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The emergence of several high profile infectious diseases in recent years has focused attention on our need

to understand the ecological factors contributing to the spread of infectious diseases. West Nile virus

(WNV) is a mosquito-borne zoonotic disease that was first detected in the United States in 1999. The

factors accounting for variation in the prevalence of WNV are poorly understood, but recent ideas

suggesting links between high biodiversity and reduced vector-borne disease risk may help account for

distribution patterns of this disease. Since wild birds are the primary reservoir hosts for WNV, we tested

associations between passerine (Passeriform) bird diversity, non-passerine (all other orders) bird diversity

and virus infection rates in mosquitoes and humans to examine the extent to which bird diversity is

associated with WNV infection risk. We found that non-passerine species richness (number of non-

passerine species) was significantly negatively correlated with both mosquito and human infection rates,

whereas there was no significant association between passerine species richness and any measure of

infection risk. Our findings suggest that non-passerine diversity may play a role in dampening WNV

amplification rates in mosquitoes, minimizing human disease risk.
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1. INTRODUCTION
Placing a value on biological diversity can be difficult, but

recent evidence indicating that high species diversity may

reduce human exposure to vector-borne diseases suggests

a novel function of biodiversity with quantifiable value for

human health (Ostfeld & Keesing 2000a,b). A primary

mechanism by which biodiversity may moderate disease

risk, referred to as the ‘dilution effect’, has been described

for Lyme disease (Ostfeld & Keesing 2000b; Schmidt &

Ostfeld 2001; LoGiudice et al. 2003) and may also operate

for a wide range of other vector-borne diseases (Ostfeld &

Keesing 2000a; Holt et al. 2003; Telfer et al. 2005). The

dilution effect predicts that infection rates among vectors,

and ultimately human infection risk, will be lower in highly

diverse host communities where incompetent reservoir

hosts dilute rates of disease transmission between vectors

and highly competent hosts. Although a number of

pathogens spread by generalist vectors might be subject

to the dilution effect (Ostfeld & Keesing 2000a), it is

unclear how broadly this model applies in natural disease

systems. More generally, our understanding of the extent

to which patterns of biodiversity affect human disease is

still very limited. In this study, we tested associations
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between host diversity and disease risk focusing on West

Nile virus (WNV), an emerging zoonotic disease in the

United States.

WNV is a mosquito-borne disease for which wild birds

serve as the primary reservoir hosts (Work et al. 1955;

Taylor et al. 1956; Hayes 1989). The virus first appeared in

the United States in 1999 in New York City (Centers for

Disease Control and Prevention (CDC) 1999) and by the

end of 2004 had spread to 48 states (CDC 2003, 2004),

Canada (Lindsay et al. 2003), Mexico (Estrada-Franco

et al. 2003) and the Caribbean (Dupuis et al. 2003;

Komar, O. et al. 2003; Quirin et al. 2004). Human WNV

infections occur when conditions promote virus amplifi-

cation within avian and mosquito populations, leading to

spillover into incidental host groups. Evidence from both

Old World and New World studies suggests that Passeri-

form (passerine) birds tend to be the most competent

avian WNV hosts, whereas non-passerines are much

poorer hosts (Work et al. 1955; Komar, N. et al. 2003;

Peterson et al. 2004). If non-passerine birds are relatively

incompetent WNV hosts, and as suggested by the dilution

effect these birds act as alternative blood meal sources for

mosquitoes reducing contact rates between vectors and

highly competent virus hosts, avian communities com-

posed of high diversities of non-passerine birds may be less

able to sustain WNV epizootics. Therefore, based on a

dilution effect model, the rate at which vectors acquire and

transmit virus should decline with increasing non-

passerine diversity, resulting in reduced prevalence of

both mosquito infections and human disease.
q 2005 The Royal Society
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Figure 1. Map of St Tammany Parish, Lousiana with the locations of study sites. On the false colour infrared image, vegetated
areas appear in shades of red and brown, open water in blue and black, wetland areas in greenish grey to reddish blue, and
developed land in light blue and white.
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The predicted negative association between host

diversity and disease risk should only hold when individual

species act as poor disease hosts. If species tend to be

highly competent reservoirs, high species diversity may

actually increase disease prevalence. This opposing effect,

called a ‘rescue effect’ by Ostfeld & Keesing (2000b), may

describe the relationship between passerine diversity and

WNV prevalence if multiple passerine species serve as

competent virus hosts. To test whether WNV infection

rates declined with increasing non-passerine diversity and

increased with increasing passerine diversity, we examined

associations between WNV infection rates and non-

passerine and passerine species richness (number of

species) at two spatial scales in Louisiana, USA. WNV

was first detected in Louisiana in 2001, and in 2002 the

state was a focus of a human WNV disease epidemic that

killed 24 people and cost an estimated $20.1 million

(Zohrabian et al. 2004). Since Culex mosquitoes are the

primary vectors involved in the avian amplification cycle of

WNV in North America (Andreadis et al. 2001; Sardelis

et al. 2001; Turell et al. 2001), we first looked at

associations between Culex infection rates and non-

passerine and passerine species richness across a series of

study sites located in St Tammany Parish, Louisiana.

Next, we explored whether patterns observed in our field

study would hold for human infection prevalence at a
Proc. R. Soc. B (2006)
broader scale by examining associations between human

disease incidence and avian species richness at the county

level across the entire state.
2. METHODS
(a) Field study

(i) Study sites

Our six study sites (190, Highway 190; KEL, Keller Road;

FBP, Fontainebleau State Park; STP, St Tammany Pipeline;

OWE, Owens Road; FJR, Frank Jackley Road) were located

in the southern half of St Tammany Parish, Louisiana.

Land cover composition varied across sites (figure 1). 190

was situated in an area of commercially developed land

interspersed with small fragments of loblolly pine (Pinus

taeda) forest and some open marshland. The KEL site

comprised almost equal parts brackish marsh and forested

cover with a small number of residential buildings. Forest

patches were dominated by loblolly pine and Chinese tallow

(Sapium sebiferums). FBP was located in a state park with

mixed forest dominated by loblolly pine, slash pine (Pinus

elliottii) and water oak (Quercus nigra) and large areas of

open water (Lake Ponchartrain) and wetland cover. The

STP site was located on an active pine plantation consisting

of tracts of pine forest at different stages of management

and smaller forested wetland areas dominated by water
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tupelo (Nyssa aquatica) and bald cypress (Taxodium

disticum). Lastly, both OWE and FJR were situated in

low-density residential areas interspersed with patches of

pine forest. FJR also included a relatively small area of

wetland habitat.

(ii) Mosquito collections and virus testing

We collected data on mosquito WNV infection rates at the six

study sites during the summer and early fall of 2003. Adult

mosquitoes were collected weekly on a 7 day cycle at each site

between 3 June and 28 October 2003. Collections were made

using two CDC light traps baited with CO2 (Sudia &

Chamberlain 1962) and one gravid trap (Reiter 1983).

Traps were placed at a single location in forested areas and

the dominant tree species at trapping stations were loblolly

pine and/or slash pine. All traps were run from dusk until

dawn after which they were retrieved and mosquitoes

transported live to the laboratory. Mosquito specimens were

stored at K20 8C for approximately 24–36 h, then sorted by

collection date and site and identified to species level using a

chill table and stereomicroscope. After identification, speci-

mens were pooled by species into groups of between 1 and 60

individuals and shipped on dry ice to the CDC (Fort Collins,

CO) where they were stored at K80 8C until virus testing.

To measure mosquito infection rates, mosquito pools

were triturated in 1.75 ml of BA-1 diluent using a Mixer

Mill apparatus, clarified by centrifugation (Nasci et al.

2002), and then tested for WNV by Vero cell culture plaque

assay (Beaty et al. 1989) and by TaqMan Reverse

Transcriptase–Polymerase Chain Reaction using WNV-

specific primers (Lanciotti et al. 2000). Two parameters

describing patterns of infection in the mosquito population

were calculated for each study site: (i) mosquito infection

prevalence (MLE, maximum-likelihood estimate of the

mosquito infection rate) and (ii) density of infected

mosquitoes (DIMZmosquitoes/trap night!MLE). We

estimated mosquito infection prevalence using the maxi-

mum-likelihood (MLE) method (Chiang & Reeves 1962;

Walter et al. 1980). Calculations were done using the

Microsoft Excel Add-In POOLEDINFRATE 2.0 (Biggerstaff

2004) and infection prevalence is reported as the MLE per

1000 mosquitoes. The DIM was calculated as the total no.

of mosquitoes collected/no. of trap nights!MLE. We

calculated number of trap nights by summing the number

of traps set at a site per day (maximumZ3) over the total

number of trapping days (22).

(iii) Avian surveys

We used the point transect method to estimate avian species

richness at the study sites (Bibby et al. 2000). At each site,

the location of the mosquito trap was used as the first

transect and nine additional transect points were established

within a 1 km radius of the trap for a total of 10 point

transects within a 3.14 km2 study area. The study area size

for point transects was selected to provide an adequate

sample of the avian community within the dispersal range

of host-seeking mosquitoes which can range from 1 to

5 km, but is most commonly under 1 km (Service 1997).

Transect locations were determined using the random point

generator extension (Jenness Enterprises, Flagstaff, AZ) for

ARCVIEW 3.3 (ESRI, Redlands, CA), and all transect points

were spaced greater than or equal to 200 m apart. A single

observer surveyed all 60 transect points once from 24 June

to 7 July 2003. Because species composition of breeding
Proc. R. Soc. B (2006)
birds in the southern US tends to remain relatively stable

throughout the summer, we expected that bird surveys

done during this time period would provide representative

relative species richness estimates of resident birds for

comparison with mosquito data. For all sites, surveys began

at dawn and were completed by 11.30 h. Each point

transect lasted for 10 min during which all bird species seen

and heard were recorded. Birds observed visually that could

not be identified to species level were classified into

taxonomic groupings (e.g. gull, raptor) and the horizontal

distances between all birds and the transect point were

recorded in intervals of 0–10, 11–20, 21–30, 31–40, 41–50

and 51–100 m. Backup tape recordings of each transect

were also made using a Marantz PMD 201 recorder and an

AKG D230 omnidirectional microphone. When necessary

the tapes were used to verify the species identity of bird

songs or calls recorded in the field. For each site, species

lists from all 10 point transects were combined and the total

number of passerine (order Passeriformes) and non-

passerine (all other orders) species detected were used as

estimates of relative avian species richness per site. In

addition, we used the computer program DISTANCE

(Thomas et al. 2005) to estimate the detection probability

of non-passerines and passerines across sites and to

calculate non-passerine abundance at each site. Across all

six study sites, we detected 56 bird species including 35

passerines and 21 non-passerines (electronic supplementary

material). The total number of species detected per site

ranged from 21 to 31 (electronic supplementary material).

(b) County-level data

We obtained information on human WNV case counts in

Louisiana from the Louisiana Office of Public Health (http://

www.oph.dhh.state.la.us/) and used these data to calculate

disease incidence rates (number of cases per 100 000

population) by county in 2002 and 2003. Additional data

on human population size, density and county area were

obtained from the United States Census Bureau (http://

factfinder.census.gov). Datasets on state-wide bird distri-

butions were obtained from the Louisiana breeding bird atlas

for which ground surveys were conducted in 1996–1998

(Wiedenfeld & Swan 2000). Using the Atlas dataset, we

compiled a list of all bird species recorded as possible,

probable or confirmed breeders within each county. The total

numbers of passerine and non-passerine bird species

occurring in each county were used as estimates of avian

species richness.

(c) Statistical analyses

We tested associations between mosquito infection rates and

measures of avian species richness or abundance (non-

passerine species richness, passerine species richness, non-

passerine abundance) using simple linear regression analyses.

We also repeated each test using multivariate regression

analyses to control for the effects of mosquito abundance. For

all analyses, measures of avian and mosquito abundance were

log-transformed to normalize data distributions. The signifi-

cance level was set at 0.05, but to reduce the probability of

committing Type 1 errors we adjusted a for multiple

comparisons using the sequential Bonferroni method (Rice

1989), where k is the number of analyses testing the same null

hypothesis.

To test associations between avian diversity and human

disease incidence we focused on counties that had reported at

http://www.oph.dhh.state.la.us/
http://www.oph.dhh.state.la.us/
http://factfinder.census.gov
http://factfinder.census.gov


Table 1. Summary of mosquito collections and infection rate estimates at study sites. (MLE, maximum-likelihood estimate of
mosquito infection prevalence; DIM, density of infected mosquitoes.)

Culex species Culex nigripalpus

site
total no.
collected

pools tested
(pos. pools)

MLE
(per
1000) 95% CI

DIM
(per
trap
night)

total no.
collected

pools tested
(pos. pools)

MLE
(per
1000) 95% CI

DIM
(per trap
night)

190 10 050 299 (2) 0.20 0.04–0.65 33.5 4554 118 (2) 0.44 0.08–1.45 33.4
KEL 22 259 703 (1) 0.04 0.00–0.22 13.5 2502 106 (1) 0.40 0.02–1.94 15.2
FBP 2775 215 (0) 0 0.00–1.36 0 1132 71 (0) 0 0.00–3.23 0
STP 3901 169 (7) 1.86 0.82–3.69 110 1388 89 (7) 2.45 1.08–4.84 51.5
OWE 2494 158 (8) 3.34 1.57–6.32 126 3003 57 (5) 3.85 1.44–8.54 175
FJR 1187 112 (2) 1.69 0.30–5.50 30.4 826 50 (2) 2.42 0.44–7.87 30.3
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least one human WNV case, since a number of non-avian

related factors (e.g. geography, climate, demography) can

influence the presence or absence of human disease in a

county (e.g. Ruiz et al. 2004). To test our predictions, we used

multiple regression analysis with model simplification

(Crawley 2002). Initial (maximal) models included four

potential predictor variables: two measures of avian diversity

(passerine species richness, non-passerine species richness);

human population density, which can influence both

mosquito densities and host–vector contact rates; and county

area, since area was positively correlated with overall bird

species richness (F1,62Z53.4, r2Z0.46, p!0.0001). To find

minimal adequate models, the least significant predictor

variables were deleted from the full models in a stepwise

process until all variables remaining had p%0.05. At each

step, the Aikaike information criterion was used to evaluate

competing models. Separate analyses were performed for

2002 and 2003, and we report minimal adequate models for

both years. For all tests, disease incidence, human population

density and county area were log-transformed to normalize

data distributions. In addition, tests for spatial autocorrela-

tion were performed using the S-Plus SpatialStats module

(Insightful Corp., Seattle, WA).
3. RESULTS
(a) Avian species richness and mosquito infection

rates

WNV was detected in 20 Culex species mosquito pools at

five out of six study sites (table 1). Seventeen out of the 20

positive pools came from Culex nigripalpus, so we

calculated virus infection rates for (i) all Cx. species

combined and (ii) Cx. nigripalpus only (table 1). In simple

linear regression tests, non-passerine species richness was

significantly negatively correlated with infection preva-

lence for all Cx. species (F1,4Z19.3, r2Z0.83, pZ0.01;

figure 2a) and Cx. nigripalpus (F1,4Z15.9, r2Z0.80,

pZ0.02; figure 2b). Similarly, there was a significant

negative correlation between non-passerine species rich-

ness and the density of infected Cx. mosquitoes (F1,4Z
14.9, r2Z0.79, pZ0.02; figure 2c) and Cx. nigripalpus

(F1,4Z43.4, r2Z0.92, pZ0.003; figure 2d ). By contrast,

passerine species richness was not significantly corre-

lated with either MLE (Cx. spp.: F1,4Z1.5, r2Z0.27,

pZ0.29; Cx. nigripalpus: F1,4Z1.8, r2Z0.32, pZ0.25;

figure 2e,f ) or DIM (Cx. spp.: F1,4Z0.75, r2Z0.16, pZ
0.43; Cx. nigripalpus: F1,4Z0.04, r2Z0.01, pZ0.86;

figure 2g,h). Given the effects of non-passerine species
Proc. R. Soc. B (2006)
richness, we also tested associations between non-

passerine abundance and mosquito infection rates. Like

non-passerine species richness, non-passerine abundance

was significantly negatively correlated with both MLE

(Cx. spp.: F1,4Z19.7, r2Z0.83, pZ0.01; Cx. nigripalpus:

F1,4Z16.5, r2Z0.81, pZ0.02; figure 2i, j ) and DIM

(Cx. spp.: F1,4Z19.4, r2Z0.83, pZ0.01; Cx. nigripalpus:

F1,4Z13.5, r2Z0.77, pZ0.02; figure 2k,l ).

Since vector abundance may play a role in determining

mosquito infection rates, we repeated the analyses above

controlling for the effects of mosquito abundance using

multivariate regression tests. Each analysis included two

predictor variables, a measure of avian species richness

and either Cx. species or Cx. nigripalpus abundance. Non-

passerine richness remained significantly negatively correl-

ated with all measures of mosquito infection rate, and non-

passerine abundance was significantly correlated with Cx.

species and Cx. nigripalpus MLE but only marginally

correlated with both measures of DIM (table 2). Even

after controlling for mosquito abundance, passerine

species richness was not significantly associated with

either MLE or DIM (table 2). There was also no

significant correlation between mosquito abundance and

MLE or DIM except in one case where Cx. nigripalpus

abundance was negatively correlated with Cx. nigripalpus

MLE (table 2).
(b) Avian species richness and human disease

incidence

Out of 64 Louisiana counties, 41 reported human WNV

cases in 2002 and 33 reported human cases in 2003. We

constructed multivariate regression models for both years,

beginning with four predictor variables: non-passerine

species richness, passerine species richness, human

population density and county area, and used model

simplification to find minimal adequate models explaining

significant variation in disease incidence. Only non-

passerine richness entered the minimal adequate model

for 2002 (F1,39Z14.3, r2Z0.27, pZ0.0005; figure 3a),

while both non-passerine richness and human population

density were included in themodel for 2003 (model:F2,30Z
16.6, r2Z0.52, p!0.0001; population density: rZK0.53,

pZ0.0005; non-passerine richness: rZK0.34, pZ0.019;

figure 3b).

Since spatial autocorrelation in aggregated epidemio-

logical data can bias the results of ordinary least-squares

regression (Cressie 1991), we examined whether spatial
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Figure 2. Associations between measures of avian diversity or abundance and mosquito infection rates; r2Zcoefficient of
determination for linear regression tests with *p%0.05 and **p%0.01. (a) Non-passerine species richness versus Cx. species
infection prevalence (MLE). (b) Non-passerine species richness versus Cx. nigripalpusMLE. (c) Non-passerine species richness
versus density of infected Cx. species (DIM). (d ) Non-passerine species richness versus Cx. nigripalpus DIM. (e) Passerine
species richness versus Cx. species MLE. ( f ) Passerine species richness versus Cx. nigripalpus MLE. (g) Passerine species
richness versusCx. species DIM. (h) Passerine species richness versusCx. nigripalpusDIM. (i ) Non-passerine abundance versus
Cx. species MLE. ( j ) Non-passerine abundance versus Cx. nigripalpus MLE. (k) Non-passerine abundance versus Cx. species
DIM. (l ) Non-passerine abundance versus Cx. nigripalpus DIM.

Table 2. Associations between avian species richness and abundance, mosquito abundance and measures of mosquito infection
rate. (Table shows regression results for measures of avian diversity and abundance included in multiple regression models with
mosquito (Cx. species or Cx. nigripalpus) abundance as a covariate. r is the partial regression coefficient, significant p-values are
in bold and * denotes significance levels that became non-significant after correcting for multiple comparisons with the
sequential Bonferroni adjustment (kZ2).)

non-passerine richnessClog
mosquito abundance

passerine richnessClog mosquito
abundance

log non-passerine abundanceC
log mosquito abundance

mosquito infection rate
non-passerine
species richness

mosquito
abundance

passerine
species richness

mosquito
abundance

non-passerine
abundance

mosquito
abundance

Cx. species MLE rZK0.81 rZK0.35 rZ0.16 rZK0.45 rZK0.82 rZK0.22
pZ0.01 pZ0.09 pZ0.86 pZ0.62 pZ0.04 pZ0.40

Cx. nigripalpus MLE rZK1.07 rZK0.47 rZ1.01 rZ0.64 rZK0.97 rZK0.32
pZ0.0002 pZ0.002 pZ0.17 pZ0.35 pZ0.01 pZ0.19

Cx. species DIM rZK0.88 rZK0.02 rZ0.54 rZ0.18 rZK0.98 rZ0.16
pZ0.05 pZ0.93 pZ0.60 pZ0.86 pZ0.03* pZ0.58

Cx. nigripalpus DIM rZK0.95 rZK0.02 rZ0.73 rZ0.88 rZK0.84 rZ0.17
pZ0.01 pZ0.91 pZ0.34 pZ0.26 pZ0.05* pZ0.57
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non-independence may have influenced our regression

analyses using the Moran’s I statistic. A Moran’s I value

close to zero indicates spatial independence, whereas

values approachingK1 orC1 indicate negative or positive
Proc. R. Soc. B (2006)
spatial autocorrelation. We found no evidence of strong

spatial autocorrelation in raw WNV incidence rates across

infected counties in 2002 (IZ0.07) or 2003 (IZ0.10) and

in both cases the null hypothesis of spatial randomness
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tZK3.79, p!0.001), and one of two predictors of disease
incidence in 2003 (rZK0.34, tZK2.49, p!0.05).
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could not be rejected (pZ0.36). When we checked for

spatial autocorrelation in the residuals of minimal

adequate models for both years, we obtained similar

patterns (2002: IZ0.04, pZ0.53; 2003: IZ0.15, pZ0.18)

suggesting that spatial non-independence did not bias our

results.
4. DISCUSSION
Our results show a strong association between non-

passerine species richness and WNV infection rates.

WNV activity in Culex mosquitoes, including the pro-

portion and density of infected mosquitoes, declined with

increasing non-passerine species richness suggesting that

virus amplification rates were lower at sites with more non-

passerine species. Since Culex mosquitoes are thought to

be the primary vectors involved in the avian cycle of WNV

(Andreadis et al. 2001; Sardelis et al. 2001; Turell et al.

2001) and members of this genus likely serve as important

bridge vectors moving virus from birds to humans

(Fonseca et al. 2004), any reduction in Culex infection

rates may dampen the size of WNVepizootics, potentially

reducing human disease risk. The pattern we observed for
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all Culex species was in large part driven by a single

species, Cx. nigripalpus, which was the most frequently

infected mosquito in our study. When we looked solely at

Cx. nigripalpus, non-passerine species richness was once

again strongly associated with reduced mosquito infection

prevalence and density. Culex nigripalpus is an opportu-

nistic biter that has been implicated in human trans-

mission of St Louis encephalitis (Zyzak et al. 2002;

Shaman et al. 2003) and may also be an important

epizootic and epidemic vector of WNV in certain regions

of the United States (Sardelis et al. 2001; Rutledge et al.

2003; Turell et al. 2005).

Reductions in WNV infection rates in mosquitoes

should result in lower human infection rates, since fewer

contacts between humans and infected vectors will occur.

If non-passerines have a dampening effect on WNV

transmission in mosquito populations, this effect should

also be apparent in humans. Therefore, given our field

study results, we expected that human WNV disease

incidence would also be negatively correlated with non-

passerine species richness. In support of this prediction,

we found a negative association between human disease

incidence and non-passerine species richness in both 2002

and 2003. While these results suggest that non-passerine

species richness plays a role in minimizing human

infection risk, species richness alone explained much less

of the variance in human infection rates across counties

(27%) than in mosquito infection rates across sites

(79–92%). Because the dataset we used to calculate

avian species richness scores for the county analyses was

compiled between 4 and 7 years before the WNV

outbreaks of 2002–2003 (see §2), it is possible that the

effects of non-passerine species richness on human disease

are under- or overestimated in our models. Several other

factors besides avian diversity are also likely to influence

the incidence of human disease.

Human population density was the most important

predictor of human WNV disease incidence in our model

for 2003. Infection rates decreased with increasing

population density, suggesting that people living in more

populated urban areas have a lower risk of WNV infection.

Human population density and non-passerine species

richness, together, explained 52% of the variance in WNV

incidence, indicating that factors affecting contact rates

between humans and vectors such as urbanization and

human behaviour are likely to combine with ecological

variables to determine risk of human infection. Other

studies have shown that demographic factors, including

age, income and race, can be important predictors of

WNV infection risk in humans (e.g. Ruiz et al. 2004).

Environmental variables, such as climate, habitat and land

cover, often associated with the prevalence of other vector-

borne diseases (e.g. Beck et al. 1994; King et al. 2004;

Zhou et al. 2004), may also play a role in WNV dynamics

and could account for some of the unexplained variance in

our models. Finally, many of the mosquito species

implicated in the transmission of WNV have very catholic

feeding habits, feeding on birds as well as a wide variety of

mammals (Apperson et al. 2002; Gomes et al. 2003).

Thus, local diversity of mammalian hosts, which we did

not include in our analyses, may have also influenced

human WNV infection risk.

In contrast with the patterns we observed for non-

passerines, there was no significant correlation between
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passerine species richness and either mosquito infection

rates or human disease incidence. Since the dilution effect

should only hold when individual species are poor virus

hosts, the lack of an association between passerine species

richness and virus infection rates supports the idea that

passerines, as a group, are more competent virus hosts

than are non-passerines. Experimental work on reservoir

competence in 25 bird species showing 7 out of 10

passerine species to be highly competent WNV hosts

(reservoir competence indexO1) compared to only 1 out

of 15 non-passerine species (Komar, N. et al. 2003)

supports this view. However, despite this evidence of high

reservoir competence in multiple passerine species our

prediction that infection rates would increase with

increasing passerine species richness was not supported,

possibly because the key species driving WNV trans-

mission were common birds that occurred at all field sites

and in all counties.

The pattern we observed for non-passerine species

richness and WNV infection rates could be driven by two

distinct mechanisms: a density-dependent dilution effect

where dilution occurs because increased species richness

leads to a decline in the density of competent hosts, or a

frequency-dependent dilution effect where dilution is the

direct result of increased biodiversity (Rudolf & Anton-

ovics 2005). If our results were due to a density effect, then

we would expect increased non-passerine species richness

to be associated with reduced passerine (competent host)

abundance. We found no association between non-

passerine species richness and passerine abundance

(F1,4Z0.21, r2Z0.05, pZ0.67; V. O. Ezenwa 2005,

unpublished data), which suggests that the effect we

observed is more likely to be frequency dependent.

With a frequency-dependent effect, we expected that

associations between non-passerine abundance and mos-

quito infection rates would be even stronger than the

patterns we reported for non-passerine richness, because

non-passerine abundance should be a better estimate of

the proportion of individuals in the community that divert

mosquito blood meals away from competent hosts. Non-

passerine abundance was consistently negatively correl-

ated with mosquito infection rates in the univariate tests,

and in most cases patterns were as strong as those for non-

passerine species richness, but not stronger (see figure 2).

In the multivariate tests controlling for mosquito

abundance, non-passerine abundance was significantly

correlated with mosquito infection prevalence (MLE), but

only marginally associated with the DIM after we applied a

correction for multiple comparisons. In contrast, non-

passerine richness was significantly correlated with both

MLE and DIM in the multi-regression tests. At present, it

is unclear whether these results indicate a real difference in

the magnitude of the effects of non-passerine species

richness versus abundance, since several other factors may

account for why the abundance effects were not stronger.

First, true relative bird abundance across sites may have

been difficult to quantify and a high degree of uncertainty

in our abundance estimates could have influenced our

results. Second, our bird surveys did not detect nestlings

which are often important blood meal sources for

mosquitoes (Kale et al. 1972). Third, since abundance

can change over short time periods, particularly during the

breeding season, our measures of avian abundance which

were based on single surveys done in June–July may not
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have reflected actual non-passerine abundances over the

entire period of mosquito collections (June–October). All

of these factors could have introduced significant biases in

our abundance estimates, weakening associations between

non-passerine abundance and WNV infection rates.

However, the fact that our measures of non-passerine

abundance did show relatively strong negative associations

with mosquito infection rates supports the idea that

non-passerines act as WNV dilution hosts via a fre-

quency-dependent dilution effect.

The results of this study indicate a link between non-

passerine diversity and WNV infection risk, supporting

the hypothesis that increased biodiversity can moderate

disease risk. We suggest that the dilution effect can at least

partially explain the patterns we report here, but since the

complex interactions among WNV host and vector

ecology and virus dynamics are only beginning to be

understood (Marra et al. 2004), this effect may be only one

of several mechanisms accounting for observed patterns of

this disease. For example, in our field study, the two sites

with the lowest mosquito infection rates (FBP, KEL; see

table 1) and highest non-passerine species richness were

both located in areas with large and undisturbed natural

wetlands (see figure 1). Although we did not find a

significant correlation between wetland area and virus

prevalence across study sites (V.O. Ezenwa, M.S. Godsey,

R.J. King, S.C. Guptill 2005, unpublished data), land

cover variation may be another potential factor driving the

patterns we describe. A critical test for confirming the role

of the dilution effect in WNV epidemiology will include

demonstrating that shifts in avian diversity and commu-

nity composition directly affect vector infection rates (e.g.

LoGiudice et al. 2003). Nevertheless, the concordance

between the patterns we observed in our field and county-

level studies suggests that avian diversity and community

composition have important implications for WNV

transmission in humans.
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