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Abstract

Although herons and egrets in the family Ardeidae frequently have been associated with viruses in the Japanese
encephalitis virus serocomplex, communal nesting colonies do not appear to be a focus of early season and rapid
amplification of West Nile virus (WNV) in California. Evidence for repeated WNV infection was found by test-
ing living and dead nestlings collected under trees with mixed species ardeid colonies nesting above in an oak
grove near the University of California arboretum in Davis and in a Eucalyptus grove at a rural farmstead. How-
ever, mosquito infection rates at both nesting sites were low and positive pools did not occur earlier than at com-
parison sites within the City of Davis or at the Yolo Bypass wetlands managed for rice production and waterfowl
habitat. Black-crowned night herons (Nycticorax nycticorax) were the most abundant and frequently infected ardeid
species, indicating that WNV may be an important cause of mortality among nestlings of this species.
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Introduction

Vector-borne pathogen amplification requires fre-
quent contact among vertebrate and vector hosts which

may be enabled when aggregates of either species intersect
in time and space. This is especially important for West Nile
virus (Flaviviridae, Flavivirus, WNV) at temperate latitudes in
North America, where transmission is limited to the warm
summer months of the year and amplification is dependent
upon repeated contact among highly susceptible avian hosts
and moderately susceptible Culex vectors (Kramer et al. 2008;
Reisen and Brault 2007). A hallmark of the ongoing WNV
epidemic in North America has been the repeated associa-
tion between communally roosting American crows (Corvus
brachyrhynchos, AMCR) and tangential transmission of WNV
to humans (Eidson 2005; Nielsen and Reisen 2007; Reisen et
al. 2006; Ruiz et al. 2004). However, these and other Corvi-
dae disperse into family groups at nesting sites during the
critical vernal amplification period and therefore may play
less of a role during vernal amplification than communally
nesting susceptible species in the families Icteridae and
Ardeidae.

Herons and egrets (Ciconiiformes, Ardeidae) have long
been associated with the epidemiology of Flaviviruses within

the Japanese encephalitis virus (JEV) serocomplex, including
JEV in Japan (Buescher et al. 1959) and India (Jamgaonkar et
al. 2003; Rodrigues et al. 1981), Murray Valley encephalitis
virus in Australia (Boyle et al. 1983) and St Louis encephali-
tis virus (SLEV) in Panama (Adames et al. 1993). In Califor-
nia, several species of ardeids frequently form large com-
munal nesting groups during spring and summer that may
include thousands of nests concentrated within favorable
habitat. Previously, we investigated the role of one commu-
nal nesting site situated within the flooded remnants of a
Tamarix stand at the Finney-Ramer Wildlife Refuge in Im-
perial County, California (Reisen et al. 2005). Although con-
siderable WNV activity was documented at the Refuge by
seroconversions of sentinel chickens and infection in Culex
tarsalis mosquitoes, there was little evidence of transmission
to nestling ardeids, even though several species were found
experimentally to be highly susceptible to infection and com-
petent hosts for the virus. In agreement, vector infection and
sentinel seroconversion rates at this Refuge were not statis-
tically different from those documented at a nearby com-
parison site within the Imperial Wildlife Unit that lacked a
communal ardeid nesting colony. We concluded that
nestling ardeids at Finney-Ramer may have been protected
by the failure of Cx. tarsalis to traverse open water during
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host-seeking flights, a phenomenon described previously for
other avian groups roosting or nesting over water (Lothrop
and Reisen 2001). However, ardeids also form nesting
colonies over land and these birds may be vulnerable to Cx.
tarsalis blood feeding and WNV infection. The location of
two moderate-sized communal ardeid nesting colonies of
similar species composition near Davis in Yolo County, Cal-
ifornia, afforded the opportunity to revisit the role of com-
munally nesting ardeids in WNV amplification.

Our current research addresses the notion that WNV com-
petent ardeid species that communally nest during spring
may be important in rapid and focal viral amplification. We
addressed this hypothesis by documenting WNV infection
of birds at communal nesting sites and by comparatively
measuring the incidence of mosquito infection at these nest-
ing sites and at comparison areas in nearby wetland and ur-
ban habitats lacking communal ardeid nesting colonies.

Methods and Materials

Study area

Two nesting sites were studied in Yolo County, Califor-
nia near the City of Davis (38°N, 121°W). Site 1 consisted of
mixed Cattle egret (Bubulcus ibis; CAEG), Snowy egret
(Egretta thula; SNEG) and Black-crowned night heron (Nyc-
ticorax nycticorax; BCNH) nests within a stand of oak (Quer-
cus spp.) trees at the University of California arboretum, just
to south of the campus. The nesting site was surrounded by
the campus, parkland and agricultural fields. Site 2 consisted
SNEG, BCNH, Great egret (Ardea alba; GREG) and to a less
extent CAEG nests within a stand of Eucalyptus trees at a
farmstead ca. 3 km north of Davis which raised goats and
cattle and was flanked on all sides by row crops and pas-
ture. A wetland constructed to process sewage effluent and
a rice growing area and bird sanctuary within the Yolo By-
pass were located 3–5 km to the east and produced large
numbers of Cx. tarsalis mosquitoes during summer.

Sampling and diagnostics

Older ardeid chicks frequently push younger, weaker or
sick nest mates out of the nest. In addition, older nestlings
frequently wander about in the canopy near their nest and
are attacked by parents or chicks residing in neighboring
nests causing them to fall to the ground. This resulted in a
large number of dead, injured, and displaced chicks stranded
on the floor beneath both communal nesting sites. Weekly
during the nesting season we collected recently dead birds
and submitted these for necropsy to the California Animal
Health and Food Safety Laboratory as part of the Dead Bird
Surveillance Program managed by the California Depart-
ment of Public Health (McCaughey et al. 2003). Kidney snips
and other tissues taken at necropsy were sent to the Center
for Vectorborne Diseases (CVEC) for testing for WNV RNA
by singleplex RT-PCR using primers described previously
(Lanciotti et al. 2000). Living birds were collected by hand,
identified to species and approximate age, and a 0.2 ml blood
sample collected by jugular puncture; 0.1 mL was expelled
into 0.4 ml of virus diluent (phosphate buffered saline, fetal
bovine sera and antibiotics), frozen in the field on dry ice,
and then stored at �80°C until tested for virus, while the
second 0.1 mL was expelled into 0.9 mL of PBS, clarified by
centrifugation and stored at �20°C until tested for antibody

at the BSL3 laboratory at CVEC. Healthy birds were banded
and released, whereas small, dehydrated or injured birds
were taken to avian rehabilitation centers. Sera were tested
for infectious virus by standard plaque assay on Vero cell
culture, and if negative, screened for antibodies by enzyme
immunoassay (EIA) (Chiles and Reisen 1998). An EIA was
considered positive if the ratio of the mean optical density
of two antigen positive wells over the antigen negative well
for each bird was �2. EIA positives then were confirmed
by plaque reduction neutralization tests (PRNTs) against
WNV and St. Louis encephalitis viruses. A 90% reduction
of �50–75 plaques at a dilution �1:20 confirmed EIA re-
sults, whereas titers �4� the competing virus were con-
sidered to specifically identify either WNV or SLEV. Col-
lection and bleeding of wild birds was done under
University of California Internal Animal Care and Use
Committee protocols, State of California Fish and Game sci-
entific collecting permits and a USGS Master Station Bird
Banding permit.

Mosquitoes were collected weekly from April through Oc-
tober during 2005–2007 at the two ardeid nesting sites de-
scribed above and at comparison sites at the Yolo Bypass
wetland area and within the City of Davis by 4–21 dry ice-
baited CDC traps (Newhouse et al. 1966). Additional mos-
quitoes (mostly gravid Cx. pipiens) were collected using
gravid female traps (Cummings 1992). Mosquitoes were re-
turned alive to our laboratory at Davis where they were anes-
thetized with triethylamine, enumerated by species, sorted
into pools of �50 females each, and frozen until tested for
WN, SLE and western equine encephalomyelitis viral RNA
by multiplex real time RT-PCR. Maximum likelihood esti-
mates of infection incidence were calculated using Excel add-
in software (Biggerstaff 2003).

We used two other measures to detect WNV transmission
at Site 2. During 2007 sentinel chicken flocks each consisting
of 5 hens were positioned at Site 2 and at a control farm site
ca. 2 km to the west. Hens were bled weekly and sera tested
by EIA as described above. Year end samples of House spar-
rows (Passer domestica, HOSP) were collected at Site 2 and
the control flock site. HOSPs were collected by mist-net,
identified to species, sex and age, banded using USGS bands,
a 0.1 ml blood sample collected by jugular venipuncture, and
released. Blood samples were expelled into 0.9 ml of saline,
clarified by centrifugation and then tested for antibody by
EIA as described above.

Results and Discussion

Bird collections

A total of 81 dead juvenile ardeid birds were tested from
Sites 1 and 2, of which 12 (15%) kidney samples taken at
necropsy tested positive for WNV RNA by singleplex RT-
PCR (Table 1). Although the proportion of dead birds posi-
tive for WNV RNA did not differ significantly among species
(�2 � 1.91, df � 3, P � 0.56), most of the dead birds found on
the ground under nests were BCNH (52% of total); by com-
parison relatively few CAEG (7%) were found dead even
though they were abundant at Site 1. Although the numbers
of birds or nests were not censused, these mortality data gen-
erally agreed with the visual abundance of the different
species and our previously published experimental infec-
tions where 2 of 3 BCNH and 0 of 4 CAEG nestlings suc-
cumbed during days 1–7 post infection (Reisen et al. 2005).
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At total of 468 juvenile ardeids of different ages were col-
lected alive on the ground under colonial nesting Sites 1 and
2, of which 28 (6%) were positive by EIA for antibodies
against WNV (Table 1). Seroprevalence varied significantly
among species (�2 � 9.8, df � 3, P � 0.02), being highest for
GREG (15.0%) and lowest for SNEG (2.4%). Of the 28 posi-
tives, 22 were confirmed by PRNT, with titers against WNV
�1:80 and 4X the titers against SLEV that were �1:40. Five
SNEG with EIA P/N ratios ranging from 2.1–2.8 had PRNT
titers �1:20 and were not confirmed. A single BCNH tested
in 2007 had equivocal 1:80 titers against both WNV and
SLEV, indicating possible maternal antibody. Dual infection
was unlikely, because SLEV has not been found in Califor-
nia since the arrival of WNV (Reisen et al. 2008). These sero-
logical results were markedly different than observed pre-
viously in Imperial County (Reisen et al. 2005), where
antibody prevalence and titers were low and PRNT results
non-specific. In addition, PRNT titers in Finney-Ramer
ardeid chicks decreased with age and were attributed to ma-
ternal antibody due to limited evidence of virus transmis-
sion within the colony.

Of 435 live birds bled during 2006 and 2007 and tested for
viremia, 8 of 245 (3.3%) BCNH were positive for WNV and
exhibited titers with a mean 	 95% confidence interval �
5.94 	 1.57 log10 plaque forming units (PFU) per mL of blood
(range � 3.7–9.8 log10 PFU/mL). Two birds had elevated
titers �8 log10 PFU/mL, whereas 4 had titers �5 log10

PFU/mL (Fig. 1), the threshold for most Culex mosquito in-
fection (Komar et al. 2003). These data verified that some nat-
urally infected immature BCNH were extremely competent
hosts.

Mosquito abundance and infection

Overall, 39,619 Culex females collected at dry ice-baited
and gravid traps were tested for WNV, SLEV and WEEV
RNA in 2,210 pools, of which 43 were positive for WNV

(Table 2). None were positive for SLEV or WEEV. Of the
WNV positive pools, 31 were collected within the City of
Davis during the 2006 outbreak (Nielsen et al. 2008). Al-
though considerably more Cx. tarsalis (35,498 females in 1335
pools) than Cx. pipiens (4121 in 875 pools) were tested, the
infection rate for Cx. pipiens (3.15 per 1000) was higher than
for Cx. tarsalis (0.85 per 1000). This may be because Cx. tarsalis
abundance was highest near larval habitats associated with
rice fields and wetlands at the Yolo Bypass resulting in col-
lections that possibly consisted mostly of newly-emerged
nulliparous females, and because about half of the Cx. pipi-
ens tested were collected by gravid traps and had digested
at least one blood meal, thereby increasing their chances of
being infected. Cx. tarsalis abundance during 2006 and 2007
at Site 2, the Yolo Bypass and the City of Davis generally
were highest during periods when nestlings were observed
at Site 2 (Fig. 2). Adult birds were present several weeks be-
fore this time, but juveniles were not observed on the ground
within the Eucalyptus grove until the period indicated.
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Table 1. Summary of Dead and Live Bird Collections at Communal Ardeid Nesting Colonies at Davis,

California, During 2005–2007, that Were Tested for West Nile Virus (WNV) Infection or Antibodies

Dead birds Live birds

WNV WNV WNV
Year Site Species Tested RNA* Tested aby** viremia***

2005 Site 1 BCNH 5 1 11 3 nd
CAEG 2 1 5 1 nd
SNEG 1 0 7 0 nd

2006 Site 1 BCNH 7 0 14 0 0
CAEG 2 0 11 0 0
SNEG 1 0 2 0 0

2006 Site 2 BCNH 10 3 75 11 8
CAEG 0 0 3 0 0
GREG 4 1 6 6 0
SNEG 9 2 40 0 0

2007 Site 2 BCNH 20 2 170 3 0
CAEG 2 1 7 0 0
GREG 4 0 5 1 0
SNEG 14 1 112 3 0
Totals 81 12 468 28 8

*Kidney samples tested by RT-PCR.
**Sera screened for antibody (aby) by EIA and confirmed by PRNT.
***Sera tested for virus by Vero cell plaque assay.

FIG. 1. Viremia titers in log10 PFU per mL for eight infected
Black-crowned night herons collected at Site 2 during 2006.



Mosquito infection was measured at two ardeid nesting
sites, wetlands at the Yolo Bypass and at multiple sites within
the City of Davis to test our hypothesis that communal
ardeid nesting sites form foci of early and rapid virus am-
plification (Table 2). Although infected birds were collected
during 2005 and a positive mosquito pool was collected in
2006 at Site 1, mosquito abundance was low and inadequate
for assessment, and this site was abandoned after 2006. An
outbreak of WNV occurred within Davis during 2006
(Nielsen et al. 2008), but WNV positive birds were not de-
tected at Site 1 during this period.

Mosquito abundance was much greater at Site 2 located
relatively near the Yolo Bypass and the City of Davis water

treatment plant with an adjacent constructed wetland (Fig.
2) than at Site 1; however, relatively few pools tested posi-
tive for WNV RNA during the 2006 outbreak year or the fol-
lowing summer (Table 2). In addition, the timing of infec-
tion at Sites 1 and 2 was not earlier than observed within the
City of Davis or at the Yolo Bypass. These results were un-
expected because dead and live ardeids collected at Site 2
frequently showed signs of infection and juvenile BCNH
were competent hosts for WNV (Reisen et al. 2005). We con-
sidered that some of the avian infection observed at Site 2
could be attributed to bird–bird transmission due to parental
feeding, fecal–oral contamination, frequent fighting on the
nests, or scavenging of injured or dead nestlings.
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Table 2. Mean Abundance (Females Collected per Dry Ice-Baited Trap Night) and Infection Rate 

(Maximum Likelihood Estimate of Positive Females per 1000 Estimated by the Method of Biggerstaff) 

of Culex tarsalis and Cx. pipiens Mosquitoes Collected at Each Site per Year. IR is the Infection Rate 

and LL and UL are the Lower and Upper Limits of the 95% Confidence Interval About This Mean

Site Culex species Year Traps F/TN* Tested Pools WNV
 IR LL UL 1st Pos

Site 1 tarsalis 2005 3 1.4 24 8 0
2006 3 4.4 230 21 0

pipiens 2005 3 �0.1 72 5 0
2006 3 1.6 89 18 1 12.1 0.7 62.4 11-Jul

Site 2 tarsalis 2006 3 113.7 2,490 56 2 0.8 0.1 2.7 18-Jul
2007 3 73.0 2,039 54 0

pipiens 2006 3 0.7 137 15 2 16.7 3.0 59.4 18-Jul
2007 3 �0.1 37 9 0

Yolo tarsalis 2006 4 213.6 8,423 178 6 0.7 0.2 1.5 18-Jul
2007 4 202.1 3,815 85 1 0.3 0.0 1.3 17-Aug

Davis tarsalis 2006** 21 19.2 16,411 778 20 1.2 0.8 1.9 11-Jul
2007 5 11.2 2,066 155 1 0.5 0.0 2.4 21-Jul

pipiens 2006** 21 2.1 3,177 673 9 2.9 1.4 5.2 4-Jul
2007 5 1.9 609 155 1 1.6 0.1 7.9 11-Sep

Total 39,619 2,210 43 1.1

*Dry ice baited traps only
**Data from Nielsen et al. (2007)

FIG. 2. Arithmetic mean abundance of Cx. tarsalis females per trap-night (TN) at the City of Davis (Davis), the Yolo By-
pass (Yolo), and communal ardeid nesting Site 2 (Heronry) plotted as a function of weeks during 2006 and 2007. Shown in
grey shading are the periods when dead and living juvenile birds were collected under trees at Site 2.



There was additional evidence for virus transmission at Site
2. During 2007, 3 of 5 sentinel chickens deployed at Site 2 and
1 of 5 chickens deployed at the comparison site seroconverted
to WNV. HOSP mist-netted at Site 2 at the end of 2006 also
showed evidence for local WNV transmission (3 EIA positive
hatching year (HY) birds of 44 tested). These data were simi-
lar to 2007 year end seroprevalence for HOSP at the sentinel
chicken comparison site (2 EIA positives of 29 tested, includ-
ing 1 HY and 1 after hatching year bird (AHY)).

In summary, ardeids nesting at two colonies in trees over
land near Davis showed evidence of repeated infection with
WNV. These findings strongly contrasted results with the same
ardeid species communally nesting over water in Imperial
County, where there was little evidence of WNV infection us-
ing the same viremia and antibody measures, despite the fact
that WNV was repeatedly detected in Cx. tarsalis collected in
vegetation surrounding the pond (Reisen et al. 2005). Overall,
WNV infection incidence at Finney-Ramer was 3.1 per 1000
Cx. tarsalis tested during the transmission season, considerably
higher than documented for Cx. tarsalis at the Yolo County
ardeid sites (Table 2). In Imperial County, any birds falling or
being pushed out of their nest and into the pond would either
drown or be able to climb back into the Tamarisk, so there were
no dead birds available for necropsy. Collectively these data
supported our previous conclusions that bird species nesting
(Reisen et al. 2005) or roosting (Lothrop et al. 2002) over wa-
ter were protected from host-seeking Cx. tarsalis and therefore
WNV infection.

Based on relatively low infection rates among dead and
living ardeid juveniles and low infection rates among host-
seeking and oviposition site questing Culex mosquitoes, we
concluded that the two communal ardeid nesting colonies
sampled in Yolo County were not foci for early season or
rapid WNV amplification. There was no indication that virus
amplified initially at these sites and then spread to other ar-
eas. During the outbreak of 2006, initial virus activity was
detected in dead corvids (Western scrub-jays, Aphelocoma cal-
ifornica, WESJ; AMCR; and Yellow-billed magpies, Pica nut-
talli, YBMP) at residences on the west side of Davis (Nielsen
and Reisen 2007) and away from both ardeid colonies and
the Yolo Bypass. Results generally were similar during 2007
when overall WNV activity was less (i.e., fewer positive dead
and living birds and fewer positive mosquitoes).

Our research continues to implicate corvids and Culex as
important amplifying hosts for WNV in California (Nielsen
and Reisen 2007; Reisen et al. 2006). AMCRs and YBMPs dis-
perse into reproductive groups in spring and then coalesce
into communal roosts during midsummer (Caccamise et al.
1997), when most human cases occur. In areas supporting
large populations of these species, the risk of human infec-
tion seemed to be delineated by the range of foraging flights
about these communal roosts (Reisen et al. 2006). In contrast,
in Bakersfield where highly territorial and relatively evenly
dispersed WESJs are the dominant corvid, WNV amplifica-
tion and human cases has tended to be more evenly dis-
persed. To date, our attempts to implicate other communally
nesting or roosting bird species in WNV amplification have
remained unsuccessful.
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