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Resumen. Desde 2001 a 2008, estimamos las probabilidades de supervivencia y encuentro de adultos de Car-
podacus mexicanus que anidan en el Refugio Nacional de Vida Silvestre Stone Lakes, condado de Sacramento, 
California, a partir de datos de captura-recaptura de aves atrapadas con redes de niebla y trampas terrestres. Nues-
tros objetivos principales fueron determinar cuándo el virus del Oeste del Nilo (VON, Flaviviridae, Flavivirus)
llegó al sitio y si la supervivencia cambió luego de este arribo. Seguimos la actividad del virus analizando muestras 
de sangre de C. mexicanus para anticuerpos de VON con un ensayo inmunológico enzimático y evaluando la pre-
sencia de ARN viral en charcas de mosquitos. El VON llegó luego de la estación de cría a fines de 2004; compara-
mos los datos de 2001–2004 (pre-VON) con los de 2005–2008 (post-VON). Encontramos una disminución en la 
supervivencia anual luego del arribo del VON (pre-VON, 0.59; post-VON, 0.47), la cual, si es representativa, puede 
haber contribuido a la disminución reportada en la abundancia de esta especie en el norte de California.

ANNUAL SURVIVAL OF HOUSE FINCHES IN RELATION TO WEST NILE VIRUS

Supervivencia Anual de Carpodacus mexicanus con Relación al Virus del Oeste del Nilo

Abstract. From 2001 to 2008, we estimated probabilities of survival and encounter of adult House Finches 
(Carpodacus mexicanus) breeding at Stone Lakes National Wildlife Refuge, Sacramento County, California, from 
capture–recapture data on birds trapped with mist nets and ground traps. Our primary objectives were to deter-
mine when West Nile virus (WNV, Flaviviridae, Flavivirus) arrived at the site and if survivorship changed after 
this arrival. We monitored viral activity by screening blood samples from House Finches for WNV antibodies with 
an enzyme immunoassay and by testing mosquito pools for viral RNA. WNV arrived after the breeding season 
in late 2004, so we compared data from 2001–2004 (pre-WNV) to that from 2005–2008 (post-WNV). We found a 
decrease in annual survival following the arrival of WNV (pre-WNV, 0.59; post WNV, 0.47), which, if representa-
tive, may have contributed to the reported decline in the abundance of this species in northern California.
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INTRODUCTION

West Nile virus (WNV, Flaviviridae, Flavivirus) is an emer-
gent zoonotic pathogen that was introduced into the United 
States at New York City in 1999 and has rapidly invaded the 
New World (Kramer et al. 2008). Infections have been detected 
in a wide variety of vertebrates, although a relatively few spe-
cies of birds serve as maintenance and amplifying hosts (Kil-
patrick et al. 2007, Allan et al. 2009). Transmission occurs 
primarily through Culex mosquitoes as vectors, although 
evidence of transmission by soft-bodied ticks (Hutcheson et 
al. 2005), direct transmission through fecal material (Kipp 
et al. 2006), allopreening (Ward et al. 2006), and ingestion 
of infected carrion or prey (Peterson et al. 2004) has been 
documented, even during winter (Dawson et al. 2007). In 

both laboratory experiments (Komar et al. 2003a, Reisen 
et al. 2005a) and wild populations (Komar et al. 2003b) WNV 
causes mortality in multiple species of birds, and it appears 
to have reduced many wild populations (Koenig et al. 2007, 
LaDeau et al. 2007, Crosbie et al. 2008, Wheeler et al. 2009).

The House Finch (Carpodacus mexicanus) is a competent 
host of WNV (Reisen et al. 2005a, Kilpatrick et al. 2007) that is 
fed upon frequently by Culex vector mosquitoes (Tempelis et al. 
1976) and is considered to be important in WNV transmission 
(Reisen et al. 2005a). It has also been listed, through analysis of 
trends in population abundance, as a species reduced by WNV 
(Wheeler et al. 2009), though the exact mechanisms behind the 
population declines remain unknown and not quantified.

We examined change in survival probability as one of the 
potential mechanisms behind the decline of the House Finch 
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population documented in northern California (Wheeler et al. 
2009). Few estimates of survival probability have been pub-
lished for the House Finch, and no estimates of survival in re-
lation to WNV have been reported. Existing studies include 
seasonal estimates of survival in relation to Mycoplasma gal-
lisepticum (Faustino et al. 2004) and regional annual estimates 
(DeSante and Kaschube 2007). Our goals were to determine 
the arrival date of WNV at our study area and to estimate the 
effect of WNV on the annual survival of adult House Finches.

METHODS

STUDY AREA AND FIELD METHODS

We recorded data at Stone Lakes National Wildlife Refuge 
starting in 2001. The refuge borders housing developments 
from the city of Elk Grove, California, to the east and is sur-
rounded by agriculture (small grains, vineyards, and orchards) 
to the north, south, and west. Although House Finches nest in 
low densities throughout the refuge, we selected one site as a 
focal area (38  22  N, 121  29  W) because of its high density 
of breeding birds.

We determined the date of arrival of WNV in the study 
area by looking for the presence of antibodies in juvenile birds 
as evidence of new infections during the corresponding cal-
endar year. We also looked for the presence of viral RNA in 
host-seeking mosquitoes trapped within the refuge for the first 
records of viral transmission.

We sampled host-seeking female mosquitoes with three 
dry-ice-baited traps (Sudia and Chamberlain 1962) and gravid 
female mosquitoes with one “gravid” trap (Cummings 1992) 
placed at permanent locations around the perimeter of the study 
site. Attracted by water in the “gravid” trap, female mosquitoes 
attempt to land on water to lay eggs and are drawn into a col-
lection chamber. Collected mosquitoes were anesthetized with 
triethylamine (Kramer et al. 1990), counted, and separated by 
species. Groups of 50 female Culex mosquitoes were frozen 
at −80 C and later tested for RNA of WNV, St. Louis encepha-
litis, and western equine encephalomyelitis with a multiplex 
real-time reverse-transcriptase polymerase chain reaction 
(RT-PCR). We carried out RT-PCR with ABI TaqMan One-
Step RT-PCR Master Mix with primers and probe designed at 
the Center for Vectorborne Diseases, University of California, 
Davis (CVEC-UCD; A. Brault, unpubl. data).

Prior to 2006 we sampled mosquitoes at two other loca-
tions within the refuge, one 6.29 km to the north, the other 
3.62 km to the south. Mosquito sampling at these sites differed 
in that we deployed four traps baited with dry ice every other 
week and used no gravid trap. In 2007 and 2008, we increased 
the frequency of sampling from every other week to once per 
week at the site of the House Finch study and added the use of 
a gravid trap.

We determined antibody presence in House Finches through 
testing serum samples. Blood samples (0.1 mL) were collected 
via jugular puncture with a 28-gauge needle and syringe and 

immediately expressed into 0.9 mL of 0.5% bovine albumen/
phosphate-buffered saline. No individual was bled more than 
once in 10 days. Samples were kept cold on Blue Ice until cen-
trifuged that day at 8000 revolutions min−1 for 5 min. Sera 
were stored at −80 C until screened for the flavivirus antibod-
ies with an enzyme immunoassay (Chiles and Reisen 1998). 
We confirmed samples positive by this assay and identified 
the virus with a plaque-reduction neutralization test.

We estimated survival from mark–recapture data. From 
March to July we captured birds in mist nets (30-mm mesh, 
2.6  12 m) and a funnel-style ground trap baited with grain. 
Captured House Finches were aged and sexed according to 
Pyle (1997), banded with U.S. Fish and Wildlife Service alu-
minum bands, bled, and released at the site of capture.

Capture effort was not continuous across the entire study 
period. Prior to 2007, capture effort was limited to a maxi-
mum of 2 net-days (10 nets for 4 hr) per month. Starting in 
2005, one ground trap was operated weekly on a separate field 
day. In 2007 and 2008, we increased capture effort with the 
intent of increasing the probability of an encounter in the face 
of decreasing numbers of birds, adding one further day of net-
ting and one further day of ground-trapping per week during 
both of these seasons.

STATISTICAL ANALYSES

We calculated return rate as the proportion of individuals 
from a given year’s cohort that were recaptured in at least one 
year following the initial capture and release. We differenti-
ated between annual return rate (the proportion of individuals 
encountered in the second year of being marked) and over-
all return rate (the proportion of individuals encountered in a 
year following the capture year). If an individual was encoun-
tered in more than one subsequent year, it was still counted as 
only one individual. Same-season recaptures were excluded 
from analysis.

We used the Cormack–Jolly–Seber model in program 
MARK (White and Burnham 1999) to estimate probabilities 
of annual survival ( ) and encounter ( ) (Lebreton et al. 1992). 
On the basis of our knowledge of the site and the hypothesis 
that survival probability changed after the arrival of WNV, we 
created a candidate set of nine models a priori. Unseen factors 
can influence  from year to year, so models allowed  to vary 
with time. To address the question of the effects of WNV on 

, we looked first at antibody presence directly. The data were 
too sparse, however, with only 10.7 % of the captured birds be-
ing antibody positive. The resulting models had large standard 
errors and  confidence limits, indicating high uncertainty, 
which led us to ultimately discard them. Instead, we assessed 
the effect on  of time period, defined as years before (pre-
WNV, 2001–2004) and after (post-WNV; 2005–2008) the ar-
rival of WNV. We did not address the influence of sex on ,
as there is no evidence in the literature of mortality differing 
by sex. For encounter probability, we examined capture effort 
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by year and time-varying . We defined capture effort as the 
sum of all hours of ground trapping and mist-netting. We did 
not include sex or capture method in the models for  as they 
were not central to our hypothesis. We included models with 
constant  and  as null hypotheses. Because of sparseness of 
data we did not include juveniles in the survival analysis.

We built the models by using the design matrix and logit-
link function. The input file was structured into one group 
with additional constraints added in the design matrix. We re-
stricted data to the breeding season, which, from observations 
of breeding characteristics, we defined as March through July. 
Ten individuals were originally captured outside the breeding 
season but subsequently encountered in at least one breeding 
season, so we included them in the analysis to increase the 
number of recaptures. We tested assumptions of global model 
fit by the bootstrap goodness-of-fit method (1000 simulations) 
then calculated the variance-inflation factor (ĉ) as the global 
model deviance divided by the mean bootstrap deviance. We 
corrected for overdispersion by using ĉ to adjust model selec-
tion and parameter estimates. We then used quasi-Akaike’s 
information criterion (QAICc) to select the best model and de-
rive support for the importance of each variable (Burnham 
and Anderson 2002). Because of uncertainty about the iden-
tity of the best model, we used model averaging to derive the 
reported estimates of  and .

RESULTS

We detected the first WNV-positive mosquitoes on the refuge 
on 22 September 2004, when a pool of Culex erythrothorax
tested positive. The two most abundant bird-feeding species 
tested for virus at the House Finch study site were C. tarsalis
(116 pools; 3776 mosquitoes) and C. pipiens (94 pools; 2401 
mosquitoes), both of which tested positive. WNV-positive 
mosquitoes were detected at this site in 2006 (one pool) and 
2007 (three pools). No positive mosquitoes were detected at 
the House Finch site in 2008, though positive pools were col-
lected at the two alternate mosquito sites.

WNV antibody was first detected at the site in 2005 in 
blood samples from both adult and juvenile House Finches. 
Antibody-positive adults were detected each year from 2005 
to 2008, whereas antibody-positive juveniles were detected 
only in 2005 and 2006. Between 2001 and 2008, 48 of 448 
blood-sampled adults and four of 127 blood-sampled juveniles 
were antibody positive. Three individuals, all male, were anti-
body positive in two consecutive years of capture. As in 2008 
the antibody-positive birds were all adults; we could not de-
termine the date of infection. With no positive mosquitoes or 
juvenile birds detected, there appeared to be no viral activity 
at the site in 2008.

From 2001 to 2008 we captured 468 adult House Finches, 
the blood of 20 of which we did not sample. Of the 376 indi-
viduals caught between 2001 and 2007, we recaptured 49, for 
an overall return rate of 13%. Twenty-four (6%) of these were 

recaptured only in the year immediately following the year of 
capture. Seven individuals (2%) were captured the year after 
they were marked and in at least one additional year. Eigh-
teen individuals (5%) were recaptured in at least two differ-
ent years but not in the year after they were captured. Return 
rates varied by annual cohort, and annual (returns the follow-
ing year) and overall (returns sometime during the study pe-
riod) return rates also varied (Fig. 1).

We used the global model [ (t) (t)] to run the bootstrap 
goodness-of-fit test in MARK then used the resulting estimate 
of overdispersion (ĉ  1.44) to correct for lack of model fit in 
subsequent analyses. The top model included the time-period 
effect (Table 1) and indicated a decrease in survival probability 
after the arrival of WNV. In the top model, survival estimates 
were 0.64  0.10 SE (pre-WNV) and 0.43  0.07 SE (post-
WNV). In the second model survival probability was constant 
at 0.51  0.06. The model-averaged estimates (pre-WNV, 0.59; 
post-WNV, 0.47) also demonstrated a decrease, though not as 
large as that of the top model (Table 2). Encounter probability 
increased with increasing capture effort (Table 2).

DISCUSSION

WNV arrived at the Stone Lakes National Wildlife Refuge in 
late 2004. Because the virus arrived after the breeding season, 
we treated 2004 as a pre-WNV year. Provided that antibod-
ies of maternal origin had waned by the time of capture (Rei-
sen et al. 2005b, King et al. 2010), the presence of antibodies 
in juvenile birds in 2005 and 2006 confirmed transmission to 
House Finches during those years. Transmission could not be 

FIGURE 1. Return rates (overall, shaded bars; annual, white bars) 
and capture effort (solid line, in combined net- and trap-hours) for 
adult House Finches on the Stone Lakes National Wildlife Refuge, 
Sacramento County, California. The rates are specific to a cohort of 
birds captured in a given year with overall return rate denoting how 
many individuals returned over the remainder of the study and annual 
rate denoting how many individuals returned from the previous year. 
Overall return rates are reported in the cohort year to which they cor-
respond. Years with WNV activity are denoted with an asterisk (*).
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confirmed in 2007 or 2008, but the presence of virus-positive 
host-seeking mosquitoes in 2007 indicated viral activity and 
possible transmission.

Our estimates of survival varied with time, showing a dis-
tinct decrease following the arrival of WNV. The pre-WNV 
estimate was very similar to another published estimate (De-
Sante and Kaschube 2007) that was calculated from data col-
lected from 1992 to 2003 at 40 stations in the southwestern 
United States. Survival estimates are influenced by multiple 
factors including emigration (Cilimburg et al. 2002), the pro-
portion of transients included in the sample (Pradel et al. 1997), 
and mortality. Permanent emigration mimics mortality when 
individual fates are unknown. Although there is no way to de-
termine the rate of emigration from our data, it is likely that 

some of our birds did emigrate, as there is suitable breeding 
habitat within flight range of the study site. Although emigra-
tion undoubtedly decreased the overall survival estimate, we 
assumed it was relatively constant during our study because 
we did not observe any obvious change in the local habitat or 
food availability. Transiency of birds also mimics death or per-
manent emigration, with the effect that as the proportion of 
transients in the sample increases, the probability of apparent 
survival decreases. Our capture effort was not constant across 
the study period, with post-WNV sampling more frequent and 
later into the breeding season (July), when transients became 
more abundant, than pre-WNV sampling. We did not control 
completely for transients in our analysis. Therefore, some of 
the decrease in survival probability post-WNV may have been 
due to an increase in the proportion of transients associated 
with the increase in capture effort late in the breeding season.

Mortality rate is influenced by a variety of factors, includ-
ing disease. The evidence for WNV at the study site in 2005, 
2006, and 2007 implied some mortality due to WNV. Labo-
ratory infection experiments with WNV have demonstrated 
mortality rates of >60% in House Finches (Komar et al. 2003a, 
Reisen et al. 2005a). The presence of antibodies in adults and 
juveniles starting in 2005 demonstrated that some birds sur-
vived natural infection and that mortality due to WNV at our 
study site was <100%. Furthermore, laboratory experiments 
have demonstrated that birds surviving infection with WNV 
or the closely related St. Louis encephalitis virus have immu-
nity against future infection (Fang and Reisen 2006), suggest-
ing that the mortality rate within a population might decrease 
over time as acquired immunity increases.

In addition to WNV, we also anecdotally noted the pres-
ence of lesions similar to those produced by pox on some of 
our birds. Avian pox was first documented in House Finches in 
California in the 1970s (Power and Human 1976). Although it 
was never positively identified at our site by histopathology or 
other diagnostic tests, the frequency of poxlike lesions on the 
heads and feet of captured birds seemed to increase concur-
rently with the arrival of WNV. We captured some individuals 
frequently enough to document a possible recovery and sur-
vival from apparent pox infection, but we captured many only 
once, leaving their fate unknown. It is possible that pox could 
have also contributed to the decrease in survival probability, 
though we have no data to substantiate this hypothesis.

The slight reduction in return rate for the 2004, 2005, and 
2006 cohorts despite increased capture effort supports the hy-
pothesis that there may have been mortality due to WNV. The 
increased return rate for the 2007 cohort might be due to the 
strongly increased capture effort, to the lack of viral activity 
at the site, or to a combination of both. House Finches leave 
their nest sites and form foraging flocks nearby. It is possible 
that some birds became infected during the nonbreeding sea-
son at an alternate location, making survival difficult to cor-
relate with viral activity at the study site.

TABLE 1. Models used in program MARK to assess the 
effect of period pre- or post-arrival of WNV (p/p) and time 
(t) or lack of effect (.) on apparent survival ( ) and to assess 
the effect of capture effort (CE) and time or lack of effect on 
recapture ( ) of adult House Finches captured on the Stone 
Lakes NWR, Sacramento County, California. K is the num-
ber of parameters in the model, QAICc is quasi-Akaike’s 
information criterion adjusted for overdispersion, i is the 
QAICc value relative to the top model (i.e., the lowest QAICc), 
and wi is the model weight; n  468 individuals.

Model QDeviance K i wi

(p/p) (CE)a 44.94 4 0 0.373
(.) (CE) 47.10 3 0.12 0.352
(.) (.) 51.16 2 2.15 0.128
(t) (CE) 38.17 9 3.57 0.063
(p/p) (.) 51.15 3 4.17 0.046
(p/p) (t) 40.25 9 5.65 0.022
(.) (t) 43.76 8 7.08 0.011
(t) (t) 35.55 13 9.41 0.003
(t) (.) 46.89 8 10.20 0.002

aTop model; QAICc  320.42.

TABLE 2. Model-averaged estimates of 
apparent survival ( ) and recapture proba-
bilities ( ) of adult House Finches captured 
on the Stone Lakes National Wildlife Refuge, 
Sacramento County, California before and 
after arrival of West Nile virus. Estimates for 

 are based primarily on models containing 
capture effort. Unconditional standard errors 
(SE) are reported.

 SE  SE

Pre: 0.59  0.15 2001–2002: 0.13  0.05
Post: 0.47  0.11 2002–2003: 0.13  0.05

2003–2004: 0.14  0.05
2004–2005: 0.16  0.04
2005–2006: 0.16  0.04
2006–2007: 0.21  0.11
2007–2008: 0.37  0.23
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In summary, WNV has been linked with population de-
clines in multiple species of birds, though the exact mecha-
nisms behind the declines remain unknown. Our findings 
provide field evidence of reduced survival probability associ-
ated with the arrival of WNV. Further research is needed to 
determine the role that other mechanisms, such as fecundity 
and dispersal probability, play in these declines. Additionally, 
more research is needed to determine how stable survivorship 
will be in the future and how these changes will affect the 
House Finch’s population dynamics.
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