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ABSTRACT Temporal and spatial changes in the enzootic activity of western equine encepha-
lomyelitis (WEE)andSt.Louisencephalitis (SLE)virusesweremonitoredat representativewetland
study sites in theCoachella, San Joaquin, andSacramentovalleysofCalifornia from1996 to1998using
three methods: (1) virus isolation from pools of 50 host-seeking Culex tarsalis Coquillett females, (2)
seroconversions in ßocks of 10 sentinel chickens, and (3) seroprevalence in wild birds collected by
mist nets and grain baited traps. Overall, 74 WEE and one SLE isolates were obtained from 222,455
Cx. tarsalis females tested in 4,988 pools. In addition, 133 and 40 seroconversions were detected in
28 chicken ßocks, and 143 and 27 of 20,192 sera tested from 149 species of wild birds were positive
for antibodies to WEE and SLE, respectively. WEE was active in all three valleys, whereas SLE only
was detected in Coachella Valley. Seroconversions in sentinel chickens provided the most sensitive
indication of enzootic activity and were correlated with seroprevalence rates in wild birds. Avian
seroprevalence rates did not provide an early warning of pending enzootic activity in chickens,
because positive sera from after hatching year birds collected during spring most probably were the
result of infections acquired during the previous season. Few seroconversions were detected among
banded recaptured birds collected during spring and early summer. Age and resident status, but not
sex, were signiÞcant risk factors for wild bird infection, with the highest seroprevalence rates among
after hatching year individuals of permanent resident species. Migrants (with the exception of
mourning doves) and winter resident species rarely were positive. House Þnches, house sparrows,
GambelÕs quail, California quail, common ground doves, and mourning doves were most frequently
positive for antibodies. The initial detection of enzootic activity each summer coincided closelywith
the appearance of hatching year birds of these species in our study areas, perhaps indicating their
role in virus ampliÞcation. Bird speciesmost frequently positive roosted or nested in elevated upland
vegetation, sites where Cx. tarsalis host-seeking females hunt most frequently. These serosurveys
provided important background information for planned host competence and chronic infection
studies.

KEY WORDS western equine encephalomyelitis virus, St. Louis encephalitis virus, avian serology,
surveillance, wetlands, California

IN CALIFORNIA, WESTERN equine encephalomyelitis
(WEE) and St. Louis encephalitis (SLE) viruses are

maintained and ampliÞed during summer in a trans-
mission cycle involving wild birds and the primary
vector,Culex tarsalisCoquillett (Reeves andHammon
1962,Reeves1990a).Humansandequines are infected
tangentially to the primary cycle and are dead-end
hosts for theseviruses.Domestic equines currently are
protected from WEE by annual vaccination. A state-
wide Encephalitis Virus Surveillance program was de-
veloped in the 1960s (Longshore 1960, Reeves et al.
1990) and monitors mosquito abundance, mosquito
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infection, and transmission to sentinels to provide an
earlywarning of the potential risk for human infection
(Eldridge 1987). These indicators currently are mea-
sured by mosquito trap catch size, testing pools of
mosquitoes for virus infection, and testing sera from
sentinel chickens to detect seroconversions (Reisen
1995, pp. 1Ð34.). Data from this program consistently
have delineated a seasonal pattern of initial virus de-
tection in late June or early July, increased transmis-
sion intensity during late summer, and then termina-
tion in October when Cx. tarsalis enters diapause. In
recent years, the onset of virus activity has been later
thanduring the1940s and1950s (Reeves andHammon
1962), and has begun .6 mo after Cx. tarsalis termi-
nated diapause in January (Bellamy and Reeves 1963,
Reisen et al. 1995a), after most resident birds have
completed nesting (McClure et al. 1962), and after
most spring migrants have passed through California
(McClure et al. 1962). We feel that enzootic virus
transmission probably is initiated during spring, but
remains below detectable levels until after ampliÞca-
tion and dissemination to agrarian and other habitats
and until after Cx. tarsalis expands its blood feeding
pattern to include other avian and mammalian hosts
(Tempelis et al. 1965, Reisen and Reeves 1990). The
occasional detection of transmission of WEE and SLE
by isolation from Cx. tarsalis or by seroconversion of
sentinel chickens during the JanuaryÐMarch period
has provided evidence that late winterÐearly spring
transmission occurs sporadically (Reeves et al. 1958a;
Reisen et al. 1992a, 1992b). Monitoring infection rates
in avian populations at foci of early season virus am-
pliÞcation may improve the sensitivity of the surveil-
lance system and provide an early warning of pending
enzootic activity and the potential risk of human in-
fection.

Wetlands are a likely candidate for early season
virus ampliÞcation, because they bring together large
early season mosquito populations, nesting habitat for
a wide variety of resident and summer resident bird
species, and resting and feeding sites formigrant birds.
Sites where virus activity is detected Þrst each year
may be foci where WEE and SLE persist overwinter
or are reintroducedafter local extinction. InCoachella
Valley,WEEandSLEenzootic activity isdetectedÞrst
at wetland habitats along the north shore of the Salton
Sea and then spreads northwest into upland agricul-
tural sites and suburban settings (Reisen et al. 1995b).
These wetlands serve as resting and feeding sites for
large numbers of northbound migrant birds that could
either introduce virus from southern areas or amplify
virus beginning to cycle among resident birds and
mosquitoes. A parallel situation does not occur along
the southern shore of the Salton Sea, and virus activity
in Imperial Valley appears to lack a speciÞc overwin-
tering focus (Reisen et al. 1996). A comparable sce-
nario explained, in part, the initiation and rapid am-
pliÞcation of eastern equine encephalomyelitis virus
(EEE) at wetland habitats along the north shore of
Delaware Bay (Crans et al. 1994). In the southern San
JoaquinValley, virus activity typically has begun along

the Kern River drainage on the westside of the valley
ßoor (Reisen 1984).

The consistency of enzootic activity in California
varies geographically, indicating that persistence, ex-
tinction, and reintroduction events occur intermit-
tently.WEE and SLEhistorically have persisted in the
Central Valley with minimal genetic change, indicat-
ing successful local overwintering (Kramer et al. 1997,
1998, Kramer and Fallah 1999). However, new geno-
types appear andat timesco-circulatewithestablished
strains (Hardy et al. 1985), indicating new introduc-
tions or perhaps local evolution. Some SLE isolates
from California cluster genetically with isolates from
the Mississippi drainage, possibly indicating introduc-
tion by birds such as mourning doves that change
ßyways (Kramer et al. 1997). In the Sacramento Val-
ley, the intensity of WEE enzootic transmission ap-
pears cyclic, with peaks recurring at '10-yr intervals
(Reisen et al. 1995c); SLE has not been detected since
1972 (Milby and Reeves 1990, Hui et al. 1999). In the
San Joaquin Valley, WEE activity seems to be associ-
ated with runoff from snow melt (Reeves and Ham-
mon 1962) and reappeared in 1996 after being absent
since 1983 (Reisen et al. 1990); SLE has not been
detected since the1989outbreak(Reisenet al. 1992b).
In contrast, both WEE and SLE have been active
during most summers in the irrigated inland valleys of
southeastern California (Reisen et al. 1992a, 1995d).

The mechanisms that allow virus persistence or re-
introduction and the avian species responsible for
early season ampliÞcation have been studied for .50
yr (Reeves 1990b). Because of the rural distribution of
human cases, early serological surveys focussed on
vertebrate hosts available for host-seekingmosquitoes
in rural agrarian habitats (Reeves andHammon 1962).
Chickens and wild birds (especially house Þnches,
house sparrows, BullockÕs orioles, red-winged black-
birds, and mourning doves) frequently were positive
for antibodies to WEE and SLE, with seroprevalence
of mouse neutralizing antibodies as high as 30% for
some species. Subsequent studies in San Joaquin and
Sacramento Valleys emphasized collections through-
out the year in agrarian settings to determine which
birds might be important in maintaining virus during
the winter period. Although a large number of bird
species were infected occasionally, seroprevalence
rates determinedbyhemagglutination inhibition (HI)
tests were uniformly low (,10%); exceptions were
antibodies against SLE in house Þnches (16%, n 5
519), mourning doves (36%, n 5 87), and ring-necked
pheasants (20%, n 5 689) in the Sacramento Valley
(Milby and Reeves 1990). In serosurveys of suburban
habitats after the 1984 outbreak of SLE in Los Angeles
(Murray et al. 1985), house Þnches, house sparrows,
and northern mocking birds were the most common
birds collected and most frequently positive for neu-
tralizing antibodies (McLean et al. 1988). A surveil-
lance program emphasizing crow trap collections of
house Þnches and house sparrows has reported con-
sistently low HI seroprevalence levels (,10%) in
these species (Gruwell et al. 1988, 1989, Bennett et al.
1993). Collectively, these studies indicated that sero-
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prevalence rates againstWEEandSLEusually are low
in agrarian, foothill riparian, and suburban housing
habitats in California, with the possible exception of a
few key species. These results contrasted infection
levels in birds elsewhere in North America (McLean
and Bowen 1980). In New Jersey, for example, 27% of
1,848 birds collected over four summers in a coastal
wetlands habitat were positive for HI antibodies
against eastern equine encephalomyelitis (EEE) vi-
rus, and key species exhibited antibody rates .60% by
the end of the summer (Crans et al. 1994). These
interesting patterns of virus detection stimulated us to
reexamine the role of various bird species in Califor-
nia, emphasizing wetland habitats. Possibly, WEE and
SLE amplify initially within discrete wetland foci and
in these habitats key species may become infected
more frequently than in agrarian or suburban habitats.
Measuring the intensity of this early season enzootic
activity could be a useful surveillance tool, if this early
activity was predictive of the risk of human infection
later in the season.

The primary purpose of the current research was to
monitor the seasonal changes in seroprevalence rates
to WEE and SLE in the avian fauna associated with
wetlands along the north shore of the Salton Sea and
at representative wetlands in the San Joaquin and
Sacramento Valleys. Concurrent monitoring of mos-
quito infection rates and seroconversion rates in sen-
tinel chickens provided an opportunity to compare
the sensitivity of these three surveillance tools con-
currently in different geographical areas of California
with varying levels of enzootic virus activity. Identi-
Þcation of frequently infected bird species and early
season foci of virus activity will allow future research
to focus epidemiological studies and experimentation
on possible overwintering mechanisms.

Materials and Methods

Study Areas. Study sites were selected within three
valleys in California based on historic evidence of
enzootic encephalitis virus activity (Fig. 1).

Coachella Valley. Research on arboviral ecology
(Reisen et al. 1995d) andmosquito bionomics (Reisen
et al. 1995e)described a consistent patternof enzootic
transmission commencing at wetlands near the Salton
Sea and then progressing into upland agricultural ar-
eas. Land use patterns in relation to mosquito ecology
have been delineated (Lothrop and Reisen 1999). In
recent years theSaltonSeadepthhas risen to inundate
adjacent aquaculture ponds and managed duck
marshes. A barnacle sand berm has been created by
wave action and has trapped fresh artesian and agri-
culture run-off waters, creating an extensive series of
mixed fresh and salt marshes along the north shore.

Three study sites were selected along the north
shore of the Salton Sea in Riverside County: (1) 81st
Street on the west shore (1168 039, 338 299) consisting
of extensive Typhamarshes in abandoned aquaculture
ponds, upland desert brush (mesquite [Prosopis]
thickets, Salicornia, Dystichilis) and citrus orchards;
(2) Colfax Street on the north shore (1158 579, 338 319)

consisting of extensive Typha marshes, a narrow sec-
tion of undeveloped brush (Salicornia, Dystichilis,
Tamarix) and upland orchards and row crops; and (3)
Mecca Avenue on the east shore (1158 559, 338 309)
near the small town of North Shore and the Salton Sea
State Park consisting of a narrow Typhamarsh (,50m
wide) lined with Tamarix and extensive upland desert
brush. Additional catches of GambelÕs quail were
made in uplanddesert brush atAdohrFarms (1168 019,
338 319).

San Joaquin Valley. Descriptions of the epidemiol-
ogyof arboviruses,mosquito faunaandbionomics, and
weather patterns in the southern San Joaquin Valley
have been described in detail (Reeves and Hammon
1962, Reeves 1990a). Recent residential growth and
the expansion of irrigated agriculture essentially have
eliminated the extensive wetlands that historically
covered most of the valley ßoor. We selected three
sites along the west side of the valley in Kern County,
because previous studies indicated that WEE activity
frequently commenced at these habitats: (1) Kern
River southwest of BakersÞeld (1198 149, 358 179) con-
sisting of 1,130 ha of wetlands that included the con-
Þned but meandering Kern River channel and an ex-
tensive series of impoundments used for underground
aquifer recharge; (2) Tracy Ranch (1198 249, 358 259)
consisting of extensive cotton agriculture that was
transected by the remnants of Jerry Slough, and was
the site of intensive bird studies during the 1960s
(Milby and Reeves 1990); and (3) Kern National
Wildlife Refuge (KNWR; 1198 379, 358 439) consisting
of 1,408 ha of wetlands managed for waterfowl by
intermittently ßooding large shallow ponds covering
'75% of the refuge; our studies were conÞned to a
small section maintained as riparian habitat.

Sacramento Valley. Birds were collected at three
sites situated in riparian habitat associated with the

Fig. 1. California locations of sampling sites in Sacra-
mento and Yolo Counties, Sacramento Valley, Kern County,
San Joaquin Valley, and Coachella Valley, Riverside County.
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Sacramento River ßood plain in Sacramento and Yolo
counties: (1) Stone Lakes National Wildlife Refuge
(1218 309, 388 229), (2) Beach Lake Wildlife Area (1218
309, 388 259), and (3) Fremont Wildlife Area (1218 399,
388 469 ). The Stone Lakes NWR was a focus of WEE
activity during the 1993 epizootic (Dritz et al. 1994),
andpreliminary bird studies havebeen initiated at this
site (Wright et al. 1998). Riparian vegetation along the
Sacramento River was dominated by Fremont cotton-
wood (Populus fremontii), valley oak (Quercus lo-
bata), and several willow species (Salix). Adjacent
marshes and sloughs were dominated by tule (Scirpus
acutus), cattails (Typha latifolia), smartweed (Polygo-
num spp.), and water primrose (Jussiaea repens). Wet
meadows contained rushes Juncus spp., sedges Carex
sp. and various wetland grasses.

Sampling. Mosquito control agencies in all three
areas participated in the California Encephalitis Virus
Surveillance program and monitored mosquito and
virus activity throughout their respective areas. Be-
cause it was not possible to know the exact origin of
the wild birds we collected, district wide surveillance
data were summarized to describe the intensity of
enzootic activity within each region of the three val-
leys studied. Additional sampling was concentrated at
bird collection sites, and these data were summarized
to describe temporal relationships among sampling
methods.

Mosquitoes. Mosquitoes were collected host-seek-
ing at each site by three to Þve dry-ice baited CDC
(Sudia and Chamberlain 1962) or EVS (Pfuntner
1979) style traps thatwere operated fromafternoon to
morning at biweekly intervals from early spring (Feb-
ruary in Coachella Valley, March in San Joaquin Val-
ley, and June in Sacramento Valley) until fall (No-
vember, October, and October, respectively).
Mosquitoes were anesthetized with triethylamine or
cold, sorted to species, enumerated, and #10 pools of
'50Cx. tarsalis females frozenand storedat2708Cfor
later viral assay.

Sentinels. Flocks of 10 white leghorn hens were
maintained at 8Ð10 sites in each area in standard coops
(Reisen 1995). New hens (.18 wk old) were pur-
chased from commercial brooders, banded, and de-
ployed in February or March in Coachella Valley and
in April in San Joaquin and Sacramento Valleys. Hens
were prebled (Coachella Valley) and then sampled
biweekly by lancet stick of the comb (Reisen et al.
1993) until October or November. In Coachella and
San JoaquinValleys chickens that seroconvertedwere
replaced on the next bleeding date, after taking a
second conÞrmatory sample. In Coachella Valley,
from three to four ßocks were maintained during win-
ter and bled at the end of the winter to detect winter
virus transmission.

Wild Birds. Wild birds were collected in 8-14 12-m
mist nets (mixed mesh sizes, 30, 38 and 60 mm) op-
erated from dawn to midmorning for two consecutive
days at each study site on a rotating biweekly sched-
ule. Nets were positioned within natural or cleared
breaks in vegetation or at habitat ecotones, and were
repositioned as needed to improve the numbers cap-

tured. InCoachella and San JoaquinValleys, onemod-
iÞed crow trap and from one to three ground traps
baitedwithmillet orwild bird seedmixwere operated
biweekly at each site (McClure 1984). Sampling com-
menced in spring(February,CoachellaValley;March,
San Joaquin; June, Sacramento Valley) and continued
until fall (November, Coachella Valley; October, San
Joaquin and SacramentoValleys). Birdswere sampled
throughout the winter of 1996-1997 in Coachella Val-
ley. Birds were identiÞed to species and when possi-
ble, sex and age (Pyle 1997), bled by jugular puncture
(0.1 ml blood, diluted immediately into 0.9 ml saline),
bandedwith appropriateU.S. Biological Surveybands,
and released at the site of capture, usually within 1 h.
Birds recaptured within the same 2-d sampling period
were recorded, but not rebled. Voucher bird speci-
mens were deposited at the San Bernardino Museum.

Special collections in Coachella and San Joaquin
Valleys targeted selected bird groups. When abun-
dant, migratory shore birds were sampled at the north
and east shore of the Salton Sea by walk-in traps
(McClure1984) set in shallow overßow pools. A large
walk-in duck trap was deployed within a Typha stand
at thewest shore. Black-crowned night herons shot by
property owners at a Þsh farm on the east shore were
sampled during November/December 1997. Adults
from a nesting colony of cliff swallows were sampled
during May 1996 by suspending mist nets from a
bridge. Epidemics of botulism (Coachella Valley 1997,
1998; San Joaquin Valley 1998) and perhaps avian
cholera (Coachella) allowed water birds to be col-
lected by hand or samples taken from birds at reha-
bilitation centers (Coachella Valley birds at Imperial
National Wildlife Refuge and an Joaquin Valley birds
at the KNWR). In Coachella Valley, species nesting in
Typha stands (1996, 1997) or communally in snags
near the mouth of the Whitewater Channel (1998)
were collected by hand, bled, and immediately (,5
min) returned to the nest. Samples from nestlings
were frozen immediately on dry ice and tested for
virus as well as antibody.

Assays. Mosquitoes were tested for WEE and SLE
infection by a plaque assay in Vero cell culture fol-
lowed by an in situ enzyme immunoassay (EIA)
(Campbell et al. 1991). Blood samples from nestling
birdswere tested for virus using a plaque assay inVero
cells. Sentinel chickens were tested for antibodies to
WEE and SLE using an indirect EIA, with positives
conÞrmed by an indirect ßuorescent antibody test
(Reisen et al. 1994) and by repeat bleeds on the same
chickens. Wild bird sera were screened for antibodies
to WEE and SLE by an EIA, with positives conÞrmed
by a plaque reduction neutralization test (PRNT)
(Chiles and Reisen 1998). Only wild birds with sera
that neutralized .80% of the plaques in control wells
at a dilution of $1:20 were considered to be positive.
Birds reported as serologically positive in the current
study were positive by both EIA and PRNT.

Statistics. Mosquito abundance was expressed as
femaleCx. tarsalisper trapnight permonth.Data from
Coachella Valley were based on 25 traps operated
throughout the southern half of the valley, whereas

510 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 37, no. 4

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/37/4/507/839426 by guest on 23 M
ay 2023



data from San Joaquin and Sacramento Valleys were
limited to traps operated at the study sites. Abundance
of secondary vector species such as Aedes melanimon
Meigen and Culex quinquefasciatus Say was not pre-
sented, because virus was not isolated from these spe-
cies. Virus isolations were presented as the number of
positive pools per month or minimum infection rates
in infected females per 1,000 females tested. Serocon-
versions of chickens where plotted by date of Þrst
positive test and presented as total positives per
month. Calculating seroconversion rates was difÞcult,
because the denominators changed based on ßock
immune status and positive birds were not replaced in
Sacramento Valley. Wild bird seroprevalence was ex-
pressed as the percentage of sera positive over the
number tested and included repeat samples on recap-
tured birds.

Results

Coachella Valley. Based on virus isolations from Cx.
tarsalis mosquitoes and seroconversions in sentinel
chickens, WEE was active during 1997 and 1998, and
SLEduring1996 and1997; a single isolationof SLEwas
made during September 1998, indicating very low
level transmission (Table 1). Cx. tarsalis abundance at
wetlands and adjacent upland agricultural habitat was
bimodal each year, with peaks during spring associ-
ated with the rise in depth of the Salton Sea and in fall
associated with the ßooding of managed freshwater
marshes for waterfowl (Fig. 2A). The timing of the
vernal maxima varied among years, being earliest in
1996 (March) and latest during 1997 (May). Thenum-
ber of pools tested for virus each month varied as a
function of abundance, especially during 1997 and
1998 when special efforts were made to isolate virus
during the late winterÐearly spring period. WEE and
SLE were isolated only during 1998 (Table 1). WEE
enzootic transmission (as measured by new sentinel
seroconversions) was detected Þrst in August 1997
and June 1998, peaked during summer, and then de-
clined before the autumnal increase in Cx. tarsalis

abundance (Fig. 2A andB). SLEenzootic activitywas
detected Þrst in August 1996 and July 1997, well after
the decline in vernal Cx. tarsalis abundance, and then
peaked during October in association with the ßood-
ing of duck marshes (Fig. 2B).

Overall, 10,945 sera were tested from 9,349 individ-
ual wild birds comprising 124 species (Table 2); 1,596
serawere frombirds recapturedwithin our study area.
From20March through 19 June 1996, 1,054 birdswere
bled and released, but not banded. In addition, 194
nestlingscomprisingeight specieswere tested forboth
antibody and viremia with negative results (Table 3).
Overall, 64 (53%) of 120 sera testing positive for WEE
and 27 (31%) of 113 sera testing positive for SLE by
EIA were conÞrmed by PRNT (Table 4). Most PRNT
positive sera had titers #1:40. Low conÞrmation rates
were attributed to our liberal acceptance of sera as
presumptively positive by EIA for conÞrmatory test-
ing by PRNT and to the enhanced sensitivity of our
EIA compared with the PRNT (Chiles and Reisen
1998, Reisen et al. 2000). As quality controls on the
sensitivity of our screening system, Þve and seven sera
fromhouseÞnches experimentally infectedwithWEE
and SLE and known to be antibody positive (Reisen
et al. 2000) were included among our routine Þeld
specimens and tested blind by laboratory personnel.
All were reported as positive by EIA (i.e., mean of
positive antigenwells dividedbynegative antigenwell
wasmore than two).FiveofÞveWEEpositive andÞve
of seven SLE positive sera were conÞrmed by PRNT;
a known negative bird was reported as negative by
both tests. The two birds not conÞrmed by PRNT had
low titers of 1:20 when tested 2 wk before these sera
were collected.

Overall, wild bird seroprevalence rates remained
low (,3%) and generally were highest during the
second half of the summer (Fig. 2C). After hatching
year (AHY) birds positive for WEE during June 1996
and for SLE during March to July 1998 presumably
were infected during the previous year, because these
viruses were not detected concurrently by positive

Table 1. Comparison of the ability of three surveillance methods to detect enzootic activity of WEE and SLE viruses in Coachella,
San Joaquin and Sacramento valleys, 1996–1998

Year Method
Coachella Valley San Joaquin Valley Sacramento Valley

No. tested WEE1 SLE1 No. tested WEE1 No. tested WEE1

1996 Mosquito pools 26,615 (573) 0 0 7,717 (168) 3 14,419 (321) 9 (wk 29)
Chicken ßocks 10 0 11 (wk 33) 9 28 (wk 27) 8 20 (wk 33)
Wild birds 2,845 8 (wk 23) 8 (wk 33) not done not done

1997 Mosquito pools 44,684 (949) 1 0 26,775 (598) 0 18,195 (409) 10 (wk 27)
Chicken ßocks 10 10 (wk 32) 29 (wk 30) 9 2 (wk 40) 9 20 (wk 31)
Wild birds 4,771 17 (wk 17) 9 (wk 12) 3,699 33 (wk 12) 510 6

1998 Mosquito pools 31,286 (808) 10 (wk 25) 1 (wk 35) 35,040 (770) 42 (wk 31) 17,724 (392) 0
Chicken ßocks 10 26 (wk 26) 0 9 27 (wk 33) 9 0
Wild birds 3,329 39 (wk 11) 10 (wk 14) 4,327 33 (wk 11) 711 7

Totals Mosquito pools 102,585 (2,330) 11 1 69,532 (1,536) 45 50,338 (1,122) 19
Chicken ßocks 30 36 40 27 57 26 40
Wild birds 10,945 64 27 8,026 66 1,221 13

Mosquito Pools: number of Cx. tarsalis females tested (number of pools) and number of pools positive. Chicken ßocks: number of ßocks
maintained and number of hens seroconverting. Wild birds: number of sera from wild birds tested and number positive by both EIA and PRNT.
wk, week of the year when Þrst positive detected.
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mosquito pools or sentinel chicken seroconversions.
In agreement, titers of conÞrming PRNTs typically
were low (#1:40) at this time. Increases in seropreva-

lence, infections in hatching year (HY) birds and
seroconversions among recaptured birds generally
were detected concurrent with seroconversions in

Fig. 2. Virusactivityat studysites inCoachellaValley, 1996Ð1998. (A)Cx. tarsalis femalesper trap-night(n525 traps),number
of pools tested for virus infection and number of isolations of WEE per month. (B) Number of seroconversions to WEE and SLE
at ßocks near bird collection sites. (C) Number of birds tested and percent positive for WEE and SLE antibodies per month.
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Table 2. Bird sera tested for antibodies against WEE and SLE, 1996–1998

Common Name ScientiÞc name Res.a
Coachellab Joaquinb Sacra.b

Sera W S Sera W Sera W

Eared grebe Podiceps nigricollis R 8 0 0 1 0
Pied-bill grebe Podilymbus podiceps R 1 0 0
BoneparteÕs gull Larus philadelphia R 6 0 0
Double-crested cormorant Phalacrocorax auritus R 1 0 0
American white pelican Pelecanus erythrorhynchos M 4 0 0
Mallard Anas platyrhynchos R 1 0 0 22 0
Gadwall Anas stepera W 9 0
Cinnamon teal Anas cyanoptera W 1 0
Northern shoveler Anas clypeata W 1 0 0 13 0
Northern pintail Anas acuta W 17 0
Ruddy duck Oxyura jamaicensis W 1 0 0 1 0
White-faced ibis Plegadis chihi R 1 0
Least bittern Ixobyrchus exilis R 84 2 1
Great egret Casmerodius albus R 10 0 0
Snowy egret Egretta thula R 6 1 0
Green-backed heron Butorides striatus R 19 0 0
Black-crowned night heron Nycticorax nycticorax R 26 1 0
Virginia rail Rallus limicola R 10 0 0 1 0
Sora Porzana carolina R 8 0 1
Common moorhen Gallinula chloropus R 5 0 0
American coot Fulica americana R 3 0 0 1 0
Black-necked stilt Himantopus mexicanus R 6 0 0
Common snipe Gallinago gallinago ? 2 0 0
Short-billed dowitcher Limnodromus griseus SPR 7 0 0
Long-billed dowitcher Limnodromus scolopaceus M 3 0 0
Least sandpiper Calidris minutilla M 45 0 0
Western sandpiper Calidris mauri M 206 0 0
Greater yellowlegs Tringa melanoleuca W 2 0 0
Solitary sandpiper Tringa solitaria ? 1 0 0 1 0
Spotted sandpiper Actitis macularia M 22 0 0
Killdeer Charadrius vociferus R 11 0 0 1 0
Semipalmated plover Charadrius semipalmatus ? 1 0
Snowy plover Charadirus alexandrinus M 1 0 0
Sharp-shinned hawk Accipiter striatus R 1 0
GambelÕs quail Callipepla gambelii R 1,471 27 6
California quail Callipepla californicus R 527 12 4 0
Ring-necked pheasant Phasianus colchicus R 1 0
Spotted dove Steptopelia chinensis ? 1 0 0
Mourning dove Zenaida macroura S 48 1 0 110 3
Common ground dove Columbina passerina R 569 9 7
Greater roadrunner Geococcyx californianus R 1 0 0 1 0
Belted kingÞsher Ceryle alcyon R 4 0 0 1 0
Ladder-backed woodpecker Picoides scalaris S 3 0 0
NuttallÕs woodpecker Picoides nuttalii S 13 0 17 0
Downy woodpecker Picoides pubescens S 5 0
Northern ßicker Colaptes auratus M 1 0
Red-naped sapsucker Sphyrapicus nuchalis ? 1 0 0
Common nighthawk Chordeiles minor ? 1 0 0
Lesser nighthawk Chodeiles acutipennis S 31 0 0
Western kingbird Tyrannus verticalis SPR 21 0 0 70 0
CassinÕs kingbird Tyrannus vociferans ? 1 0 0 1 0
Brown-crested ßycatcher Myiarchus tyrannulus SPR 3 0 0 11 0
Ash-throated ßycatcher Myiarchus cinerascens SPR 5 0 0 8 0 12 0
SayÕs phoebe Sayornis saya S 3 0 0
Black phoebe Sayornis nigricans R[S] 53 0 0 63 0 35 0
Western wood-pewee Contopus sordidulus S 40 0 0 4 0 1 0
UnidentiÞed ßycatchers Empidonax spp. S 85 0 0
PaciÞc-slope ßycatcher Empidonax difficilis S 2 0 0 27 0 40 0
SW willow ßycatcher Empidonax trailii S 31 0
Dusky ßycatcher Empidonax oberholseri ? 2 0 1 0
Western scrub-jay Aphalocoma california R 13 0
European starling Sturnus vulgaris R 85 0 0 15 0 1 0
Brown-headed cowbird Molothrus ater S 376 2 0 66 0 13 0
Bronzed cowbird Molothrus aeneus S 14 0 0
Yellow-headed blackbird Xanthocephalus xanthocephalus S 86 0 0 7 0
Redwinged blackbird Agelaius phoeniceus R 314 3 0 275 1 4 0
Tricolored blackbird Agelaius tricolor SPR 57 0
Western meadowlark Sturnella neglecta ? 2 0 0 12 0 2 0
Hooded oriole Icterus cucullatus SPR 4 0 0
BullockÕs oriole Icterus bullockii SPR 64 0 0 197 1 3 0
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Table 2. Continued

Common Name ScientiÞc name Res.a
Coachellab Joaquinb Sacra.b

Sera W S Sera W Sera W

BrewerÕs blackbird Euphagus cyanocephalus R 7 0 0 42 1
Great-tailed grackle Quiscalus mexicanus S 34 1 0
Purple Þnch Carpodacus purpureus ? 4 1 0
CassinÕs Þnch Carpodacus cassinii FALL 3 0 0
House Þnch Carpodacus mexicanus S 350 6 5 1,863 36 170 5
American goldÞnch Carduelis tristis FALL 12 41 0
Lesser goldÞnch Carduelis psaltria M 19 0 0 2 0
LawrenceÕs goldÞnch Carduelis lawrenci ? 1 0 0
Pine siskin Carduelis pinus FALL 3 0 0 4 0
Vesper sparrow Pooecetes gramineus ? 4 0 0 1 0
Savannah sparrow Passerculus sandwichensis W[M] 163 0 0 46 0 1 0
Grasshopper sparrow Ammodramus savannarum ? 1 0 0
Lark sparrow Chondestes grammacus S 62 0 0 21 0
White-crowned sparrow Zonotrichia leucophrys W 1,801 0 0 995 0 67 0
Golden-crowned sparrow Zonotrichia atricapilla W 1 0 0 222 0 57 0
White-throated sparrow Zonotrichia albicollis ? 2 0 0
BrewerÕs sparrow Spizella breweri M 17 0 0
Dark-eyed junco Junco hyemalis W 2 0 0 10 0 4 0
Black-throated sparrow Amphispiza bilineata ? 1 0 0
Sage sparrow Amphispiza belli W 18 0 0
Rufous-crowned sparrow Aimophila ruficeps ? 1 0
Song sparrow Melospiza melodia R 375 0 0 1,360 2 186 1
LincolnÕs sparrow Melospiza lincolnii W 310 0 0 175 0 85 0
Fox sparrow Passerella iliaca W 10 0 0 83 0 16 0
Rufous-sided towhee Pipilo erythrophthalmus V 2 0 0 1 0
Spotted towhee Pipilo erythrophthalmus ? 2 0 0 4 0 67 0
Green-tailed towhee Pipilo chlorurus ? 2 0 0 1 0 1 0
California towhee Pipilo crissalis R 7 0
AbertÕs towhee Pipilo aberti R 142 3 0
Black-headed grosbeak Pheucticus melanocephalus SPR 12 1 0 19 1 14 2
Blue grosbeak Guiraca caerulea S 6 0 0 33 0 7 0
Indigo bunting Passerina cyanea ? 2 0 0
Lazuli bunting Passerina amoena SPR[S] 16 0 0 6 0 19 0
Western tanager Piranga ludoviciana SPR 13 0 0 11 0 8 0
Summer tanager Piranga rubra ? 1 0 0 1 0
Cliff swallow Petrochelidon pyrrhonota SPR[S] 41 0 0 23 0 7 0
Barn swallow Hirundo rustica M[S] 37 0 0 4 0 14 0
Tree swallow Tachycineta bicolor S 8 0 0 14 0 8 0
Violet-green swallow Tachycineta thalassina ? 1 0 0
Bank swallow Riparia riparia M 3 0 0
Northern rough-winged swallo Stelgidopteryx seripennis SPR 95 0 0
Oak titmouse Baeolophus inornatus R 16 1
Cedar waxwing Bombycilla cedrorum ? 1 0
Phainopepla Phainopepla nitens FALL 3 0 0
Loggerhead shrike Lanius ludovicianus R 9 0 0 36 0
Warbling vireo Vireo gilvus M[S] 80 0 0 5 1 5 0
Nashville warbler Vermivora ruficapilla M 28 0 0 1 0 6 0
Orange-crowned warbler Vermivora celata M 114 0 0 230 0 16 0
Tennessee warbler Vermivora peregrina ? 1 0 0
Yellow warbler Dendroica petechia M 249 0 0 48 0 21 0
Yellow-rumped warbler Dendroica coronata W 862 0 0 152 0
Black-throated gray warbler Dendroica nigrescens M 4 0 0 4 0
TownsendÕs warbler Dendroica townsendi ? 4 0 0 2 0
Hermit warbler Dendroica occidentalis ? 1 0 0 1 0
Northern waterthrush Seiurus noveboracensis FALL 3 0 0 1 0
MacgillivrayÕs warbler Oporornis tolmiei M 36 0 0 4 0 9 0
Common yellowthroat Geothlypis trichas R[S] 412 0 0 47 0 13 0
Yellow-breasted chat Icteria virens S 15 0 0 3 0
WilsonÕs warbler Wilsonia pusilla M 358 0 0 55 0 27 0
American redstart Setophaga ruticilla ? 1 0 0
House sparrow Passer domesticus R 823 6 5 63 0 76 0
American pipit Anthus rubescens W 12 0 0
Northern mocking bird Mimus polyglottos R 32 0 0 46 1
California thrasher Toxostoma redivivum R 45 3
Cactus wren Campylorhynchus brunneicapillus R 12 0 1
Rock wren Salpinctes obsoletus ? 1 0 0
BewickÕs wren Thryomanes bewickii ?[R] 4 0 0 135 0 12 1
House wren Troglodytes aedon ?[R] 2 0 0 48 0 17 0
Winter wren Troglodytes troglodytes ? 1 0 1 0
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sentinel chickens during the second half of the sum-
mer.

Overall, 60% of the total sera came from birds col-
lected by mist nets, 38% from grain-baited crow and
ground traps, and 1% from shore bird traps; ,1% were
from birds collected by the duck trap, hand catch or
shooting.However, 69%of theWEEpositives and 52%
of the SLE positives were detected in birds collected
by grain-baited traps. These data emphasized the im-
portance of using the most effective sampling device
to collect key bird species.

Nine birds seroconverted to WEE and two to SLE
during 1997 and 1998 indicating new infections (i.e.,
birds initiallywerenegative, but thenpositiveonmore
than one samples when recaptured). Seroconversions
to WEE during spring were detected in male AHY
GambelÕs quail on 22 May 1997and 11 June 1998 and
in a male AHY house sparrow on 7 May 1998. Neu-
tralizing antibody toWEE inhouse sparrowsappeared
to decay rapidly after infection, because two of three
birds that seroconverted reverted to seronegative on
the next bleed within 1 mo of being positive. An AHY
GambelÕs quail that was SLE negative when collected
on 3 April, 25 April, 22 May, and 2 July 1997 became
SLE positive by both EIA and PRNT (titer 5 1:20) on
16 July, but then was again negative on 31 July and 27
September 1997. Similarly, a female AHY common
ground dove was SLE positive at Þrst collection
(PRNT titer5 1:20) on18March 1997, testednegative
on 7 November, but then was positive (PRNT 5 1:20)
on 21 November 1997. We interpret these equivocal
Þndings as old infections with low antibody titers that
tested positive intermittently. Studies are in progress
to describe antibody persistence in experimentally
infected birds.

Overall, 57 (89.1%) of the 64 sera positive for WEE
and 24 (88.9%) of the 27 sera positive for SLE were
detected in seven (5.4%) of the 124 bird species sam-
pled (Table 2). These species were collected most
frequently in desert brush (GambelÕs quail, common
ground dove, AbertÕs towhee), agricultural (house

Þnch), peridomestic (house sparrow) and wetland
(red-winged blackbird, least bittern) habitats (Table
2). Other birds infrequently positive (less than two
positive sera each) were collected mostly in wetland
(snowy egret, black crowned night heron, sora, marsh
wren, brown headed cowbird), agricultural (mourn-
ing dove, great-tailed grackle, purple Þnch, black
headed grosbeak), and upland desert brush (cactus
wren) habitats. Of these, only the black-headed gros-
beak and mourning dove could be considered a mi-
gratory species, although both were present for long
periods during spring and summer.

Overall, sex was determined in 5,316 birds, of which
55.9% were males (Table 5). The percentage of sera
from dimorphic male birds positive for WEE and SLE
did not differ signiÞcantly from the percentage of
males that were negative when tested by contingency
chi-square (P . 0.05). Similarly, there were no sig-
niÞcant differences among seropositive and seroneg-
ative birds aged as AHY and HY (P . 0.05). A signif-
icantly greater percentage of sera from resident
species tested positive for WEE and SLE than from
summer resident, winter resident and migrant species
(P , 0.01).

Patterns of collection, age structure, and seropreva-
lence for WEE were depicted graphically for the four
bird species most frequently infected in Coachella
Valley (Fig. 3); too fewbirdswere positive for SLE for
a comparable presentation (Table 2). Most common
grounddoveswerecollected foragingat theSaltonSea
during September through January (Fig. 3A). Catch
increased after the completion of the nesting season,
but HY birds were collected from May through No-
vember. Most positive doves were collected during
AugustÐNovember1997, even thoughmorebirdswere
tested at the endof the 1998 season. Four of nineWEE
positives and one of seven SLE positives were HY
birds, indicating current year infections.

Although sampling effort was similar and WEE sen-
tinel seroconversions were detected during 1997 and
1998, most WEE positive GambelÕs quail were col-

Table 2. Continued

Common Name ScientiÞc name Res.a
Coachellab Joaquinb Sacra.b

Sera W S Sera W Sera W

Marsh wren Cistothorus palustris R 332 0 1 199 0 2 0
Bushtit Psaltriparous minimus R 43 0 11 0
White-breasted nuthatch Sitta carolinensis R 3 0
Verdin Auriparus flaviceps R 64 0 0
Ruby-crowned kinglet Regulus calendula W[M] 41 0 0 52 0 2 0
Blue-gray gnatcatcher Polioptila caerulea W 13 0 0 5 0
Black-tailed gnatchaer Polioptila melanura ? 3 0 0
SwainsonÕs thrush Catharus ustulatus M 52 0 0 2 0
Hermit thrush Catharus guttatus M 14 0 0 207 0 27 0
American robin Turdus migratorius R 74 4 9 3
Wrentit Chamaea fasciata R 5 0

Totals 10,945 64 27 8,021 66 1,221 13
No. species 124 13 7 79 11 61 6

Birds listed in order of U.S. Biological Survey number codes.
a Resident status in study areas: R, year round resident; S, AprilÐOctober; W, OctoberÐApril; M, S/F migrant; Spr. 5 AprilÐJuly. If different,

San Joaquin or Sacramento Valley study sites in parentheses.
b Coach., Coachella Valley; Joaquin, San Joaquin Valley; Sacra., Sacramento Valley; Sera, total sera tested; W, WEE; S, SLE; positive by both

EIA and PRNT; totals include repeat tests on birds recaptured after .10 d.
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lectedduring 1998 (Fig. 4B). Fewquailwere collected
in mist nets during 1996 before ground traps were
deployed at our study sites. Decreases in seropreva-
lence during midsummer coincided with the collec-
tion of large numbers of young HY birds. Early season
WEE activity was detected by the collection of sero-
positive HY quail on 24 June and 7 July 1998.

Although permanent residents of Coachella Valley,
house Þnches were collected in substantial numbers
only when mixed AHY and HY ßocks foraged at a
sunßower Þeld at the east shore site (Fig. 4C). This
Þeld was discovered in September 1996, but sampling
was terminated at the request of the property owner
during the OctoberÐNovember dove hunting season.
The following year this Þeld was sampled intensively
and HY Þnches seropositive for WEE were collected
inAugust concurrentwith seroconversions in sentinel
chickens. Few sunßowers bloomed the followingyear,
and subsequently few Þnches were collected.

House sparrows were collected in large numbers
after grain-baited crow traps were deployed at farm-
houses at the north and east shore sites in May 1997
(Fig. 4D). Similar to GambelÕs quail, most positives
were detected during AprilÐSeptember 1998, even
though comparable numbers were trapped during
1997 when both WEE and SLE were active (Table 1).
During both years, HY birds were collected as early as
May, but dominated collections from midsummer
through early fall. Early season activity was detected
by the collection of HY birds positive for WEE on Þve
June 1998 and for SLE on 19 June and 2 July 1998, in
the absence of concurrent seroconversions in nearby
sentinel chickens.

San Joaquin Valley. After being absent since 1983,
WEE returned to the southern San Joaquin Valley in
1996 and was detected again during 1997 and 1998;
SLE was not detected throughout (Table 1). WEE
activity was widespread during 1996 with 34 serocon-
versions detected at six of nine sentinel chickenßocks,
including chickens at the three bird study sites; three
isolations of WEE were made from Cx. tarsalis (min-
imum infection rate, MIR, 5 0.39 per 1,000 females
tested). In contrast, WEE activity during 1997 was
limited to single seroconversions at the Tracy Ranch
and the KNWR. During 1998, intense WEE enzootic
activity was concentrated initially at the Kern River
(16 of 27 seroconversions), but then spread to south-
eastern and western ßocks. Virus was isolated repeat-
edly from Cx. tarsalis collected at the Kern River

throughout summer (28 isolates, MIR 5 2.57 per
1,000), and then at the KNWR in late summer (13
isolates, MIR 5 1.43 per 1,000).

Culex tarsalis abundance was low during spring, but
then peaked at 224 females per trap night in Septem-
ber 1997 (Fig. 4A). In contrast during 1998, early
spring abundance was not followed by a comparable
increase in September.During 1998, viruswas isolated
from Cx. tarsalis 2 wk before seroconversions by sen-
tinel chickens (Fig. 4B). Interestingly, new serocon-
versions were detected in October after the decline in
mosquito abundance and infection rates.

Overall, 8,021 sera were collected from 6,609 birds
comprising 79 species; 1,412 sera were from locally
recaptured birds (Table 2). Similar to Coachella Val-
ley, 50%of 131 serapresumptivelypositive forWEEby
EIA were conÞrmed by PRNT (Table 4). Seropreva-
lence for WEE was 2.5% in March 1997 but then

Table 3. Nestling birds collected at wetlands along the Salton
Sea and tested for viremia and antibody

Species 1996 1997 1998 Total

Black-crowned night heron 25 25
Great egret 3 3
Green heron 2 2
Great blue heron 110 110
Heron [unidentiÞed] 1 1
Least Bittern 6 4 10
Great-tailed grackle 12 2 14
Yellowheaded blackbird 13 16 29

Total 31 25 138 194

Table 4. PRNT titers of wild bird sera positive by EIA collected
in Coachella and San Joaquin valleys, 1996–1998

PRNT titer
Coachella Joaquin

WEE SLE WEE

0 56 86 65
20 23 17 26
40 16 8 26

.40 25 2 14
Total 120 113 131

Table 5. Percent of birds scored by sex, age and resident status
seropositive for WEE or SLE compared to percent of birds col-
lected in each category

Total WEE SLE

Tested % Pos. % Pos. %

Coachella Valley
Sex

Male 2,972 55.9 29 54.7 15 62.5
Female 2,344 44.1 24 45.3 9 37.5
Unknown 5,168 11 3

Age
AHY 7,072 67.4 38 59.4 22 81.5
HY 3,420 32.6 26 40.6 5 18.5

Status
Resident 4,914 44.9 53 82.8* 22 81.5*
Summer 1,217 11.1 10 15.6 5 18.5
Winter 3,232 29.5 0 0.0 0 0
Migrant 1,582 14.5 1 1.6 0 0

San Joaquin Valley
Sex

Male 1,898 56.9 31 60.7
Female 1,438 43.1 20 39.2
Unknown 4,682 15

Age
AHY 5,503 68.6 56 84.8*
HY 2,518 31.4 10 15.2

Status
Resident 4,902 61.0 63 95.5*
Summer 353 4.4 1 1.5
Winter 1,700 21.2 0 0.0
Migrant 1,076 13.4 2 0.2

Unknown, species not sexually dimorphic and immatures. Age:
AHY, after hatching year; HY, hatching year including local birds.
Resident status based on collections in study area (see Methods).
* , Ratio signiÞcantly different from number tested by Chi Square
(P , 0.01).

516 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 37, no. 4

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

e/article/37/4/507/839426 by guest on 23 M
ay 2023



Fig. 3. Temporal changes in age structure (number ofAHYandHYbirds tested permonth) andpercent positive forWEE
antibodies in Coachella Valley during 1996Ð1998. (A) COGD, common ground dove. (B) GAMB, GambelÕs quail. (C) HOFI,
house Þnch. (D) HOSP, house sparrow.
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Fig. 4. Virus activity at study areas in southern San Joaquin Valley, 1997Ð1998. (A) Cx. tarsalis females per trap-night (n 5
15 traps), number of pools tested for virus infection and number of isolations of WEE per month, regional Kern MVCD data
combined with special collections. (B) Number of seroconversions to WEE at ßocks near bird collection sites. (C) Number
of birds tested and percent positive for WEE antibodies per month.
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declined to ,1.5% for the rest of 1997 and 1998 (Fig.
4C). Although 15 birds were weakly positive for SLE
in our screening EIA, none were conÞrmed by PRNT,
and thesebirdswereconsidered tobenegative.A total
of 33 sera positive for WEE was collected during both
years, even thoughWEEenzootic activity appeared to
be greater at our study sites during 1998 (Table 1).
Elevated seroprevalence rates among AHY birds col-
lected during spring (especially 1997) was attributed
to antibody persistence from infections acquired dur-
ing theprevious season. Early season virus activitywas
not detected by infections in HY birds. Of 10 HY birds
infected, the earliest infection was detected on 8 Au-
gust 1997.

Overall, 12 birds seroconverted to WEE. The ear-
liest seroconversions were detected in 1997 at the
Tracy Ranch. A female AHY American robin was neg-
ative on 26 March and positive (PRNT 1:20) when
recaptured on 15 April. A male AHY house Þnch was
EIA positive but PRNT negative on 12 June, but then
was positive by both EIA and PRNT (1:20) when
recaptured on 11 July 1997. Most seroconversions
weredetected in late 1998 at theKernRiver.OneAHY
American robin negative on 4 June 1997 was positive
on 10 March 1998 (PRNT 1:40), but then negative on
18 May and 14 July 1998, perhaps demonstrating an-
tibody decay.

Similar to results in Coachella Valley, only 11
(13.5%)of the79 species testedwerepositive forWEE
(Table 2). Most positive sera were from house Þnches
(36 total) andCaliforniaquail (12).Other specieswith
.1 positive sera included mourning dove (3), song
sparrow (2), California thrasher (3), and American
robin (4). Overall, 60.7% of 51 positive sera from di-
morphic species were from males; not signiÞcantly
different (P . 0.05) from the 56.9% of males in the
3,336 sera tested from dimorphic species (Table 5). A
signiÞcantly greater percentage of WEE positive sera
(P , 0.01) were from AHY and resident species than
from birds in the other age and resident status cate-
gories.

All of the 527 California quail were collected at the
Kern River (Fig. 5A). Virus was not detected at the
Kern River site during 1997, and in agreement none of
the 221 quail tested were seropositive. In contrast,
when WEE was active at the Kern River during 1998,
27% of AHY and 33% of HY quail collected during
October were seropositive, perhaps indicating the cu-
mulative infection rate in this population.

Of the 1,863 house Þnch sera tested, 1,567 were
collected at the Tracy Ranch, of which 25 were pos-
itive forWEE.Most positives at the TracyRanchwere
collectedduring 1997 (Fig. 5B),when a single chicken
seroconverted; WEE activity was not detected by vi-
rus isolation or sentinel seroconversion at this site
during 1998, and only a single HY house Þnch was
positive in October. Seroprevalence in AHY house
Þnches remained .2% during 1997, was highest in
March, June andOctober, andwas lowest during JulyÐ
September when a large number of HY birds were
tested. Low numbers of HY birds became positive
during August and September 1997.

Sacramento Valley. Surveillance throughout Sacra-
mento and Yolo Counties detected widespread WEE
enzootic activity by virus isolation from mosquitoes
and sentinel chicken seroconversions during 1996 and
1997, but virus was not detected during 1998, even
though sampling effort was comparable (Table 1).
Surveillance at our study areas was limited to summer,
because WEE rarely has been detected earlier than
June (Reisen et al. 1995c).Culex tarsaliswas abundant
when sampling commenced, but then progressively
decreased during subsequent months (Fig. 6A). The
numbers of females tested for virus infection paral-
leled this decline. Isolations of WEE were made from
Cx. tarsalis collected at the Freemont Wildlife Area in
July andat theBeachLakeWildlifeArea inSeptember
1997. Sentinel chickens seroconverted at Stone Lake
and Beach Lake wildlife areas in July and August 1997
(Fig. 6B).

Overall, 1.1% of 1,221 sera collected from 61 species
of wild birds were positive for WEE (Table 2). The 13
positive sera came mostly from house Þnches (5),
American robins (3) and black-headed grosbeaks (2);
single positives were from a song sparrow, oak tit-
mouse and BewickÕs wren. All positives were in AHY
birds that could have been infected during either the
previous or current seasons. That some of the infec-
tions detected during 1997 most likely were acquired
during the previous season was indicated by the fact
that 1.2% (n 5 510) and 1.0% (n 5 711) of sera were
positive during 1997 and 1998, even though WEE was
not detected by other surveillance methods during
1998. A single house Þnch negative on 5 May 1997
seroconverted to WEE positive on 9 July (PRNT titer
1:20), but then was negative when recaptured and
bled6d later.AnAHYsong sparrownegativeon6May
and 23 June 1997 tested positive for SLE on 26 June
1997 (PRNT titer 1:20). This latter result is suspect,
because song sparrows are year round residents of the
SacramentoValley, andSLEenzootic transmissionhas
not been detected by routine surveillance in the Sac-
ramento Valley since 1972 (Milby and Reeves 1990).

Discussion

Surveillance. Our comparison of three surveillance
systems in three areas of Californiawith varying levels
of WEE and SLE enzootic activity indicated that sen-
tinel chickens were the most sensitive indicator of
virus activity. During years with elevated enzootic
activity (e.g., WEE: 1996 and 1997 in Sacramento Val-
ley; 1998 in Coachella and San Joaquin Valleys), virus
was isolated from Cx. tarsalis females 1-4 wk before
sentinel chickens seroconverted. However, during
years with low to moderate activity, multiple serocon-
versions in chickens occurred without preceding or
concurrent isolations of virus from mosquito pools. In
addition, levels of enzootic activity measured by virus
isolation rates from mosquito pools did not seem pro-
portional to that measured by seroconversion rates in
sentinel chickens; e.g., in 1998 the percentage of sen-
tinel sera positive for WEE was 0.74% in Coachella
Valley and 1.92% in San Joaquin Valley (ratio 5 2.6),
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whereas the concurrent minimum infection rates for
Cx. tarsaliswere0.097 and0.647per 1,000, respectively
(ratio 5 6.7). A similar disparity previously was noted
comparing isolation and seroconversion rates be-
tween Imperial and Coachella Valleys (Reisen et al.
1996). Because Cx. tarsalis abundance and therefore
the number of specimens tested for virus infection in
Coachella Valley peaked during the latewinter-spring
period, most pools were collected before the ampli-
Þcation of virus enzootic activity and this may have
contributed to low isolation rate. Although virus iso-
lations have been made from Cx. tarsalis collected
during winter in Coachella Valley (Reisen et al.
1992a), none were detected during the current study
andseroconversions amongrecapturedwildbirdspro-
vided minimal evidence supporting early season virus
activity.

Seroprevalence rates in wild birds collected in
Coachella Valley for WEE and SLE (0.58 and 0.25%)

were of a comparable order of magnitude as serocon-
version rates for sentinel chickens (0.74 and 0.82%,
respectively); similar trends were noted for WEE in
San Joaquin (birds 0.82%, chickens 1.92%) and Sacra-
mento (birds 1.1%, chickens 1.4%) Valleys. In addi-
tion, site-speciÞc wild bird seroprevalence rates per
year were correlated positively with the number of
sentinel seroconversions per ßock (r 5 0.43, df 5 16,
P , 0.01, Fig. 7). However, as indicated by examining
data along the y-axis, seropositive wild birds were
collected during years when enzootic virus activity
could not be detected by seroconversions of sentinel
chickens. Most of these positive sera were from AHY
birds that probably were infected during previous
transmission seasons. Therefore, data useful in detect-
ing current enzootic activity among wild birds were
limited to seroconversions in recaptured birds or in-
fections in HY birds. Few individuals collected during
spring or early summer Þt these criteria, even though

Fig. 5. Temporal changes in age structure (number ofAHYandHYbirds tested permonth) andpercent positive forWEE
antibodies in theSan JoaquinValleyduring 1997Ð1998. (A)CAQA,Californiaquail at theKernRiver. (B)HOFI, houseÞnches
at the Tracy Ranch.
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Fig. 6. Virus activity at studyareas inSacramentoCounty, 1997Ð1998. (A)Cx. tarsalis femalesper trap-night (n515 traps),
number of pools tested for virus infection and number of isolations of WEE per month. (B) Number of seroconversions to
WEE at ßocks near bird collection sites. (C) Number of birds tested and percent seroprevalence for WEE per month.
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we examined .20,000 sera, and these meager data
provided little indication of vernal ampliÞcation.
Comparable resultswere reported recently fromFlor-
ida (Day and Stark 1999), where during the epidemic
year of 1990 sentinel chickens seroconverted to SLE
10 wk and the numbers of human cases peaked 4-5 wk
before resident bird species showed signiÞcant in-
creases in seroprevalence.

Reservoir Host Delineation. Early studies on WEE
andSLEestablished criteria necessary for a vertebrate
host to be an effective source of virus for vector in-
fection (Hammon et al. 1943). Field surveys measur-
ing the history of virus experience in bird species
populations provided information that measured in-
directly the intensity of host contact with infectious
mosquitoes. Birds serologically positive presumably
were bitten by an infectious mosquito and developed
antibody; however, it was not known if these birds
developed a viremia sufÞcient to infect Cx. tarsalis.
Conversely, bird species that tested negative for an-
tibody either were never infected, or if infected suc-
cumbed and were not available for sampling or pro-
duced a ßeeting antibody response. Field studies in
the San Joaquin Valley during 1945Ð1951 identiÞed
house Þnches, house sparrows, BullockÕs orioles, and
red-winged blackbirds as frequently infected with
WEE and mourning doves and house Þnches as fre-
quently infected with SLE (McClure et al. 1962).
Subsequent serosurveys during 1952Ð1973 tested
14,713 sera from 131 species of birds collected in the
southern San Joaquin and Sacramento valleys, of
which 4 and 3% of sera from 56 species were positive
by HI test for WEE and SLE, respectively (Milby and
Reeves 1990). Comparatively few migratory species
were tested and most positive samples were from
summer residents that had highest antibody rates at
the end of the season. House Þnches, house sparrows,
red-winged blackbirds and mourning doves again
were among the most frequently infected species.
These studies relied solely on the HI test, emphasized

collections in agricultural settings, and focussed on
species considered to be important in virus ampliÞ-
cation in peridomestic habitats or in virus overwin-
tering. Surveys in the Los Angeles basin following the
1984 human outbreak similarly found that house
Þnches, house sparrows and northern mocking birds
most frequently had neutralizing antibodies against
SLE in suburban habitats (McLean et al. 1988). HI
antibody rates in house Þnches and house sparrows
generally have remained ,5% in subsequent surveil-
lance efforts (Gruwell et al. 1989, Bennett et al. 1993).
Moreover, recent studies have indicated that sero-
prevalence rates based on the HI test may be inßated
because of false positives (Chiles and Reisen 1998).

The current research differed in several important
aspects from the above studies. First, our research
focused on wetlands, altering the species composition
of thebirds sampled.For example, song sparrowswere
sampled frequently in all three valleys, but comprised
,1%of the specimens testedpreviously in agricultural
sites (Milby and Reeves 1990). Secondly, human pop-
ulation increases, extensive water conservation
projects along thewestern slopeof theSierraNevadas,
changes in crop types and production methods, and
expanded mosquito control have altered the land-
scape of California and the epidemiology of WEE and
SLE (Reeves and Milby 1989). WEE now appears
intermittently and SLE has disappeared in the Central
Valley, althoughboth viruses are active consistently in
the irrigated desert areas of southeastern California.
Thirdly, our study was the Þrst extensive survey for
bird infection with WEE and SLE in the desert biome
of southeastern California and the Salton Sea area, in
particular. Fourth, our study reliedonanewscreening
EIA with all results conÞrmed by PRNT, precluding
problems associated with nonspeciÞc HI test results.

Although infection rates were low throughout,
some important general trends emerged. Among sex-
ually dimorphic adult birds, there was no signiÞcant
difference in infection rates between males and fe-

Fig. 7. Percent wild bird seroprevalence plotted as a function of the number of sentinel chicken seroconversions to WEE
at each site in Coachella and San Joaquin valleys during 1996Ð1998.
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males. This was unexpected, because research on
other host-parasite systems has indicated that males
often are parasitized more frequently than females
(Zuk andMcKean 1996). Surprisingly, there alsowere
no signiÞcant differences related to age in seropreva-
lence rates forWEEandSLE inCoachellaValley. This
result was unexpected because AHY birds have had
longer exposure topossible infection thanHYbirds. In
contrast, there was a signiÞcant increase in the infec-
tion rates of AHY birds with WEE in San Joaquin
Valley. Perhapsbird survival and therefore cumulative
infection rates were greater in the San Joaquin than
the Coachella Valley, where summer mean tempera-
tures typically exceed 308C. In all three study areas,
virus infection rates were greater among permanent
resident species than winter residents or migrants.
These resultswere expectedbasedonprevious studies
(Milby and Reeves 1990) and indicated that the great-
est exposure occurred during the summer transmis-
sion season. These results also indicated that horizon-
tal transmission of both viruses subsided during
winter, even in southeastern California, and that mi-
grants were not infected frequently during the spring
or fall.

Despite considerable climatic and ecological differ-
ences among the three areas, the ubiquitous house
Þnch emerged as the most frequently infected bird
species, comprising 33 and 19% of the total WEE and
SLE positives. The involvement of this species in virus
ampliÞcation was best indicated by data from the
TracyRanch inKernCounty,where 25 infected adults
were takenduring 1997whena single sentinel chicken
seroconverted, but few were positive the following
summer when sentinel seroconversion was not de-
tected. Previous research inKernCounty showed that
this species was abundant, especially in agricultural
habitats (McClure et al. 1962), developed elevated
viremias and antibody titers after subcutaneous inoc-
ulation (Hardy and Reeves 1990), and was fed upon
frequently by Cx. tarsalis (Tempelis et al. 1976).

House sparrows only were collected frequently by
crow traps near farmhouses in the Coachella Valley,
and were taken infrequently by mist nets and ground
traps at wetland habitats. However, this species fre-
quently was infected in suburban/urban habitats and
has been suggested as a suitable sentinel species for
monitoring SLE activity (McLean et al. 1983). Other
passeriform birds repeatedly infected were larger in
size than house Þnches and house sparrows, were
associated with riparian habitat, and included the
American robin, AbertÕs towhee, California thrasher,
and red-winged blackbird. In the Central Valley,
American robins frequently nested along riparian cor-
ridors in spring, but then moved into residential areas
after theyoungßedgedbymidsummer(McClureet al.
1962). AbertÕs towhee was a year round resident of
alkali brush habitat adjacent to the Salton Sea and
frequently was collected in grain-baited ground traps.
California thrashers were collected only from brush
adjacent to the Kern River. These three bird species
were relatively sedentary and were recaptured fre-
quently at the same nets or ground trap sites. In con-

trast, red-winged and tricolored blackbirds were
abundant at wetland and agricultural habitats, were
difÞcult to sample, and few were recaptured. Similar
to previous studies (McClure et al. 1962), we con-
cluded that ßocks of these species were very mobile
and did not remain in the same area for long periods,
except during the nesting period, and therefore could
provide an important dispersal mechanism for virus
during summer. Previous experimental infection stud-
ies indicated that aCalifornia strain ofWEEkilled 41%
of red-winged and 56% of tricolored blackbirds from
Kern County (Hardy and Reeves 1990), perhaps con-
tributing to the relatively low seroprevalence rates
detected during our study. Both species were compe-
tent hosts of bothWEEandSLE, developing sufÞcient
viremia titers to infect Cx. tarsalis (Chamberlain et al.
1957, Hardy and Reeves 1990).

Collectively, GambelÕs quail in Coachella Valley
and California quail in Kern County were the second
most commonly infected bird group, accounting for
27% of WEE positive sera; GambelÕs quail accounted
for 44% of the SLE positive sera. These game birds
were abundant at upland sites, but seemed to be fed
upon infrequently by Cx. tarsalis in Kern County
(Tempelis et al. 1965) and in Coachella Valley (Lo-
throp et al. 1997), where galliform positive blood
meals were detected mostly in Cx. tarsalis females
collected near chicken ßocks. Coveys remained rela-
tively focal and recapture rates at grain baited traps
were high. Similar to chickens (Reisen et al. 1994),
adult GambelÕs quail developed low titered ßeeting
viremias probably of insufÞcient titer to infect Cx.
tarsalis, whereas week-old chicks developed elevated
viremia titers after infection with both WEE and SLE
(WKR, unpublished). It may be signiÞcant that quail
chicks appeared in the Þeld in large numbers during
early summer, concurrent with the onset of WEE
enzootic activity. Interestingly,WEEactivitywasmin-
imal in Coachella Valley during 1996, a year when
comparatively few chicks were collected. A similar
relationship between California quail reproductive
success and WEE activity was observed at the Kern
River during 1997 and 1998.

Common ground doves in Coachella Valley and
ubiquitous mourning doves comprised 10% of WEE
and 26% of SLE positive sera. Common ground doves
have not been sampled intensively in California, but
were common in spring, late summer, and fall foraging
in ßocks along the Salton Sea; nesting appeared to
occur elsewhere because few adult birds were col-
lected at our study sites in late spring/early summer.
Mourningdoveswerecommon throughoutCalifornia,
but often were difÞcult to sample. Experimental in-
fections indicated that adult mourning doves pro-
duced low to moderate viremias of relatively short
duration after infectionwithCalifornia strains ofWEE
and SLE (Hardy and Reeves 1990). The 1990 SLE
epidemic in Florida was linked closely to increases in
the size of mourning dove populations that were in-
fected frequently during the course of the summer
(Day and Stark 1999). Abundance in wetland, agri-
cultural and residential habitats, frequent Þeld infec-
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tion, long distance dispersal (McClure et al. 1962)
including ßyway exchange (Kramer et al. 1997), and
association with rapid SLE ampliÞcation (Day and
Stark 1999) indicated collectively that mourning
doves could be important in virus ampliÞcation and
dissemination.

Seasonal movement (i.e., residence status) and
roosting/nesting behavior may have protected some
bird taxa from infection. Spring migrants such as war-
blers were extremely abundant at wetlands along the
north shore of the Salton Seawhere they accumulated
to rest and feed after crossing the Salton Sea. How-
ever, they arrived before virus activitywas detected in
midsummer and appeared to remain for too short a
period to become infected or to develop antibodies
after being infected. Similarly winter residents such as
many of the sparrows (e.g., white-crowned sparrow,
Lincoln sparrow) and some warblers (e.g., yellow-
rumpedwarbler)appeared toarriveafter transmission
subsided and leave before the onset of transmission in
summer. Some winter resident species such as white-
crownedandgold-crowned sparrows readily succumb
to infection with WEE (Hardy and Reeves 1990), and
this may have contributed to the absence of seropos-
itive birds. However, other factors also must be im-
portant, because SLE activity in Coachella Valley fre-
quently continued into October and seroconversions
in chickens have continued into November after
white-crowned sparrows arrive at our study sites.

The intensity of migration appeared to vary mark-
edly among years, perhaps because of the intermittent
use of coastal and inland branches of the PaciÞc ßy-
way. However, data to support this contention was
weak, because few banded recoveries were reported
fromoutsideof our study area.Amale commonyellow
throat was taken at Santa Cruz in coastal California 2
yr after being banded at the Salton Sea, and a hermit
thrushwas recapturedatAshMeadowsNationalWild-
life Refuge in Nevada 1 yr after being banded at the
Salton Sea. The only other recaptures were a brown-
headed cow bird banded on the west shore of the
Salton Sea and recaptured 4 d later in San Diego, and
a mourning dove banded at the KNWR and recap-
tured the following year in nearbyTulareCounty,CA.

Birds that roosted/nested over water (waterfowl,
herons, egrets) or in open areas such as sand spits
(gulls, pelicans) or Þelds (e.g., lesser nighthawk)
rarely were infected. Although relatively small num-
bers of these birds were tested for antibody, concur-
rent studies on the blood meal acquisition behavior of
Cx. tarsalis indicated that few females seek hosts over
water or on sand-spits along the Salton Sea (Lothrop
andReisen1998).This situationmaybe speciÞc forCx.
tarsalis, because in Florida sera from ciconiiform and
pelecaniform birds frequently were positive for SLE
(Spalding et al. 1994). Female Cx. tarsalis hunt most
frequently at the ecotone and canopy of elevated
vegetation including cattails, tamarisk, mesquite and
citrus orchards (Meyer et al. 1991, Lothrop andReisen
1998). House Þnches, red-winged blackbirds, doves
and quail roosting and nesting in these habitats were
frequently serologically positive in the current study.

VirusOverwintering.WEEandSLEenzootic trans-
missionwas detected only during summer. Previously,
isolations had been made from Cx. tarsalis collected
during FebruaryÐApril (Reeves et al. 1958a, Reisen et
al. 1992a), but this was not repeated during the past
decade despite intensive sampling. A single chicken
seroconverted to WEE at the east shore of the Salton
Sea between November 1998 and March 1999; how-
ever, the month of infection was unknown and host-
seeking Cx. tarsalis collected during JanuaryÐMarch
1999 were negative when tested by RT-polymerase
chain reaction (PCR) (L.D. Kramer, unpublished
data). Collectively, these data indicated that repro-
ductive diapause initiated by Cx. tarsalis in October
(Bellamy and Reeves 1963; Reisen et al. 1986, 1995a)
was sufÞcient to interrupt virus transmission in all
three areas.

Although virus positive AHY birds were collected
during late winterÐearly spring, most had low anti-
body titers and presumably were infected during the
previous summer. Few seroconversions were de-
tected, and several of these reverted rapidly to sero-
negative, indicating that these probably were old in-
fections with antibody levels at the borderline of
detection.High titeredneutralizing antibody (i.e.,.1:
40) only was detected in HY or recaptured birds col-
lected during midsummerÐfall.

Both WEE (Reisen and Monath 1989) and SLE
(Tsai and Mitchell 1989) are active in the southern
hemisphere during the northern hemisphere winter;
however,with theexceptionof a singlewarblingvireo,
none of the .3,000 migrants collected in our study
were positive for WEE or SLE antibody. These birds
ranged in size from warblers to sandpipers to water-
fowl. Previous, large scale studies of the Mississippi
(Calisher et al. 1971) and Atlantic (Lord and Calisher
1970) ßyways provided minimal evidence for virus
introduction into northern areas by migratory birds,
and recent molecular studies indicated that strains
from North and South America are genetically differ-
ent, implying infrequent exchange (Weaver et al.
1997).

There is some evidence that birds develop chronic
infection with WEE (Reeves et al. 1958b) and that
these infections are difÞcult to detect using routine
mouse or tissue culture assays (Reeves et al. 1958a).
However, these studies never demonstrated a relapse
in chronically infected birds, and Cx. tarsalis fed xe-
nodiagnostically did not become infected (Reeves
1990b). We currently are reexamining this overwin-
tering mechanism using experimentally infected
house Þnches and RT-PCR assays to detect chronic
infections.
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