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     INTRODUCTION 

 Knowledge of the dynamics of arbovirus transmission 
requires an in-depth understanding of how vertebrate reser-
voirs and arthropod vectors interact. Given their immobility 
and lack of plumage and defensive behaviors, 1  nestling birds 
have been proposed to be important hosts for bird-feeding 
(ornithophilic) mosquitoes 2,  3  and may even be preferentially 
selected in the presence of adult birds. 2  In addition to their 
potential importance as sources of blood meals for questing 
mosquitoes, nestling birds may be important reservoirs for 
arboviruses because of their relatively naive immune systems. 4  
The combination of being targeted by questing mosquitoes 
and being immunologically susceptible to arboviruses may be 
of critical importance in the annual amplification of arbovi-
ruses in nature. 2,  5  If nestling birds serve as amplifying hosts (in 
which viruses rapidly multiply, providing an important source 
of pathogens for vectors), then the nesting periods of avian 
reservoirs should slightly precede the annual peak in the mini-
mum infection rate observed in vector mosquitoes. 6  

 Despite the potential importance of nestling birds in the 
ecology of arboviruses, whether nestling birds play a role in 
natural amplification cycles of arboviruses remains a matter 
of debate. Various experimental techniques have been devised 
to determine the attractiveness of nestling birds to questing 
mosquitoes and the rates at which nestlings are fed upon rela-
tive to adults. Observations resulting from these experimen-
tal studies have not consistently supported the hypothesis that 
mosquitoes show a feeding preference for nestling over adult 
birds. 7  In most cases, these experiments were conducted under 
conditions that only vaguely resembled natural nesting condi-
tions. In some of the earliest work investigating the relative 
attractiveness of nestling and adult birds to questing mosqui-
toes, Blackmore and Dow placed nestling and adult birds sep-
arately in open containers in cages where questing mosquitoes 
had access to them. 2  Likely as a consequence of the immobility 
and sparse feathering of nestlings, mosquitoes fed much more 
successfully on nestlings than on adults. 

 In a more recent study designed to test relative attraction of 
mosquitoes to nestlings and adults, combinations of nestlings 
of various ages and adults were placed individually or in small 
groups in chambers in an experimental olfactometer. Questing 
mosquitoes could choose between nestlings and adults based 
on olfaction alone. Results indicated that mosquitoes were 
more attracted to adults and older nestlings than to hatch-
lings. 5  Although these findings are interesting, they do not 
determine whether, under field conditions, mosquitoes feed 
upon nestling birds to a greater or lesser extent than adults. 
To understand the contribution of nestling birds to the annual 
amplification of arboviruses, it is necessary to know to what 
degree they are actually fed upon by vector mosquitoes. 

 More recent studies have investigated relative importance 
of nestlings as mosquito hosts under more natural conditions. 
In one such study, Griffing and others filmed the nests of 
American robins ( Turdus migratorius ) overnight and recorded 
the number of mosquitoes that landed on adults and nestlings. 3  
Landing rates by mosquitoes were higher for adults than for 
nestlings, but as pointed out by the authors, landing rates do 
not necessarily indicate feeding success. They merely indicate 
the frequency with which a questing mosquito makes contact 
with a host. 3  

 To determine whether questing mosquitoes preferentially 
feed on nestling versus adults, and thus the potential impor-
tance of nestling birds as amplifying hosts of arboviruses, it 
is necessary to quantify the rates of relative blood feeding 
on nestlings and adult birds under natural conditions. In this 
study, we examined patterns of host feeding upon adult and 
nestling birds in the field. We introduced  Culex quinquefacia-
tus  mosquitoes into nest boxes containing nestling and adult 
eastern bluebirds ( Sialia sialis ) and used microsatellite loci to 
determine which birds were fed upon. Our goal was to eluci-
date the factors that influence mosquito feeding preferences 
in a nest environment and specifically to test the hypothesis 
that nestlings would be fed upon at a disproportionate rate 
compared with adult birds. 

  Culex quinquefasciatus  is the major vector of West Nile virus 
(WNV) and St. Louis encephalitis virus in the South Central 
United States. 8,  9  Eastern bluebirds have tested positive for 
antibodies to WNV in Alabama, 10  Georgia, 11  and Kansas, 12  
suggesting that bluebirds are exposed to WNV through the 
bite of infected vectors in nature. Our methods, which used 
field strains of  Cx. quinquefasciatus  and a proven avian host 
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for WNV, enabled us to test our hypotheses under conditions 
that approached those that occur naturally in the transmission 
ecology of WNV in the South Central United States. 

   MATERIALS AND METHODS 

 Mosquito introductions and blood meal identifications 
were performed essentially as described. 13  Briefly, egg rafts of 
 Cx. quinquefasciatus  were collected from oviposition traps in 
the field and then reared in the laboratory by using standard 
methods. 14  Adult mosquitoes (mean ± SD = 22.1 ± 3.8/nest) 
were then introduced into nest boxes of eastern bluebirds 
at dusk, after the mother bird returned to the nest to brood 
the nestlings for the night. Mosquitoes and birds were sealed 
inside the nest box (with a screened hole to allow air exchange 
and natural light) until just before dawn ( Figure 1 ). At that 
time (approximately 4:00  am ) the mother bird was allowed 
to leave the box, and mosquitoes were collected with a bat-
tery-powered vacuum aspirator. Mosquitoes were introduced 
into 31 total nest boxes during the bluebird nesting season 
(April–July) in 2008 and 2009. Blood-engorged female mos-
quitoes were identified, and processed for individual bluebird 
host determination by using three dinucleotide microsatellite 
loci, with three amplifications carried out for each sample. 13  
In 2009, we visually scored mosquitoes for engorgement (1–5, 
with 5 being fully engorged) to determine whether level of 
engorgement had an effect on amplification success. 

  Blood samples from bluebirds were collected from adult 
bluebirds by brachial venipuncture early in the spring, before 
nesting attempts, and from nestlings when they were eight 
days of age. After collection, blood samples were processed 
as described. 13  Briefly, samples were transported on ice to the 
laboratory, centrifuged to separate erythrocytes from serum, 
then resuspended in TNE buffer solution (10 mM Tris-HCl, 
pH 7.4, 1 mM EDTA, 200 mM NaCl) before storage in a 
−20°C freezer for later DNA extraction and microsatellite 
genotyping. 13  

 To determine whether mosquitoes specifically target nest-
lings we calculated the feeding index (blood meals from nest-
lings/total blood meals in nest)/(number of nestlings in nest/
total animals in nest) for each nest and then averaged the 
indices from all nests with more than one blood meal iden-
tification. The resulting mean was compared with the null 
hypothesis (feeding index = 1) by using the  t -test (PROC 
TTEST; SAS Institute, Cary, NC). Feeding indices infer host 
preference through a ratio of the relative abundance of a host 
and the fraction of the total blood meals derived from that 
host. 15,  16  A feeding index value of 1 is considered no prefer-
ence. Values greater than one and less than one indicate pref-
erence and avoidance, respectively. 17  

 We investigated predictors of host selection within the nest 
by using stepwise logistic regression and multiple regression 
(PROC LOGISTIC and PROC REG; SAS Institute). Variables 
examined for their effect on host use included the age of nest-
lings, number of nestlings in the nest, Julian date, and over-
night low temperature. Temperature data was obtained from 
the National Climate Data Center ( http://www7.ncdc.noaa.
gov/CDO ). 

 The study was reviewed and approved by the Internal 
Animal Care and Use Committee (IACUC 2008-1492) of 
Auburn University. 

   RESULTS 

 Of 115 blood-engorged mosquitoes recovered from our 
experimental introductions, we were able to successfully 
amplify microsatellite loci and match the blood source to indi-
viduals for 80 (70%) of the blood meals. The size of the blood 
meal was positively correlated with successful amplification of 
host DNA from blood in mosquito guts (χ 2  = 11.7840, degrees 
of freedom = 1,  P  = 0.0006). DNA from all small partial blood 
meals (i.e., those scored as 1, 2, or 3) was not successfully 
amplified. In contrast, DNA from 55% of blood meals (scored 
as 4) and 82% of complete blood meals (scored as 5) were suc-
cessfully amplified at all three loci, which were then used to 
identify the source of the blood meal to the individual level. 

 Across all nests, 57% of blood meals were derived from 
nestling birds, which was not significantly different (T = −0.11, 
 P  = 0.91) from the proportion of nestling blood meals expected 
by chance on the basis of total birds available (mean ± SD 
feeding index of nestlings = 0.98 ± 0.45, range = 0.2–1.5, 31 
observations). Nestlings accounted for 78.2% of birds within 
the nest boxes used for mosquito introductions. The mother 
was fed upon in just over half (54%) of all nests, whereas nest-
lings were fed upon in 84% of all nests. Seven (8.75%) of 80 
mosquitoes fed upon multiple birds within a nest. Five of these 
(6.25% overall) fed upon both mother and nestling birds, and 
two mosquitoes (2.5% overall) fed on two nestlings. 

 Mother birds were fed upon more often in nests with 
younger nestlings than in nests with older nestlings 
( Figure 2 ). The probability that the brooding mother was fed 
upon decreased as nestling age increased (χ 2  = 3.8997, degrees 
of freedom = 1,  P  = 0.0483). No other variable (number of 
nestlings in nest, Julian date, or overnight low temperature) 
was significantly associated with the feeding pattern. 

  Feeding on individual nestlings appeared to be somewhat 
stochastic. Within the nests for which a nestling blood meal 
was detected, the percentage of nestlings fed upon ranged 
from 25% to 100% and was not significantly associated 

 F igure  1.    Eastern bluebird nest box with apparatus for introduc-
ing mosquitoes. The apparatus consisted of a plastic chamber (con-
taining the mosquitoes), which fits into a plastic funnel inserted into 
the entrance hole of the best box.    
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with the number of nestlings in the nest (R 2  = 0.16, F = 3.44, 
 P  = 0.09) or nestling age (R 2  = 0.07, F = 1.98,  P  = 0.18). 

 Overall, mosquitoes were more likely to feed successfully 
in nests with younger nestlings than in nests with older nest-
lings ( Figure 3 ). The proportion of mosquitoes that engorged 
was inversely related to the age of nestlings at the time of the 
experiment (R 2  = 0.56, F = 17.76,  P  = 0.0012). The percentage 
of mosquitoes that successfully fed in each nest ranged from 
5% to 60%.  

   DISCUSSION 

 Based on the number of birds available in the nest boxes, 
the pattern of mosquito feeding was not significantly different 
than that expected if mosquitoes chose individuals at random, 
regardless of age. We therefore found no evidence to support 
the hypothesis that either nestlings or adults are preferred 
hosts. Using the proportion of nestling versus adult birds in 

the boxes as the basis for the null model is founded on the 
assumption that all individuals are equally accessible to quest-
ing mosquitoes. The proportion of blood meals from a given 
individual is a function of the attractiveness of the individual 18  
and the probability that a mosquito will successfully feed upon 
that individual once attracted. 19  In this regard, we would pre-
dict that mosquito access to nestlings will be affected by the 
behavior of the mothers in the nest. In the case of bluebirds, 
mother birds actively attempt cover all of their nestlings at 
night. Thus, females leave their own dorsal surface exposed 
while attempting to leave no portion of any nestling exposed 
( Figure 4 ). Because the blood of nestlings was detected in 57% 
of blood meals, we know that the efforts of mothers to cover 
nestlings was only partly successful. Despite the increased 
exposure to questing mosquitoes resulting from her protective 
behavior, mother birds were successfully fed upon in only half 
of the nests. This leads us to believe that the plumage of moth-
ers presents an effective barrier to questing mosquitoes. 2,  19  
Mosquitoes likely gain access to the blood of mother birds on 
their faces where feathering is thin or absent. 2,  20  

  Mosquito feeding on the brooding mother decreased as 
nestling age increased, which suggested that as nestlings grow 
they become more difficult to cover and therefore become 
more accessible to questing mosquitoes. The youngest nest-
lings are almost completely covered by the mother and are 
thus relatively inaccessible to questing mosquitoes, which have 
no option but to feed on the brooding mother. Larger nest-
lings are more difficult to cover completely and a leg or wing 
sticking out from under the brooding mother would be suffi-
cient to give questing mosquitoes an opportunity to feed upon 
a nestling. 

 Interestingly, overall mosquito feeding success decreased as 
nestling age increased. In nests with the youngest nestlings, a 
greater proportion of the mosquitoes placed into the nest box 
fed to engorgement than did in nest boxes with older nestlings. 
We can only speculate as to the nest dynamics that contrib-
ute to this pattern. Younger bluebird nestlings are incapable 
of thermoregulation and therefore require more consistent 
brooding during the night. 21  It is conceivable that in providing 
this more consistent thermoregulation the mother bird must 

 F igure  2.    Proportion of mosquitoes introduced into eastern blue-
bird ( Sialia sialis ) nest boxes with mother and nestling birds (of different 
ages) that fed on the mother bird, Auburn, Alabama, 2008 and 2009.    

 F igure  3.    Proportion of mosquitoes introduced into eastern blue-
bird ( Sialia sialis ) nest boxes, which successfully obtained a blood 
meal, over a range of nestling ages, Auburn, Alabama, 2008 and 2009.     F igure  4.    Mother bluebird brooding two-day-old nestlings.    



398 BURKETT-CADENA AND OTHERS

remain relatively motionless and thus tolerate more mosquito 
bites while brooding hatchlings. In nests with older nestlings, 
which are capable of thermoregulation, 21  the mother may be 
more free to engage in more defensive behaviors and keep 
her face covered more of the time. Support for this idea was 
found in a study in which mosquito landings on nestlings was 
negatively correlated with the fraction of the night that par-
ents fully brooded the nestlings. 3  

 Previous results and those of this study suggest that pat-
terns of feeding on nestling and adult birds at the nest are 
not the product of innate preferences of mosquitoes for one 
age class of birds versus another, but are a function of a mos-
quito’s access to each animal and the physical and behavioral 
defenses of individual birds. Olfactory preferences of mos-
quitoes for adult birds versus nestlings are likely to influence 
long-range attraction to nests, 5  but such preferences are not 
likely to be a critical factor in determining which animal is 
fed upon in the nest environment because olfactory cues are 
likely to be less important than visual cues for short-range 
host selection. 22  One field study showed that mosquito landing 
rates are higher on adults than on nestlings, but that the ratio 
of mosquitoes landing on nestlings versus adults increases as 
brooding decreases, 3  suggesting that landing rates on nestlings 
are mediated by the protective presence of the adult. Our find-
ings that mothers are fed upon less in nests with older nest-
lings, when interpreted with respect to these other studies, 
suggest that the mother bird is better able to defend against 
questing mosquitoes than nestlings, which are easier targets 
for questing mosquitoes. Together, individual host attributes 
and vector-host interactions drive patterns of host use in the 
nest environment. 

 Parental care by birds, in the form of brooding, may drive the 
early season peak in feeding on birds through increased toler-
ance to mosquito attack. During the nesting period, mother 
birds must remain on their eggs/young during the night, or risk 
losing their eggs and young nestlings incapable of thermoregu-
lation. 21  In effect, the mother is faced with the choice of toler-
ating mosquitoes or abandoning her offspring and losing her 
reproductive effort. Increased tolerance to questing mosqui-
toes during the breeding season would lead to an increase in 
mosquito feeding success, possibly driving the apparent sea-
sonal shift in mosquitoes feeding on birds and mammals. 23  

 These vector–host interactions in avian nests may have 
important implications for the pre-epidemic amplification of 
arboviruses such as WNV. 24  One study concluded that recently 
fledged hatch-year birds play an important role in the ampli-
fication of WNV. 25  The study found that WNV in mosquito 
vectors was tightly linked with abundance of recently fledged 
birds and that hatch-year birds exhibited high levels of WNV 
infection and seropositivity. However, a study published nearly 
concurrently (and by the same group of researchers) asserted 
that nestling passerines (perching birds) are not important 
hosts for amplification of West Nile virus. 26  The general lack 
of seropositivity in nestling birds led these authors to the con-
clusion that nestling passerines experience low WNV expo-
sure, which precludes them from serving as focal amplification 
hosts. However, our results and those of others 3  indicate that 
nestling birds are fed upon by mosquitoes and in proportion 
to their abundance. At our own study site, nestlings outnum-
ber adults more than two to one (assuming one mother and 
one father per nest). Therefore, although mosquitoes demon-
strated no preference for feeding on nestlings, nestling birds 

represent an immunologically naive bolus of reservoir hosts 
that is renewed each year, which could contribute to late 
spring–early summer amplification of arboviruses. On the 
basis of our observations, nestlings can be treated as adults 
in terms of their likelihood of being exposed to an arbovirus. 
However, because of their immature immune systems, they 
may be prone to higher amplification of virus once they are 
exposed. 

 Received January 22, 2010. Accepted for publication April 14, 2010. 
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