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Abstract: The introduction of West Nile virus (WNV) to Hawaii could have severe impacts on human health,
wildlife health and, as a result, Hawaii’s tourism-based economy. To provide guidance for management
agencies seeking to prevent the introduction of WNV, we performed a quantitative assessment of the pathways
by which WNV could reach Hawaii from North America. We estimated the rate of infectious individuals
reaching Hawaii by the following means (1) humans on aircraft, (2) wind-transported mosquitoes, (3) human-
transported mosquitoes, (4) human-transported birds or other vertebrates, and (5) migratory birds. We found
that pathways 3 and 4 represented the highest risk. We estimated that each year, 7-70 WNV infectious
mosquitoes will reach Hawaii by airplane when WNV becomes well established in the Western U.S. Exemp-
tions in current quarantine regulations will also result in the import of birds that will be infectious with WNV
for 0.3-2.2 bird-days each year. We propose actions that would substantially reduce the risk of WNV reaching
Hawaii by these means, including reinstating aircraft disinsection in cargo holds and altering bird quarantine
rules. Finally, research is urgently needed to determine whether a migratory bird can survive the migration

from North America to Hawaii with a viremic WNV infection.
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INTRODUCTION

Since its first appearance in North America in 1999, West
Nile virus (WNV) has spread across the continent and into
Central America, infecting more than 14,000 people and
causing over 500 deaths (Centers for Disease Control and
Prevention [CDC], 2003). In addition, it has killed hun-
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dreds of thousands of birds, in some cases leading to local
reductions in populations of greater than 90% (Hochachka
et al., 2004). Clearly, WNV is capable of causing significant
impacts on bird populations, and substantially impacting
human health.

Hawaii has 48 endemic species or subspecies of birds of
which 30 are listed as endangered by the U.S. Fish and
Wildlife Service (Jacobi and Atkinson, 1995). Many of these
species are extremely susceptible to vector-borne avian
diseases which were absent during the evolution of Ha-
waii’s avifauna (Van Riper et al., 1986). For these reasons,
the introduction of WNV could have devastating effects on
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populations of native Hawaiian birds and lead to the ex-
tinction of many species.

The impacts of WNV on Hawaii’s native avifauna and
human health could significantly affect the tourism in-
dustry which is the backbone of Hawaii’s economy. In re-
sponse to the combined human, wildlife, and economic
health threats of WNV to Hawaii, an interinstitutional,
interagency ‘“West Nile virus working group” has been
established to provide guidance for management agencies
seeking to prevent the introduction of WNV. To facilitate
this work, we performed a quantitative assessment of the
pathways by which WNV could reach Hawaii and sug-
gested actions that could reduce the risks of these pathways.

METHODS

We estimated the rate of infectious mosquitoes or verte-
brate hosts reaching Hawaii each year by natural or human-
assisted means during the peak WNV season (/120 days
long in New York State; Bernard et al., 2001). For WNV to
become established in Hawaii, an infectious mosquito
would need to arrive in Hawaii, find and successfully
transmit WNV to a suitable host, or an infectious host
would need to be bitten and transmit WNV to a suitable
vector. Hawaii has several competent mosquito vectors
(Culex quinquefasciatus, Aedes albopictus, Ae. Vexans, Ae.
Aegypti; Sardelis et al., 2001) and many suitable avian hosts
(e.g., House sparrows, Passer domesticus, House finches,
Carpodacus mexicanus; Komar et al., 2003) that make the
establishment of WNV possible or even likely if an infec-
tious mosquito or host were to reach Hawaii.

We estimated the number of mosquitoes reaching
Hawaii on each arriving plane from an average of two
studies. The first, based on 928 planes landing in Japan over
the period 1975-1981, found an average of 0.9 live mos-
quitoes per airplane (Takahashi, 1984). Another based on
307 planes landing in Australia during the period 1974—
1979 found an average of 2.2 live mosquitoes per airplane
(Russell et al., 1984). Greater than 95% of the mosquitoes
on airplanes in both studies were Culex pipiens or Culex
quinquefasciatus. We estimated the number of mosquitoes
arriving in Hawaii in each shipping container from a study
of 11,000 containers by the New Zealand Ministry of Ag-
riculture and Forestry (MAF, 2003) that did not specify
whether the mosquitoes found were adult or larvae.

The rate of mosquitoes reaching Hawaii by wind was
estimated as less than one per 4 million years based on the

fact that mosquitoes were unable to successfully colonize
Hawaii (Hardy, 1960) in at least 4 million years that islands
in the Hawaiian chain would have had suitable habitat.
This may be a slight underestimate, because the number of
mosquitoes required to establish a population in Hawaii is
most likely greater than the number required to initiate a
WNV cycle.

We estimated the fraction of mosquitoes that would be
infectious as the fraction of infected Culex quinquefasciatus
mosquitoes that are able to transmit the virus with a bite,
0.22 (Sardelis et al., 2001), multiplied by the average
minimum infection rate (MIR; an estimate of prevalence)
of the endemic mosquito vectors during the months July—
October. We used a range of MIRS based on data from
New York in 2000 (MIR=2 or 0.2% of Culex pipiens mos-
quitoes tested; Bernard et al., 2001), and Colorado in 2003
(MIR=20, or 2% of Cx. tarsalis mosquitoes tested; Pape,
2004).

We estimated the number of vertebrate hosts arriving
in Hawaii each year from the health certificates of imported
birds (Gluzberg, 2004) and import records for Hawaii
(Hawaii Department of Agriculture [HDA], 2002). Most
species of birds are required to be placed in a mosquito-
proof quarantine facility for 7 days prior to transport to
Hawaii (Department of Agriculture [DOA], 2003). Previ-
ous research (Komar et al., 2003) suggests that 7 days is
long enough for most species of birds to clear WNV from
their bloodstream (but not other organs, see Komar et al.,
2003) preventing transmission to biting mosquitoes.
However, six species are currently exempt from this quar-
antine and are possible carriers of WNV to Hawaii:
Chickens (Gallus domesticus), Pheasants (Phasianus colchi-
cus), Quail (Coturnix japonicus), Chukars (Alectoris chu-
kar), Rock doves (Columbia livia), and Budgerigars
(Melopsittacus undulatus) (DOA, 2003). We estimated the
fraction of these animals that would be infectious using the
following expression:

7.3 .
%ZZ /Im(V)N(Vi,G)dv+ /N(V,',a)dv
BRI 7.3

where ¢ is the fraction of birds exposed to WNV (0.326,
taken from a sero-survey in NY following the 1999 out-
break (Komar et al., 2001) and assuming transported
birds are held outdoors), 365 is the number of days in a
year, which assumes the transport of each animal is
equally likely on any given day, the summation is over the
viremic period n (in days) for that species (Komar et al.,
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Table 1. Estimated Number of Infectious Mosquitoes or Hosts Reaching Hawaii Each Year™

No. arriving in Hawaii from

Rate of infectious individuals

Pathway North America per year Fraction infectious arriving in Hawaii per year
1. Human 3,900,000 ~0° ~0

2. Wind-blown mosquito <1x107¢ 0.00044-0.0044° <1x107

3. Human-transported Air: 85 flights/day,® x 120 days/year x 0.00044-0.0044° 7.0-70.0

mosquito 1.55 mosquitoes/flight

Sea: 418,332 containers®, X 0.0005 live

mosquitoes/container, X 120 days/year

4. Human transported vertebrate Birds®:
CHICK: 66-10,069
RODO: 25-830
BUDG: 2252-9207
RNPH: 0-1160
JAQU: 92-167
Frogs: 25!
5. Migratory bird
Shorebirds: 25,000j
Ducks: 800/

Adults:
0.00044-0.0044°

Larvae':
92 % 1077-92x 107°

Birds$:

7.7 x 107°

9.6 x 107*

9.5% 107>

8.4x107°

12x107*

Frogs: ? (see Discussion)

(see Discussion)

Shorebirds < 0.018%

Ducks < 0.019"

Adults: 0.06-0.6
Larvae: 0.0001-0.001

Birds$:

0.003-0.5"

0.02-0.8"

0.2-0.9"

0-0.01%

0.01-0.028

Frogs: ? (see Discussion)
(see Discussion)
Shorebirds < 4528
Ducks < 14.88

*For 2000, Hawaii Department of Business, Economic Development and Tourism (DBEDT-HI, 2001).
"The peak viremia for immunocompetent humans (130 or 10*! plaque-forming units [PFU]/ml) (Biggerstaff and Petersen, 2002) is too low to infect the

mosquito species present in Hawaii.
“For Culex quinquefasciatus.
dFor 2003, DBEDT-HI (2001).

“For 2002 [Iris Ishida, Hawaii Department of Transportation, Harbors Division, personal communication February 4, 2004].

fOne of 1400 offspring of infected Culex pipiens was infected (Dohm et al., 2002).

SFour-letter species abbreviations and variance (n = number of birds, X number of days used to estimate variance after removing species-level differences in
the mean): CHICK, Chicken, 62 =0.62, n = 84; Langevin et al. (2001); RODO, Rock dove, 62 =122 (Columbiformes, n = 33); BUDG, Budgerigar, o> =
0.78 (Psitaciformes, n = 21); RNPH, Ring-necked pheasant, 6% = 0.42 (Galliformes, n = 36), JAQU, Japanese quail, 6% = 0.42 (Galliformes, n = 36).
"Numbers represent infectious bird-days for each species.

iSpecies unknown, Hawaii Department of Agriculture (HDA, 2002).

IShorebirds are Pacific golden plover (80%), Ruddy turnstone (15%), Wandering tattler (4%), Sanderling (1%), ducks are Northern shoveler (60%), Northern
pintail (25%), Lesser scaup (8%), Canvasback (2%), American widgeon (5%) [U.S. Fish and Wildlife Service, unpublished data]—see Gluzberg (2004).
*Shorebird mean daily viremias based on killdeer, 6% = 1.90 (Charadriiformes, n = 18).

'Duck mean daily viremias based on Mallard, ¢ =1.75 (Anseriformes, n = 25).

"See Methods for details of parameter estimation.

2003). This expression calculates the number of infectious
bird-days that each imported individual bird represents.
The terms in parentheses represent the integral of the
probability distribution of an animal’s viremia on day i
assuming a normal distribution after log-transformation
with mean log;o (viremia), v;, (Komar et al.,, 2003) and
variance, o° (calculated using unpublished data from
Komar et al., 2003; see Table 1) multiplied by the prob-
ability of a bite leading to a disseminated infection in a
mosquito, I,,,, given the host’s viremia, v. This probability,

I, was based on a vector competency study of Aedes
albopictus (Sardelis et al., 2002):

Iy =0.30 * log,,(v) — 1.19; (I, = 0for
log,,(v).<4.0, and I, = 1forlog;o(v)<7.3)

We used this relationship rather than one for the more
ornithophillic (bird-biting) Culex quinquefasciatus because
Ae. albopictus is more sensitive to infection at lower host
viremia (Sardelis et al., 2001).
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RESuULTS

The rate of infectious mosquitoes reaching Hawaii by plane
was higher than that by boat which was orders of magni-
tude higher than that by wind (Table 1). The rate of in-
fectious hosts reaching Hawaii was highest for Budgerigars,
lower for Rock doves and adult Chickens, and lowest for
other birds and humans (Table 1). We could not accurately
estimate the rate of infectious migratory birds reaching
Hawaii (see below). However, the risk from mosquitoes is
likely to be higher than the risk from birds or other hosts,
because mosquitoes are infected with WNV for life (Culex
quinquefasciatus lifespan 30-64 days; Oda et al, 2002),
whereas most birds are infectious to mosquitoes for less
than 7 days (Komar et al., 2003).

DiscussioN

Our analyses show that the greatest known threat of West
Nile virus introduction to Hawaii from North America is
through mosquitoes transported by airplanes (Table 1).
The most effective action to reduce this threat would be to
reinstate aircraft disinsection (killing insects with chemi-
cals) using a residual insecticide, especially in cargo holds
where research suggests 82% of live mosquitoes are carried
(Takahashi, 1984). Since most planes flying to Hawaii come
from California, where WNV has not yet completely es-
tablished, the risk from this pathway is expected to increase
in the next few years.

The next highest threat is from imported birds that are
exempt from quarantine. Removing this exemption for all
birds except adult chickens would substantially reduce this
threat and have minimal effects on Hawaii’s economy. It
should also be noted that the current quarantine descrip-
tion does not state that birds must be held individually, and
direct transmission of WNV between cage-mates during the
quarantine (Komar et al., 2003) could lead to the intro-
duction of WNV from quarantined birds; we propose that
this be amended immediately. Additionally, pending fur-
ther research on amphibians and reptiles’ exposure and
host reservoir competency, they should also be quarantined
prior to shipment to Hawaii, because research has shown
that some amphibians are competent WNV hosts (Ko-
styukov et al., 1986).

Our calculations for vertebrate hosts assume that ani-
mals were equally likely to be shipped each day of the year.
If animals are shipped during the peak WNV transmission

period, the risk will be higher than calculated. Requiring
that shipping of animals to Hawaii be done during non-
WNV-peak months would substantially reduce this risk
pathway.

One important unanswered question is the fraction of
migratory birds that would be infectious with WNV (Ta-
ble 1). The number of migratory birds flying to Hawaii
each year is large (Table 1) and most of these birds migrate
to Hawaii during the late portion of the peak WNV-
transmission period, suggesting the risk could be substan-
tial. However, it is unclear whether a viremic bird could
survive the > 2500 mile migration. Surveillance for mi-
gratory birds carrying active infections have yielded nega-
tive results so far, despite over 16,000 birds tested [Marra et
al., unpublished data; McLean et al., unpublished data]. If
subsequent research shows this to be an important pathway
for introducing WNV to Hawaii, the best management
approach would be to keep vector populations low near
arrival areas for migratory birds.

We have quantitatively assessed the risk of West Nile
virus being introduced to Hawaii by several different
pathways. Although some of our analyses did not incor-
porate error estimates in our parameters, our qualitative
conclusions are nonetheless robust to significant deviations.
Our results suggest that there is substantial risk from hu-
man transported mosquitoes and birds, and we have sug-
gested actions that should be taken as soon as possible to
reduce these risks.

ACKNOWLEDGMENTS

We thank members of the January 2004 Hawaii WNV
conference for helpful comments and suggestions, and Nick
Komar for providing the raw viremia data from experi-
mental infections of birds. Funding was provided by
NIAID-NIH contract NO1-AI-25490 to L. Kramer, and
core funding to the Consortium for Conservation Medicine
at Wildlife Trust from the V. Kann Rasmussen Foundation.

REFERENCES

Bernard KA, Maffei JG, Jones SA, Kauffman EB, Ebel GD, Dupuis
AP, et al. (2001) West Nile virus infection in birds and mos-
quitoes, New York State, 2000. Emerging Infectious Diseases
7:679-685

Biggerstaff B, Petersen L (2002) Estimated risk of West Nile virus
transmission through blood transfusion during an epidemic in
Queens, New York City. Transfusion 42:1019-1026



CDC (2003) West Nile virus. Available: http://www.cdc.gov/nci-
dod/dvbid/westnile/index.htm [accessed December 8, 2003]

DBEDT-HI (2001) Annual Visitor Research Report 2000. Hawaii
Department of Business, Economic Development and Tourism.
Available: http://www.hawaii.gov/dbedt/00vrr/ [accessed Janu-
ary 15, 2004]

DOA (2003) Hawaii Administrative Rules. Title 4: Department of
Agriculture. Subtitle 3: Division of Animal Industry. Chapter 28:
Poultry and Birds. Available: http://www.hawaiiag.org/hdoa/
adminrules/AR-28.PDF [accessed January 15, 2004]

Dohm DJ, Sardelis MR, Turell MJ (2002) Experimental vertical
transmission of West Nile virus by Culex pipiens (Diptera:
Culicidae). Journal of medical Entomology 39

Gluzberg, Y (2004) Qualitative assessment of the major pathways
by which West Nile virus can potentially be introduced into
Hawaii. B.S. Thesis. Columbia University, New York, NY

Hardy DE (1960) Insects of Hawaii, Vol. 10. Diptera, Honolulu,
HI: University of Hawaii Press

HDA (2002) Hawaii Department of Agriculture: Animal Impor-
tation and Inspection FY 2001. Available: http://www.hawaii-
ag.org/hdoa/leg2002/annultables.pdf. [accessed December 15,
2003]

Hochachka WM, Dhondt AA, McGowan K], Kramer LD (2004)
Impact of West Nile virus on American crows in the north-
eastern United States, and its relevance to existing monitoring
programs. EcoHealth 1:60-68

Jacobi JD, Atkinson CT (1995) Hawaii’s endemic birds. In: Our
Living Resources: A Report to the Nation on the Distribution,
Abundance and Health of U.S. Plants, Animals, and Ecosystems,
LaRoe ET, Farris GS, Puckett CE, Doran PD, Mac M] (editors),
Washington DC: U.S Department of Interior, National Bio-
logical Service, pp 376-381

Komar N, Panella NA, Burns JE, Dusza SW, Mascarenhas TM,
Talbot TO (2001) Serologic evidence for West Nile virus in-
fection in birds in the New York City vicinity during an out-
break in 1999. Emerging Infectious Diseases 7:621-625

Komar N, Langevin S, Hinten S, Nemeth N, Edwards E, Hettler D,
et al.(2003) Experimental infection of north American birds

Risk of West Nile Virus to Hawaii 209

with the New York 1999 strain of West Nile virus. Emerging
Infectious Diseases 9:311-322

Kostyukov M, Alekseev A, Bulychev V, Gordeeva Z (1986) Ex-
perimental infection of Culex piyiens mosquitoes with West Nile
virus by feeding on infected Rana ridibunda frogs and its sub-
sequent transmission. Meditsinskaia Parazitologiia I Para-
zitarnye Bolezni (Moskra) 6:76-78

Langevin SA, Bunning M, Davis B, Komar N (2001) Experimental
infection of chickens as candidate sentinels for West Nile virus.
Emerging Infectious Diseases 7:726—729

MAF (2003) Sea Container Review. Government Report, New
Zealand Ministry of Agriculture and Forestry, Wellington, NZ

Oda T, Eshita Y, Uchida K, Mine M, Kurokawa K, Ogawa Y, et al.
(2002) Reproductive activity and survival of Culex pipiens pol-
lens and Culex, quinquefasciatus (Diptera: Culicidae) in Japan at
high temperature. Journal of Medical Entomology 39:185-190

Pape J (2004) The human and governmental costs of West Nile
virus. Protecting Hawaii and the Pacific from West Nile Virus
Conference, Honolulu, HI, January 7-8, 2004

Russell R, Rajapaksa N, Whelan P, Langsford W (1984) Mosquito
and other insect introductions to Australia aboard international
aircraft and the monitoring of disinfection procedures. In:
Commerce and the Spread of Pests and Disease Vectors, Laird M
(editor), New York: Praeger, pp 109-141

Sardelis MR, Turell MJ, Dohm DJ, O’Guinn ML (2001) vector
competence of selected North American Culex and Coquilletti-
dia mosquitoes for West Nile virus. Emerging Infectious Diseases
7:1018-1022

Sardelis M, Turell M, O’Guinn M, Andre R, Roberts D (2002)
Vector competence of three North American strains of Aedes
albopictus for West Nile virus. Journal of the American mosquito
Control Association 18:284-289

Takahashi S (1984) Survey on accidental introductions of insects
entering Japan via aircraft. In: Commerce and the Spread of Pests
and Disease Vectors, Laird M (editor), New York: Praeger, pp
65-79

Van Riper C III, Van Riper SG, Goff ML, Laird M (1986) The
epizootiology and ecological significance of malaria in Hawaiian
(USA) land birds. Ecological Monographs 56:327-344



