chickens included were consid-
ered to be American breed, single-comb leghorns,

either White Plymouth Rocks or New Hampshire
Red varieties. Whole blood samples were col-
lected from the brachial wing vein (ca. 2 ml) using
heparinized syringes and transferred into EDTA
tubes. Processing of blood samples in the labora-
tory began within two hours of collection. Blood
was also collected from ten Black-billed Magpies
(Pica hudsonia) and eight Common Ravens cap-
tured with the Netlauncher™ (Coda Enterprises
Inc., Mesa, AZ) in Santa Fe and Los Alamos coun-
ties, respectively. Rock Pigeons captured in pigeon
cage traps were also tested for immunophenotyp-
ing with anti-chicken antibodies (n = 70).

Lymphocyte Isolation

Venous blood samples were diluted 1:1 with sterile
PBS (1X; Gibco, Carlsbad, CA) with 1% BSA (ICN
Biomedicals, Aurora, OH) to a 2-ml total volume.
This mixture was then layered on 3 ml of Ficoll
(Histopaque-1077; Sigma, St. Louis, MO) in a 15-ml
tube. The samples were centrifuged using a Centra
GP8 centrifuge (IEC, Needham Heights, MA) at
2,000 rpm for 30 min with no brake. The layer of
cells above the Ficoll containing the lymphocytes
was then carefully collected with a sterile transfer
pipette and washed twice with 4 ml PBS with 1%
BSA. The sample was centrifuged at 1,500 rpm for
7 min. The cell pellet was resuspended in 1 ml PBS
with 1% BSA and counted using a Coulter Multi-
sizer Z1 (Beckman Coulter, Fullerton, CA). Multi-
ple washes of the cell pellet were required in order
to obtain adequate lymphocyte isolation.

Antibodies

Antibodies (mADb) were purchased from Southern
Biotechnology Associates (Birmingham, AL). The
antibodies used were the following: Mouse anti-
chicken CD8+, Mouse anti-chicken CD4+, Mouse
anti-chicken CD3+, and Mouse anti-chicken
CD45+. Fluorochromes used for antibody labe-
ling for flow cytometry detection were fluorescein
isothiocyanate (FITC) and R-phycoerythrin (R-PE).
Both were fluorescent microspheres conjugated to
antibodies to allow for specific antibody detection.

Cell Labeling

Working dilutions and conditions for the above
mAB conjugates were provided by Southern Bio-
technology Associates. Two pl of FITC-conjugated
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mABs was diluted into 20 pl of PBS. For R-PE
conjugated mAbs, 0.5 pl was diluted in 20 pl total
PBS. These working solutions were then added to
approximately 1,000,000 cells. The cells were incu-
bated for 20 min at room temperature in the dark
and washed one time with 1X PBS. The cells were
centrifuged at 1,500 rpm for 7 min. The pellet was
resuspended in 100 pl CAL-LYSE (Caltag Laborato-
ries, Burlingame, CA) and incubated for 10 min at
room temperature. Next, 2 ml of ddH20 was added
and allowed to incubate for 10 min. The resulting
mixture was centrifuged at 1,500 rpm for 7 min
and washed once with PBS. The final pellet was
resuspended in 250 pl PBS. Combinations used
for flow cytometry were: CD4/CD8, CD3/CDS,
CD3/CD45, CD4/CD45, and CD8/CD45.

Flow Cytometry and Data Analysis

Flow cytometry analysis was performed on a FAC-
SCalibur flow cytometer (Becton Dickinson, San
Jose, CA) with a 488-nm argon laser. Green fluores-
cence (from FITC) was detected on the FL1 channel
(530/30 nm band-pass filter), and orange fluores-
cence (from R-PE) was detected on the FL2 channel
(585/42 nm band-pass filter). Cells were analyzed at
up to 20,000 events. Flow cytometry was repeated
for the same sample and compared for repeatability.

The Statistical Analysis System (SAS Institute
Inc., Cary, NC) was used for all statistical analyses,
and assumptions for parametric statistics were
examined. Flow cytometry results were compared

among antibodies, individual birds, and repeated
analysis with nested analysis of variance (ANOVA)
models. We considered the among-individual vari-
ance components to represent repeatability. Mean
percentage for labeled cell types were compared
with Duncan’s Multiple Range Test. Data not nor-
mally distributed or having unequal variances were
compared with Kruskal-Wallis nonparametric tests.

RESULTS AND DISCUSSION

Immunophenotyping of CD3+, CD4+, CD8+,
and CD45+ was successful for chicken peripheral
circulating blood. A total of 85 chickens were used
in this experiment over a 6-mo period. Seven to ten
individuals were bled and analyzed by flow cytom-
etry per collection day. Gating boxes were created
by visually placing a box that encompassed the two
separate populations of R-PE or FITC labeled cells
as they were appearing on the screen. If needed,
these boxes were moved slightly with each run to
optimize capturing all the cells. CD8+ cells were
labeled only with FITC. No differences were found
in the heteroscedasticity between the labels (FITC
or R-PE) for each CD marker, except for CD45+
(Levene’s test), which was then compared using
the nonparametric Kruskal-Wallis test. The per-
centage of lymphocytes did not differ for each
cell differentiation and fluorescent label used for
CD4+ that includes a repeated test (F o, = 2.10,
P = 0.15) (Fig. 7.1). However, fluorescent labels
used were different for CD3+ (F; ;o = 36.46,
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Figure 7.2. Percentage of lymphocytes CD4+, CD8+, and CD45+ compared among
individual chickens with repeated flow cytometry measurements, test 1 and test 2.
The CD4+ and CD8+ markers used were FITC-labeled and the CD45+ marker was

labeled with PE.

P < 0.0001) and CD45+ markers (x> = 41.3,
P < 0.001). Since CD45+ cell markers are essen-
tially on the surfaces of all lymphocytes and, there-
fore, close to 100%, the PE label appears to be
lower than expected, with a mean of 83.8% versus
98.8% for the FITC label. The PE label for CD3+
was also significantly lower than the FITC labeled
cell markers, with 11.5% versus 23.6% for the
FITC labeled cells. For CD4+ and CD8+, no dif-
ferences were found between lymphocyte repeated
runs, meaning measurements were highly repeat-
able (Fj o0 = 247, P = 0.15 and F, 4, = 0.23,
P = 0.79, respectively; Fig. 7.2). Antibody mark-
ers made from chickens did not cross-react with
lymphocytes isolated from Black-billed Magpies
and Common Ravens, species not related to chick-
ens. Antibody markers partially reacted with Rock
Pigeon cells, and results are inconclusive at this
point.

Our work demonstrates the feasibility of using
flow cytometry for measurements of peripheral
blood in chickens, using anti-chicken antibodies
for lymphocyte subpopulations but not in other
species of birds unrelated to chickens. Bohls
et al. (2006) evaluated peripheral blood mononu-
clear cells in birds by flow cytometry and found
that their protocol could identify CD4+ and
CD8+ T lymphocytes in another bird species, the
endangered Attwater’s Prairie-Chicken (Tympa-
nuchus cupido). Although the authors found that

a number of monoclonal antibodies specific for
domestic chickens did not react with the prairie
chicken leukocytes, several were functional and
could be reliably used for evaluations that pro-
vided dot plots similar to those observed with the
analyses of domestic chicken.

Stewart and Nicholson (2000) point out that
because each company that produces antibodies
may produce them to a different epitope, they
may behave differently in function studies. Anti-
bodies can be made to epitopes on the unique
portions of restricted proteins, or they can be
made to the portion coded for by exons that are
common to all family members. In our study, we
found differences in the immunophenotyping of
lymphocytes using antibodies from two different
companies. Based on our results, we recommend
that functional studies should use antibodies
obtained from the same company.

Comparative immunology of species that vary in
susceptibility to WNV will clearly require immu-
nophenotyping techniques that are equally effec-
tive for each species compared. Microscopy is still
the most common method for measuring lym-
phocyte differentiation in birds. While we tested
whether overlapping epitopes existed for species
not related to chickens and found that corvids did
not overlap in antibody reaction, future testing for
more closely related species such as quail and other
gallinaceous species will be required. Susceptibility
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to WNV may vary greatly in species that appear oth-
erwise more closely related to chickens, such as the
Greater Sage-Grouse (Centrocercus urophasianus;
Naugle et al. 2004, Walker et al. 2004, Clark et al.
2006), which has been found to suffer near 100%
mortality to WNV. If sage grouse have an epitope
similar to the chicken for the same lymphocyte
subpopulations, then this would be the first logical
comparison with chickens to a species that varies
in susceptibility to WNV. Otherwise, the next step
in the technology advancement of flow cytometry
for other species will be to develop CD markers in
mice or rabbits for species such as Rock Pigeons or
Common Ravens. The genetic diversity observed
among avian species, especially immunologically,
is relatively high compared to mammalian spe-
cies. Results obtained from lymphocyte population
studies provide further evidence to suggest these
differences could have a large influence on the
variable susceptibility and pathogenesis observed
between bird species for a given disease.

Regarding the measurement techniques used,
the Coulter Counter® works differently than flow
cytometry by detecting changes in electrical con-
ductance of a small aperture as fluid containing
cells is drawn through. Coulter counting of the
absolute numbers of blood cells does not effec-
tively work for avian cells due to the overwhelm-
ing presence of nucleated erythrocytes. In mam-
mals, non-nucleated red blood cells are lysed
prior to Coulter counting. However, the develop-
ment and the possibility of a digital platform for
counting large numbers of cells may help in the
potential application of Coulter-type counting of
avian cells. In humans, immunophenotyping
by flow cytometry typically uses estimation of
total lymphocytes (e.g., by Coulter counting) in
conjunction with measurement of lymphocyte
subpopulations by flow cytometry in order to cal-
culate absolute numbers. Our analysis provided
percentages of the four lymphocyte CD subpopu-
lations, relative to each other as a percentage of
lymphocytes measured by light scatter in the flow
cytometer.

Our study demonstrated the importance of ade-
quately isolating lymphocytes for further estima-
tion by flow cytometry of the selected T-cell sub-
populations that may be important for fighting
WNV infection in birds. We hope our work will
encourage other avian pathologists and immunol-
ogists to employ flow cytometry in rigorous and
controlled experiments for a better understand-

ing of WNYV infection in birds. Possible future
research will first include experimental infections
of chickens and then the further development of
flow cytometry techniques for other species. It
will be through understanding the mechanisms
underlying WNV infection that we will help to
elucidate the continuation of WNV in our envi-
ronment and the impacts of WNV on wild bird
populations. The application of immunophe-
notyping technologies would undoubtedly also
impact other aspects of avian medicine, toxicol-
ogy, disease pathology, and conservation medi-
cine for birds around the world.
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Zoonotic Diseases

WHAT ORNITHOLOGISTS AND BIRD BANDERS SHOULD KNOW

ighly pathogenic avian influenza H5N1

(“HPAI H5N1”) first made news in 2004

and seemed to dominate headlines for
several years. The alarmism belies the fact that
the impact to human health has been slight.
Though human outbreaks have been occurring
since 1997 (WHO 2005), only 500 human cases,
including 294 deaths, were reported to the World
Health Organization from 2003 through July
2010 (WHO 2010). Though there have been sev-
eral confirmed cases of human-to-human trans-
mission resulting from close, prolonged contact
between family members or from an infected
individual to a health care worker, nearly all other
human cases—which have occurred primarily
in healthy adults and children—are attributed to
direct handling of infected poultry, consumption
of undercooked poultry products, or contact with
virus-contaminated surfaces or materials used
in handling poultry (Writing Committee 2006).
To date, only seven human cases of HPAI H5N1
infection appear to be related to contact with
wild birds, and these resulted from the plucking
of feathers from dead swans in Azerbaijan. It is
not clear that all seven cases resulted from con-
tact with the dead birds, or if one or more cases
resulted from contact with those who handled the
dead birds (WHO 2006, Tsiodras et al. 2008).

At least in the United States, HPAI H5N1 has
faded from the news, but it was not the first avian
wildlife disease to cause substantial concern and
it will not be the last. Only a few years earlier,
West Nile virus (WNV) commanded the public’s
attention when it first appeared in the United
States. First isolated in 1937 in Uganda, WNV has
caused outbreaks in Israel (1951-1954), France
(1962, 2000), and South Africa (1974). In 1999 it
reached the United States, where researchers—
and their universities, government research
agencies, and other research organizations—
became concerned about the risk to field biolo-
gists, students, and others. Perhaps out of an
abundance of caution and spurred by con-
stant media attention, one university canceled
field research and field biology classes that
involved handling birds. The following was soon
determined:

1. Most people who are infected with WNV do
not develop any type of illness.

2. Itis estimated that 20% of the people who
become infected will develop West Nile
fever and will experience mild symptoms,
including fever, headache, and body aches,
occasionally with a skin rash on the trunk
of the body and swollen lymph glands.

Ornithological Council. 2012. Zoonotic diseases: what ornithologists and bird banders should know. Pp. 91-100 in E. Paul
(editor). Emerging avian disease. Studies in Avian Biology (vol. 42), University of California Press, Berkeley, CA.
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3. About one of every 150 infected persons
becomes seriously ill with central nervous
system infection (encephalitis and/or men-
ingitis; CDC 2010).

4. For young/healthy researchers who are not
immunocompromised, West Nile virus is
unlikely to cause much more than a mild
illness—typically “flu-like symptoms.”

The Ornithological Council—a consortium
of 12 scientific ornithological societies in the
Western Hemisphere—consulted with a number
of experts to compile a fact sheet about the risks
of HPAI H5N1 and WNYV for ornithologists and
bird banders and to provide the most up-to-date
occupational safety and animal welfare recom-
mendations for those handling live birds, car-
casses, or tissues that are potentially infected with
WNV or HPAI H5N1.

Ornithologists handling wild birds may also
be exposed to other zoonotic pathogens includ-
ing Salmonella spp. and Chlamydia psittaci (also
known as ornithosis or psittacosis). Because orni-
thologists and bird banders handle live birds, pre-
pare specimens, and handle blood and other tis-
sues of avian origin, they need to understand the
means of transmission of zoonotic pathogens and
know effective means to protect themselves and
the birds they study.

The measures that should be taken to avoid
contracting a zoonotic disease and to avoid trans-
mitting it to others should be commensurate with
the extent of the risk and of the consequences
of contracting the disease. Preventive measures
can be burdensome and interfere with research
techniques, especially under field conditions.
However, if encountering a pathogen that has the
potential to cause serious disease, more extensive
measures are warranted even if burdensome,
uncomfortable, or costly.

Check frequently for updates of this fact sheet as
new zoonotic diseases emerge or as conditions or
degree of risk may change. Updates will be posted
on BIRDNET, the website of the Ornithological
Council (www.nmnbh.si.edu/birdnet).

AVIAN INFLUENZA
The Basics

Various avian influenza viruses are found in wild
birds in virtually every country, including the

United States. The subtypes are named for the
16 hemagglutinin (H) and 9 neuraminidase (N)
proteins on the viral surface. The avian influenza
virus of recent concern is designated as Highly
Pathogenic Avian Influenza (HPAI) subtype
HS5NT1 genotype Z, which first appeared in Asia
in 2002. Other avian influenza viruses are desig-
nated “LPAI” for low pathogenicity. The degree of
pathogenicity is established through testing meth-
ods developed by the World Health Organization
and the International Office of Epizootics (www.
oie.int). The pathogenicity designation pertains
only to the behavior of the virus in domestic poul-
try; a virus may not behave the same way in wild
birds.

Many avian influenza viruses normally circu-
late as gastrointestinal infections in wild birds,
causing little or no illness or mortality (Webster
et al. 1992). The HS5N1 strain of HPAI has
affected 152 species in 14 orders of wild birds
and has caused mortality in 115 of those spe-
cies (USGS 2010). Bird species in many families
appear to be susceptible to infection, but because
cool, wet conditions favor the persistence of the
virus, and because the virus is shed in feces that
contaminate their aquatic habitats, it appears that
waterbirds, especially ducks and geese, are the
most commonly infected wild birds (Causey and
Edwards 2008).

Studies have been conducted to determine
if wild birds can be healthy carriers of HPAI
HS5N1 virus, to study the role of healthy carriers
in the spread of the disease, and to gather infor-
mation on the routes and periods of migration
of the infected wild birds. It has proved difficult
to find healthy, infected birds. In 2006, none of
the 39,143 wild birds of 150 species sampled in
Europe were found to be infected (Pittman et al.
2007). In a study that sampled 13,000+ live migra-
tory birds in China, HPAI H5N1 was detected
only six times (Chen et al. 2006). Of 862 live
birds tested across the western Mongolian flyway,
including 430 live birds (of 55 species) found on
Erhel Lake in Mongolia, where a mass mortality
event killed 100 birds, none tested positive for the
virus (WCS 2005).

Where the Highly Pathogenic Form of H5N1
Avian Influenza Is Found

The World Animal Health Information Database,
compiled by the World Organization for Animal
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Health (OIE), provides the official disease sta-
tus for each country (www.oie.int/wahis/public
.php’page=home). The website of the USDA
Animal and Plant Health Inspection Service,
National Center for Import and Export (www
.aphis.usda.gov/import_export/animals/animal_
disease_status.shtml) lists countries that the
agency has recognized as free of certain diseases.
Early reports, often prior to official confirmation,
can be found on ProMed (www.promedmail.org).

Precautions to Take When Working in the Field

Infected birds shed flu virus in their saliva, nasal
and tracheal secretions, and feces. The virus has
also been detected on the feathers of wild birds
(Delogu et al. 2010). Although “high pathogenic-
ity” is generally associated with the rapid onset
of severe illness and high mortality, it has been
confirmed in laboratory tests and through sam-
pling of wild birds that some infected birds can be
appear healthy (Kou et al. 2005, Chen et al. 2006).

It is not yet known if some species are more
likely to be healthy carriers or are more efficient
at transmitting the virus than are other species.
Most dead, wild birds found to have been infected
with H5N1 are waterfowl species, but this may
reflect the fact that the carcasses of large birds
are more readily noticed than are the carcasses of
small bird species, which will likely decompose or
be scavenged before they are found. Surveillance
of live wild birds has focused on waterfowl; in the
European Union, 62% of the birds tested were
waterfowl. Despite the acknowledged research
bias and the lack of published data, however,
experts think it likely that Anseriformes are
more susceptible to HPAI H5N1 infection than
are other taxa, although in experimentally inocu-
lated birds, mortality was higher in gallinaceous
birds, finches, geese, Emus (Dromaius novaehol-
landiae), and Budgerigars (Melopsittacus undula-
tus) (Perkins and Swayne 2003). Cool, wet condi-
tions favor persistence of the virus (Causey and
Edwards 2008), and the virus may be concentrated
in the habitat used by species that congregate in
large numbers, as do waterfowl.

When working in countries or regions where
HS5N1 has been confirmed, or along pathways
used by birds migrating to, from, or through
regions where HS5N1 has been confirmed,
assume that the birds you handle may have been
or may be shedding virus. Whatever the risk of

encountering the virus and contracting the dis-
ease, the disease is difficult to treat and the mor-
tality rate is fairly high. Therefore, to protect your-
self, do the following:

1. Avoid unprotected contact with feces,
secretions, blood, and fluids. Wear pro-
tective clothing including shoe covers or
rubber boots, eye protection, and gloves.
If you cannot do so, decontaminate and
clean yourself immediately after exposure,
using a detergent-based cleanser. Disinfect
or dispose of protective clothing after use.

2. Learn to remove gloves and protective
clothing in a manner that avoids skin con-
tact; consult your safety officer or safety
manual.

3. Wash hands immediately with soap and
water. Use a respirator or mask to avoid
inhalation of aerosolized droplets; other-
wise, work upwind of birds to avoid inhal-
ing aerosolized fecal material, feathers, and
dander. After handling birds, use detergent-
based cleansers to wash hands, equipment,
and clothing. Alcohol (70%) or alcohol-
based cleansers or diluted household bleach
(10% strength) will also kill the virus.

4. Avoid eating or drinking while handling
birds or bird parts.

5. Consider having antiviral medications on
hand. Ask your physician if you should take
these medications on a prophylactic basis
before you begin working in a country or
region where H5N1 has been confirmed
or along pathways used by birds migrating
to, from, or through countries or regions
where H5N1 occurs. Any influenza strain
can become resistant to one or more drugs;
genetically distinct H5N1 subtypes have
already been found in Asia and some
antivirals may be more effective for some
subtypes than for others. Be sure to check
current health information from a credible
source, such as the Centers for Disease
Control, for both country disease status
and antiviral recommendations, and seek a
prescription for the appropriate medication
from your physician.

6. Consider vaccines, if they are available. The
National Institutes of Health began testing
a vaccine in clinical trials in April 2005. The
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current CDC recommendations to travelers
to and residents of HPAI H5N1 countries
do not include vaccination, but it is recom-
mended to avoid contact with domestic and
wild birds. As ornithologists and banders
will, of course, handle wild birds, a con-
sultation with your physician or infectious
disease specialist about the use of an appro-
priate vaccine is recommended.

The university or research institution may
attempt to restrict field research. Know the disease
status of the countries where you intend to work
and be prepared to inform the risk management
office (or, in the United States, the Institutional
Animal Care and Use Committee, which, in many
universities, performs risk management func-
tions) along with the precautions you plan to take.
It is the researcher’s responsibility to know the
recommended precautions and to make arrange-
ments to obtain and use the appropriate materials,
such as disinfectants, gloves, and eye protection.

Ornithologists should know that the USDA
restricts imports of birds and bird products (defined
by the USDA as “anything that was once a bird or
a part of a bird”) from countries where any HPAI
avian influenza is known to exist. Permits for such
imports are conditioned upon the importer prom-
ising, in the permit application, to treat the speci-
mens and tissues with a USDA-approved method
to inactivate the virus, and importers must supply
a certification, upon arrival in the United States,
that the imported materials have, in fact, been
treated in accordance with the methods delineated
in the permit. The Ornithological Council has pub-
lished detailed guides to the import of birds and
bird products (www.nmnbh.si.edu/birdnet/permits
.html). If your institution has a permit that does
not include imports from the countries where any
HPALI is found, or if you do not provide a copy of
the permit and the certification of treatment upon
arrival in the United States, the specimens or sam-
ples will be refused entry and will probably be con-
fiscated and destroyed.

Some universities and museums recommend
or require a period of quarantine for biologists
returning from fieldwork in countries or regions
where the current HPAI H5N1 strain is present.
In addition to the fact that very few cases of
human-to-human transmission have been con-
firmed, and these few cases have occurred only
after close, prolonged contact, recent research

suggests that this precaution may be scientifically
unwarranted. Research shows that person-to-
person transmission is unlikely because the virus
preferentially attaches to cell types that are found
in the lower respiratory tract. If the virus cannot
replicate in the upper respiratory tract, it is diffi-
cult to transmit through coughing and sneezing,
which is the most common means of viral trans-
mission among humans (Shinya et al. 2006, van
Riel et al. 2006). In late 2011, it was reported in the
press that a research group in The Netherlands
had succeeded in creating a genetically modified
HS5N1 virus that could be transmitted through the
air, facilitating much easier transmission, includ-
ing transmission between infected humans
(Grady and McNeil 2011). However, this vari-
ant, which entailed multiple mutations, exists
only in the laboratory. There has been concern
that the virus will mutate or will reassort with
other viruses that circulate among humans, and
will acquire characteristics that make it easier to
transmit between humans. However, deliberate
manipulation of the H5N1 genome that produced
mutations and reassortments with other avian
influenza viruses that humans contract failed to
produce characteristics that increased transmissi-
bility (Maines et al. 2006). Before you return, any
clothes worn in the field should be laundered with
detergent and should not be worn again until they
have been laundered. Field equipment should be
disinfected after use, as described above.

Precautions to Take When Working
in the Laboratory

Ornithologists preparing specimens or work-
ing with blood or tissue from fresh birds should
be aware that the virus will remain viable in
dead birds for several days, particularly in cool
or wet climates. Freezing does not kill viruses;
those working with thawed tissue from birds
originating in countries or regions where HPAI
occurs should take appropriate precautions.
The USDA-approved treatment methods (as
described in the OC Permit Guide to Import of
Bird Specimens) will inactivate the virus. If you
have imported birds from HPAI countries, you
will have been required to use one of these meth-
ods prior to import and will have inactivated the
virus. Nonetheless, it is recommended by the
World Health Organization that work be con-
ducted in a laboratory that meets Biosafety Level 2
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(BSL2) conditions. These standards are found in
the manual for Biosafety in Microbiological and
Biomedical Laboratories (BMBL).

A university or research institution’s risk man-
agement office may attempt to impose restric-
tions on work involving materials imported from
countries where HPAI HS5N1 occurs because
the BMBL states that BSL3 is appropriate when
“work is done with indigenous or exotic agents
with a potential for respiratory transmission, and
which may cause serious and potentially lethal
infection.” Should this occur, the researcher can
explain to the university that the import permit
required pre-import inactivation of the virus
using a USDA-approved method, so the materi-
als do not contain infectious agents. In the event
that H5N1 is confirmed in wild or domestic birds
in the United States, these pre-import treatment
methods would, of course, not be required. It
would then be possible to bring tissue containing
H5N1 virus into the laboratory. Only then would
BSL3 conditions be required, and then only if you
choose not to treat the material so as to inactivate
the virus and if the manner of manipulation of the
tissue would be likely to result in aerosolization.

WEST NILE VIRUS
The Basics

West Nile is an insect-borne flavivirus commonly
found in Africa, western Asia, and the Middle
East, and, since 1999, in the Western Hemisphere.
In North America, it has been detected in at least
48 species of mosquitoes and over 250 species of
birds (USGS 2010). It is now found in every state
except Alaska and Hawaii.

Precautions to Take When Working in the Field

Although there are no documented cases of orni-
thologists or bird banders contracting WNV from
handling living or dead birds, it is also the case
that there has been no surveillance of ornitholo-
gists or bird banders to determine the presence/
absence or prevalence of the disease. Even if such
surveillance were to be implemented, it would
be difficult to know if the disease had been con-
tracted through contact with bird feces or saliva or
if it had been contracted from an insect bite—at
the research site or elsewhere.

It has been confirmed that WNV may be shed
from the cloacal and oral cavities (Komar et al.

2002). Therefore, contact with droppings, drop-
ping-contaminated feathers, or the cloaca may
result in exposure to WNV.

1. Be sure to have antiseptic (not antibacterial
or antimicrobial) wipes or gels available
for hand washing and first aid for cuts or
punctures sustained while handling birds.
Using wipes after handling each bird will
protect both the researcher and the birds
subsequently handled by the researcher.

2. Avoid contact with bird feces.

3. If bitten by a bird, wash hands (when pos-
sible) or use antiseptic (not antibacterial
or antimicrobial) wipes or even a small
amount of fresh bleach.

4. Extra care should be taken to avoid needle
sticks when taking blood samples. Public
health officials consider gloves to be an
appropriate precaution but ornithologists
rarely wear gloves when handling birds, par-
ticularly in the field. If gloves are worn, they
should be changed or decontaminated with
70% ethanol or other appropriate substance
after handling each bird to avoid transmis-
sion from one bird to another. Be familiar
with proper glove removal, which entails
avoiding contact with the skin, and disposal.
Other barrier protections such as goggles
and masks are standard precautions against
inadvertent exposure to droplets and fluids.
However, goggles and masks are probably
disproportionate to the nature and extent of
the risk posed by this particular pathogen.

5. Take same reasonable precautions to mini-
mize risks—of various diseases—posed
by mosquito bites. Reasonable measures
include protective clothing (long sleeves,
long pants, socks), and the use of DEET or
other insect repellants, with repeated appli-
cations over time. For detailed information
about the proper use of DEET and a sum-
mary of a recent assessment of the efficacy
and safety of DEET, see the appendix.

Precautions to Take When Working in the Lab

As of February 2003, there have been only two doc-
umented cases of researchers contracting West
Nile Virus in the course of conducting research.
Both cases involved microbiologists. One was
infected from an accidental needle puncture in
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the finger while working with live virus, and the
other was infected through an accidental scalpel
cut while performing a necropsy on a dead Blue
Jay (Cyanocitta cristata; CDC 2002).

It is best to assume that any specimen or tissue
sample that has not been treated with a method
known to kill the virus could be infectious and to
take proper precautions at all times. Neither refrig-
eration nor freezing will kill the virus. Assume
that thawed tissue or specimens from birds could
contain live virus. The virus can remain viable in
dead birds for several days. Do the following:

1. Take care to avoid scalpel cuts and punc-
tures. If they occur, cleanse the area
promptly and thoroughly, apply antiseptic
and report the incident to a supervisor. If
signs of illness occur within two weeks of
exposure, seek prompt medical evaluation
and consult with public health authorities.

2. Take standard measures to minimize expo-
sure to fluids or tissues during handling of
potentially infected tissue including barrier
protections such as gloves, masks, and eye-
wear; properly use and dispose of needles,
scalpels, and other sharp instruments; and
minimize the generation of aerosols (such
as vigorous spraying of water on carcasses
or work surfaces). At least when preparing
specimens, ornithologists rarely wear gloves.
Given the nature of the risk, an appropriate
alternative is taking care to avoid scalpel
cuts and punctures, and washing promptly
if a cut or puncture wound occurs, followed
by the use of an antiseptic or 70% alcohol.
However, gloves should be worn if the skin
is broken. Aerosolization rarely occurs when
preparing specimens, but procedures that
could possibly produce aerosols or splashing
can be conducted under a biosafety hood.

3. Avoid touching anything but the materi-
als involved in the procedure. Touching
equipment, phones, wastebaskets, or other
surfaces may cause contamination. Decon-
taminate any surfaces that were touched. Be
aware of touching the face, hair, and cloth-
ing as well.

OTHER ZOONOTIC PATHOGENS

Wild birds may carry other diseases to which
ornithologists and banders are susceptible, and

an ornithologist or a bander may easily transfer
some avian pathogens from one bird to another.
According to the USGS Field Manual of Wildlife
Disease, “As a group, bacterial diseases pose
greater human health risks than viral diseases of
wild birds. Of the diseases addressed in this sec-
tion, chlamydiosis, or ornithosis, poses the great-
est risk to humans. Avian tuberculosis can be a
significant risk for humans who are immunocom-
promised. Salmonellosis is a common, but sel-
dom fatal, human infection that can be acquired
from infected wild birds.” However, other avian
diseases rarely cause illness, much less serious ill-
ness in humans, and rarely, if ever, result in death.

According to the CDC, chlamydiosis (also
known as ornithosis or psittacosis) is characterized
by fever, chills, headache, myalgia, and a dry cough,
with pneumonia often evident on chest Xray.
Severe pneumonia requiring intensive-care sup-
port, endocarditis, hepatitis, and neurologic com-
plications occasionally occur. Most people recover
from salmonellosis in a week or less without medi-
cation, though the severe dehydration that can
occur can be dangerous and may require hospitali-
zation. Human fatalities from bacterial diseases are
rare due to the availability of antibiotics. However,
there have been several severe cases among wild-
life biologists (Wobeser and Brand 1982).

The level of precaution should be commensu-
rate with the level of risk to the individual handling
the bird and to other birds. In most situations,
then, hand washing and disinfecting of equip-
ment and holding devices should be adequate.

It is always helpful to recognize the signs of
illness in a bird, but because birds can harbor
pathogens without showing overt signs of ill-
ness, do not assume that the absence of signs
indicates the absence of a pathogen. A researcher
who becomes ill after handling wild birds should
inform the physician of the possible exposure to a
zoonotic pathogen.

PRECAUTIONS AGAINST TRANSMISSION
OF ALL PATHOGENS TO BIRDS AND
OTHER WILDLIFE

To prevent transmission of any pathogen as a
result of handling by researchers:

1. Do not reuse contaminated bags, boxes,
or other holding/carrying devices or other
devices used to restrain birds during
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processing. The North American Banding
Council manual states, “Launder bird bags
frequently, as they must be kept clean,” and
“If a diseased bird is caught, it is extremely
important to put that bag aside until it has
been washed and disinfected.” However, as
it is not possible to determine if a bird is
shedding virus, the better practice would be
to carry an ample supply of bags or other
holding/carrying devices so that no bag or
other holding device is used more than once
before laundering. Viruses can survive at
cool temperatures for days, weeks, or even
longer. Wash bags with hot water, detergent,
and/or household bleach before reuse.

2. When preparing specimens in the field,
place waste material in a biosafety bag, seal
it, and burn it, or carry it out with you and
burn it later. Never reuse needles, scalpel
blades, calipers, rulers, banding pliers, or
other equipment that touches any part of
a bird unless the equipment is decontami-
nated with a freshly prepared 10% bleach
or 70% alcohol solution or alcohol wipes
after use on each individual. The National
Veterinary Standards Laboratory of the U.S.
Department of Agriculture, which approves
pre-import treatment methods for materials
of avian origin, confirmed that 70% alcohol
will kill viruses.

3. Disinfect your hands after handling each
bird. Disinfectant hand wipes can be used
if washing with soap and water is not
possible.

4. For field surgeries, aseptic technique is dis-
cussed at length in Guidelines to the Use of
Wild Birds in Research (Fair et al. 2010).

WHAT ORNITHOLOGISTS AND BANDERS
CAN DO IN THE EVENT OF EMERGENT
AVIAN DISEASE OR DISEASE OUTBREAKS

Ornithologists and banders can and should
develop relationships with their state or provincial
health and agriculture departments. For a compre-
hensive list of state agencies in the United States,
see  www.pandemicflu.gov/state/statecontacts.
html. Should emerging infectious avian diseases
arrive in your country, state, or province, or should
disease outbreaks occur, you will be prepared
to help persuade your state officials to continue

monitoring wildlife after occurrence is confirmed,
can help to share accurate scientific information
about wild birds with these agencies and with the
public, and can help address calls from the pub-
lic or from government officials to cull wild birds.
Every international and national agriculture and
public health organization, including the World
Health Organization and the United Nations Food
and Agriculture Organization, has concluded that
culling of wild birds or destruction of their habi-
tat—such as the draining of wetlands—is neither
practical nor feasible from logistical, environ-
mental, public health, and biodiversity points of
view. In fact, the FAO points out that the attempt
to cull or the destruction of habitat could result
in the dispersion of birds and if those birds were
infected, dispersion would result in spread of the
virus to a wider area.

Ornithologists can also serve as experts to pro-
vide information to the general public and the
media, but should be careful to avoid speculating
about how or how quickly the disease might spread;
if, when, and how it might arrive in the Western
Hemisphere or about any other matter about which
information is lacking or incomplete. Speculation
can lead to calls for inappropriate measures.

Ornithologists, banders, and bird observato-
ries can greatly extend biosurveillance capac-
ity. Contact information for U.S. organizations
already involved in biosurveillance is listed below:

Global Avian Influenza Network for Surveillance
WWW.gains.org

Institute for Bird Populations
www.birdpop.org

Landbird Migration Monitoring Network
of North America
www.klamathbird.org/lammna
Smithsonian Migratory Bird Center
www.si.edu/smbc

USGS National Wildlife Health Center
www.nwhc.usgs.gov

Submitting Samples for Analysis

Unpublished research presented by Ron A. M.
Fouchier at the Food and Agriculture Organization’s
International Scientific Conference on Avian
Influenza and Wild Birds (Rome, 30-31 May 2006)
and the Wildlife Disease Association (Storrs, CT,
2006) suggests that cloacal swabs may not be effec-
tive for detecting HPAI H5N1. Dabbling ducks
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experimentally inoculated with H5N1 did not
shed the virus in feces and thus cloacal swabs may
not be effective in detecting the virus. However,
the virus was found in throat swabs in high quan-
tities. If taking cloacal swabs specifically to test
for presence of HPAI H5N1, consult the current
literature on this subject. The choice of cloacal
swabs versus tracheal swabs may also be deter-
mined in part by the species and the impact of
this procedure on the birds, as well as the level of
training and experience of the field staff.

If you collect cloacal or tracheal swabs dur-
ing the course of your own research, you may
want to have the samples analyzed if you have
the funding to do so. The U.S. federal agencies
are not currently accepting samples for analysis.
However, if the specimens are collected according
to the protocols in the Interagency Avian Strategic
Plan, Attachment 9 (www.usda.gov/documents/
wildbirdstrategicplanpdf.pdf) and if the specimens
are analyzed by a laboratory with the National
Animal Health Laboratory Network (www.nahln
.org), you are welcome to submit data to the HPAI
Early Detection Data System (HEDDS, wildlifed-
isease.nbii.gov/ai/index.jsp). Protocols for collect-
ing and shipping avian carcasses for diagnostic
evaluation are outlined in Attachment 8 of the
same document (www.usda.gov/documents/
wildbirdstrategicplanpdf.pdf).

Do not submit samples directly to the USGS
National Wildlife Health Center or the USDA
National Veterinary Standards Laboratory. Make
arrangements in advance to submit samples to
your state. A full list of state agriculture, wildlife,
and public health departments can be found here:
www.pandemicflu.gov/state/statecontacts.html.

In Canada, sampling must be coordinated
through Environment Canada, even if the bander
or ornithologist is participating in an organized
banding program. If you find a dead bird, contact
the Canadian Cooperative Wildlife Health Center.
Submission forms can be found here: www.ccwhc.
ca/wildlife_submission_forms_regions.php.

In Mexico, contact the Avian Flu
Commission (www.huitzil.net/nuevo_sitio/
PlandetrabajoGripeAviar.pdf).

ADDITIONAL RESOURCES

USGS National Wildlife Health Center has made avail-
able its course materials on avian zoonotic disease: www
.nwhc.usgs.gov/outreach/avian_zoonotic_course.jsp.
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Proper use of DEET and
risks of DEET use

o determine the relative efficacy of DEET

versus other insect repellants, Fraidin et al.

tested the relative efficacy of seven botanical
insect repellents; four products containing N,N-
diethyl-m-toluamide, now called N,N-diethyl-3-
methylbenzamide (DEET); a repellent containing
IR3535 (ethyl butylacetylaminopropionate); three
repellent-impregnated wristbands; and a moistur-
izer that is commonly claimed to have repellent
effects. These products were tested in a controlled
laboratory environment in which the species of
the mosquitoes, their age, their degree of hunger,
the humidity, the temperature, and the light—dark
cycle were all kept constant.

They found that DEET-based products provided
complete protection for the longest duration.
Higher concentrations of DEET provided
longer-lasting protection. A formulation contain-
ing 23.8 percent DEET had a mean complete-
protection time of 301.5 minutes. A soybean-oil—
based repellent protected against mosquito bites
for an average of 94.6 minutes. The IR3535-based
repellent protected for an average of 22.9 minutes.
All other botanical repellents they tested pro-
vided protection for a mean duration of less than
20 minutes. Repellent-impregnated wristbands
offered no protection.

They concluded that currently available non-
DEET repellents do not provide protection for
durations similar to those of DEET-based repel-
lents and cannot be relied on to provide prolonged
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protection in environments where mosquito-
borne diseases are a substantial threat.

Depending on the time in the field, the temper-
ature, exposure to water, perspiration, or concen-
tration of DEET in the product, you may need to
re-apply. This study found that a product contain-
ing 23.8% DEET provided an average of 5 hours
of protection against mosquito bites. A product
containing 20% DEET provided almost 4 hours
of protection, and a product with 6.65% DEET
provided almost 2 hours of protection. DEET may
be washed off by perspiration or rain, and its effi-
cacy decreases dramatically with rising outdoor
temperatures.

Much has been said about the safety of DEET
usage. The Fraidin paper addressed this issue:

Despite the substantial attention paid by the
lay press every year to the safety of DEET, this
repellent has been subjected to more scientific
and toxicologic scrutiny than any other repel-
lent substance. The extensive accumulated toxi-
cologic data on DEET have been reviewed else-
where. DEET has a remarkable safety profile after
40 years of use and nearly 8 billion human appli-
cations. Fewer than 50 cases of serious toxic
effects have been documented in the medical
literature since 1960, and three quarters of them
resolved without sequelae. Many of these cases of
toxic effects involved long-term, heavy, frequent,
or whole-body application of DEET. No correla-
tion has been found between the concentration of
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DEET used and the risk of toxic effects. As part of
the Reregistration Eligibility Decision on DEET,
released in 1998, the Environmental Protection
Agency reviewed the accumulated data on the
toxicity of DEET and concluded that “normal use
of DEET does not present a health concern to
the general U.S. population.” When applied with
common sense, DEET-based repellents can be
expected to provide a safe as well as a long-lasting
repellent effect. Until a better repellent becomes

ZOONOTIC DISEASES OF BIRDS

available, DEET-based repellents remain the gold
standard of protection under circumstances in
which it is crucial to be protected against arthro-
pod bites that might transmit disease.

Fradin, M.D., Mark S. and John F. Day, Ph.D.
2002. Comparative Efficacy of Insect Repellents
Against Mosquito Bites. New England Journal of
Medicine 347: 13-18; available online at <http://
content.nejm.org/cgi/content/full/347/1/13>.
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