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ABSTRACT.—We determined prevalence and altitudinal distribution of forest birds infected
with avian pox at 16 locations on Hawaii, from sea level to tree line in mesic and xeric hab-
itats, during 1977–1980. Isolates from lesions were cultured in the laboratory for positive
identification of Poxvirus avium. Infected birds from the wild were brought into the labora-
tory to assess differences in the course of infection in native versus introduced species. We
also documented distributions and activity cycles of potential avian pox vectors.

Native forest birds were (1) more susceptible to avian pox infection than were introduced
species, (2) most likely to be infected during the wet season, and (3) found to have a higher
prevalence in mesic when compared to xeric forests. Avian pox occurred in forest birds at
all elevations, but highest levels were in the mid-elevational ranges (;1,200 m) where vectors
and native birds had the greatest overlap. Temporal and elevational differences in prevalence
were apparent throughout the annual cycle. Avian pox probably did not reach epizootic pro-
portions on Hawaii until after introduction of the mosquito and domestic birds in the early
1800s, and since then has had a negative effect on the population dynamics of native forest
birds. Today, this introduced disease is an important factor that should be considered in
future conservation efforts that are directed at the recovery of native forest birds in Hawaii.
Received 8 June 2001, accepted 26 March 2002.

RESUMEN.—Determinamos la prevalencia y distribución altitudinal de aves de bosque in-
fectadas con viruela aviaria (Poxvirus avium) en 16 localidades de Hawai, desde el nivel del
mar hasta la lı́nea de bosque en hábitats húmedos y secos, entre 1977 y 1980. Muestras de
las lesiones fueron cultivadas en el laboratorio para confirmar la identificación de Poxvirus
avium. Las aves silvestres infectadas fueron llevadas al laboratorio para evaluar diferencias
en el curso de la infección entre especies nativas e introducidas. También documentamos las
distribuciones y los ciclos de actividad de los vectores potenciales de Poxvirus avium.

Las aves nativas del bosque (1) fueron más susceptibles a infecciones con viruela aviaria
que las aves introducidas, (2) presentaron mayor probabilidad de ser infectadas durante la
estación húmeda, y (3) tuvieron mayor prevalencia en bosques húmedos que en bosques se-
cos. La viruela aviaria fue registrada en aves de bosque a todas las elevaciones, pero los
niveles más altos se registraron a elevaciones medias (;1,200 m), donde los vectores y las
aves nativas presentaron una mayor superposición. Las diferencias temporales y de eleva-
ción en prevalencia fueron evidentes a lo largo del ciclo anual. La viruela aviaria probable-
mente no alcanzó proporciones epizoóticas en Hawai hasta después de la introducción del
mosquito y de aves domésticas a principios de 1800, y desde entonces ha tenido un efecto
negativo en la dinámica poblacional de las aves nativas de bosque. Hoy en dı́a, esta enfer-
medad introducida es un factor importante que deberı́a ser considerado en futuros esfuerzos
de conservación dirigidos a recuperar las aves nativas de bosque en Hawai.

INTRODUCED AVIAN DISEASES have been sug-
gested as one factor responsible for depletion of
native Hawaiian birds (e.g. Warner 1968,
Scott et al. 2001a, Ralph and van Riper 1985,
Pratt 1994). There has been considerable re-
search conducted on the effect that malarial
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parasites have on the native avifauna (van
Riper et al. 1986; Atkinson et al. 1995, 2000;
Yorinks and Atkinson 2000; Jarvi et al. 2001;
Shehata et al. 2001), but less attention has
been given to the study of avian pox (Poxvirus
avium).

Avian pox is a viral infection of birds caused
by one of the larger viruses of the poxvirus
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group (Wilner 1969). The virus particle is large,
oval, or brick-shaped, about 150 to 250 mm by
265 to 350 mm in size, covered with irregularly
spaced surface knobs. Coupar et al. (1990)
identify the genome of the avian pox virus as
composed of a single double-stranded, 300 Kb
DNA molecule. This DNA-containing, envel-
oped virus develops in the cytoplasm of infect-
ed avian epithelial cells (Tripathy and Reed
1997). Infected cells characteristically contain
large acidophilic intracytoplasmic inclusions
called ‘‘Bollinger bodies.’’

The geographic distribution of the avian pox-
es is worldwide (van Riper and Forrester 2003).
This widespread avian disease appears able to
infect all bird families, with some (e.g. Phasia-
nidae and Fringillidae) seeming more suscep-
tible. Avian pox occurs in two forms: (1) the
more common skin form, in which discrete,
warty, proliferative lesions develop on the skin;
and, (2) the more advanced diphtheritic form in
which moist, necrotic lesions develop on the
mucous membranes of the mouth and upper re-
spiratory tract. Lesions are most common on
the unfeathered parts of the body—the legs,
feet, eyelids, base of the beak, and the comb
and wattles of gallinaceous birds. The disease
in most birds is mild and rarely results in
death. However, when infections are on the
eyelids or mucous membranes of the oral or re-
spiratory cavities, mortality rates are higher.
Avian pox lesions heal following degeneration
and sloughing of the abnormally proliferated
epithelium.

The observation of visual lesions on wild
birds does not represent positive diagnosis of
an avian pox infection. At a minimum, histo-
pathologic examination with demonstration of
typical intracytoplasmic inclusions is suffi-
cient for a preliminary diagnosis of avian pox.
Whenever possible, isolation via the propa-
gation of virus on chorioallantoic membranes
of chicken embryos should be used as the de-
finitive diagnosis of choice (Hansen 1987).

Like many other diseases that are density de-
pendent, avian pox transmission is enhanced
with increasing vector and host densities. Prob-
ably the most common method of transmission
is by means of biting insects such as mosqui-
toes, midges, and flies (Forrester 1991). All bit-
ing insects have been shown to be mechanical
vectors only, transferring virus from infected to
susceptible birds by contamination of their

skin-piercing mouthparts. Transmission can
also occur directly by contact between infected
and susceptible birds or by contact with con-
taminated objects, such as bird-feeder perches
(e.g. Bleitz 1958). Aerosol transmission, al-
though rare, can occur from viruses being car-
ried along with dust, particularly in confined
situations (i.e. aviaries). Avian pox virus is un-
able to penetrate unbroken skin, but small
abrasions are sufficient to permit infection.

In Hawaii, numerous authors have men-
tioned pox-like lesions on native birds (e.g. Wil-
son and Evans 1890–1899, Rothschild 1893–
1900, Perkins 1903, Munro 1944, Warner 1968,
VanderWerf 2001), but few examples exist of
positive identification of P. avium in Hawaii.
The earliest identification of avian pox in native
Hawaiian birds is that of Henshaw (1902), who
submitted an Akepa (Loxops coccineus) to the
Bureau of Animal Industry in Washington D.C.
The diagnosis was that of ‘‘bird pox,’’ an intro-
duced disease that the Bureau had demonstrat-
ed during the previous summer in domestic
chickens from Honolulu. Locke et al. (1965)
identified avian pox from a Red-tailed Tropic-
bird (Phaethon rubricauda) on Midway Island. It
was not until the 1980s that the next positive
published identification of P. avium was made,
from a Hawaiian Crow (Corvus tropicus) on the
island of Hawaii (Jenkins et al. 1989). Tripathy
et al. (2000) have recently characterized pox-
viruses from forest birds in Hawaii. To our
knowledge, there have been no other published
accounts of positively identified P. avium from
wild birds on the Hawaiian Islands.

In this article, we document the temporal dis-
tributional patterns of avian pox in xeric and
mesic forests, along an elevation gradient from
sea level to tree line on the island of Hawaii.
Specifically, we examine the (1) prevalence of P.
avium infections in free-ranging avian species,
(2) susceptibility of select native and intro-
duced bird species, (3) temporal relationships
of avian pox infections and potential vectors,
and (4) epizootiology of avian pox on Mauna
Loa, Hawaii. We will also present evidence that
avian pox is presently a factor that negatively
affects distributional and behavioral patterns
of native forest bird populations.

STUDY AREAS AND METHODS

To fully document the epizootiology of avian pox
in Hawaii, we employed a combination of field and
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FIG. 1. Location of study areas on Mauna Loa Vol-
cano, Hawaii. Open circles denote sampling sites
along an elevational gradient in mesic forest, closed
circles are sampling sites over a xeric elevational
gradient.

laboratory methodologies. Birds and potential vec-
tors were sampled at 300 m intervals along an ele-
vational gradient from sea level to tree line to doc-
ument vector abundances and prevalence of avian
pox lesions. A subsample of lesions was collected
and cultured in the laboratory to prove conclusively
that we were documenting infections of P. avium.
Birds in early stages of avian pox infection were
brought into a controlled laboratory situation to doc-
ument disease progression in native and introduced
species. We then used data from each of those meth-
odologies to develop models, using logistic regres-
sion, to examine disease potentials in habitats where
native birds no longer occur.

Study areas. We collected birds and vectors from
16 sampling sites, established at 300 m elevation in-
tervals on the southern and eastern slopes of Mauna
Loa Volcano, Hawaii (Fig. 1). The southern transect
spanned principally xeric habitats, whereas the east-
ern crossed mesic forest. Detailed descriptions of
vegetation communities at our sampling sites on
Mauna Loa may be found in Mueller-Dombois et al.
(1981).

Field techniques. Wild birds were mist-netted
monthly at 1,200 m elevation over four years (1977–
1980) and every other month during 1978 and 1979
at 15 other sampling sites. At each sampling site, 10
mist nets of 6, 11, or 15 m long and of 5.6 mg m21 (50
denier), two-ply, 36 mm mesh, were erected inde-
pendently at ground level, but in close proximity to
flowering or fruiting trees. We report capture rates

as number of birds caught per 100 net-hours (a 12 3
2.5 m net open for 1 h equals 1 net-hour; see Ralph
et al. 1993). Each captured bird was examined for ac-
tive and inactive avian pox lesions, measured, band-
ed with unique combinations of color bands plus a
single metal federal band, and released. Active le-
sions were defined as areas on the feet, legs, or head
that had crusty scabs and were often swollen, where-
as areas where digits were missing or that had re-
cently healed marks were classified as inactive sites.
One avian pox lesion was classed as a ‘‘light’’ infec-
tion, two lesions as ‘‘moderate,’’ and three or more
lesions or one lesion on the head as a ‘‘heavy’’ infec-
tion. We collected moribund and dead birds at each
sampling site throughout the study, with all necrop-
sied and body-washed for ectoparasites following
the procedures outlined by van Riper and van Riper
(1980). From necropsied birds, 20 samples of what
appeared to be avian pox lesions were excised, im-
mediately frozen, and sent to the National Wildlife
Health Laboratory in Madison, Wisconsin, for
analyses.

Because mosquitoes are known avian-pox vectors,
we maintained artificial mosquito oviposition con-
tainers at each of our sampling sites. Containers were
maintained with a constant supply of water and
checked monthly for eggs, larvae, and pupae (see
also Goff and van Riper 1980). Counts of adult mos-
quitoes were taken by monthly trapping at each of
the 16 sampling sites using standard New Jersey
mosquito light traps, supplemented with data taken
from a series of 30 light traps run 24 h day21 by the
Hawaii Department of Health. All hippoboscid flies
and levels of louse and feather mite infestations were
recorded from each captured bird. Other potential
vectors (e.g. blow flies and house flies) were noted
when present at study sites. Nests that had recently
fledged young were placed in Berlaise funnels to col-
lect nest ectoparasites.

Laboratory techniques. Frozen lesions that had
been excised from wild-caught birds were used to
make avian pox isolates. Larger cutaneous lesions
were divided in half for direct histological exami-
nation and virus isolation. The portion of tissue used
for virus isolation was ground in a tissue grinder
with virus transport medium, and centrifuged at
1,500 revolutions per minute (650 g) for 10 min at 48C
to produce supernatant used for egg inoculation.
Four, 10 to 15 day old embryonated chicken eggs
were each inoculated via dropped chorioallantoic
membranes (CAM) with 0.1 mL of sample and in-
cubated at 378C as described by Senne (1989). Em-
bryos dying after two days were chilled at 48C and
CAMs examined for focal white opaque pock-like le-
sions or general thickening, when compared to nor-
mal chorioallantoic membranes. The CAMs with
characteristic avian-pox-like lesions were pooled for
each sample and ground for additional egg passages.
At the end of the incubation period, inoculated eggs
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TABLE 1. Avian Pox prevalences from 3, 122 individuals of the 11 most common bird species captured from
1977–1980 on Mauna Loa Volcano, Hawaii. Numbers in parentheses are comparisons of that number to the
total of the respective row. Native species are denoted by an asterisk.

Species

Total
number

captured
Without avian pox

n (% of species)

With avian pox

Active lesions
n (% of species)

Inactive lesions
n (% of species)

Elepaio* (Chasiempis sandwichensis)
Omao* (Myadestes obscurus)
Iiwi* (Vestiaria coccinea)
Hawaii Amakihi* (Hemignathus virens)
Apapane* (Himatione sanguinea)

77
74

107
626
601

62 (80.5%)
56 (75.7%)
89 (83.2%)

516 (82.4%)
391 (65.1%)

7 (9.1%)
15 (20.3%)
11 (10.3%)
66 (10.6%)
85 (14.1%)

8 (10.4%)
3 (4.0%)
7 (6.5%)

44 (7.0%)
125 (20.8%)

Spotted Munia (Lonchura punctulata)
Red-billed Leiothrix (Leiothrix lutea)
Northern Cardinal (Cardinalis cardinalis)
House Sparrow (Passer domesticus)
House Finch (Carpodacus mexicanus)
Japanese White-eye (Zosterops japonicus)

Total

137
46
51
81
79

1,243

3,122

137 (100.0%)
46 (100.0%)
50 (98.0%)
75 (92.6%)
62 (78.5%)

1,216 (97.8%)

2,700 (86.5%)

0 –
0 –
0 –
2 (2.5%)
5 (6.3%)

17 (1.4%)

208 (6.7%)

0 –
0 –
1 (2.0%)
4 (4.9%)

12 (15.2%)
10 (0.8%)

214 (6.8%)

that did not show signs of infection were chilled at
48C and the CAMs harvested, ground, and blind pas-
saged in additional eggs.

All samples, embryo mortality, and virus passage
material were monitored for bacterial contamination
by inoculation of a standard nutrient broth and thio-
glycollate medium that was incubated at 378C. Any
inoculum or harvested egg material showing bacte-
rial growth at 48 h of incubation were filtered
through a 0.45 mm filter and reinoculated into eggs.

Suspect avian pox lesions and pieces of egg pas-
sage from two infected CAMs were fixed in 10% buff-
ered formalin, paraffin imbedded, sectioned for slide
mounting, and stained with hematoxylin-eosin for
histological examination. Tissues were considered
positive for P. avium if intracytoplasmic type-A (Bol-
linger) inclusion bodies were found in the tissue
sections.

Captive bird experiments. Three Hawaii Amakihi,
three Apapane, and four House Finches, each cap-
tured at 1,220 m elevation with one small active le-
sion (,1 mm diameter), were brought into the lab-
oratory to document the course of avian pox
infection in native and introduced host species.
Equal numbers of control birds with no visible le-
sions were captured at the same locations and trans-
ported in separate cages. All birds were isolated in
sterilized individual 12 3 6 3 100 bamboo cages that
were covered in mosquito netting, and fed ad libitum
(sugar water with vitamin supplements, fruit, Ger-
ber’s high protein baby cereal with deca-visol vita-
mins, finch seed, and fruit fly larvae). Body mass of
all birds was measured every second day. Following
stabilization, here defined as maintenance of cap-
tured body mass, all birds were treated with Solumet
and Tramasol (Schering-Plough Corp., Kenilworth,
New Jersey) to reduce helminth endoparasites and
coccidians, respectively.

Statistical analyses. We examined several models
using logistic regression to identify factors associ-
ated with the distributional pattern of avian pox. Be-
cause we recorded many parameters in this study
(e.g. age, gender, weight, multiple bird species, time
of year, elevation, forest type, breeding condition,
physical measurements, breeding status, etc.) neces-
sitating multiple comparisons, we thus chose to
lump active and inactive avian pox infections in or-
der to provide more power in predicting large-scale
patterns. We used Akaike’s information criterion
(AIC) for model selection and likelihood-ratio tests
and Wald statistics for hypothesis testing (see Burn-
ham and Anderson 1992). Our use of ecological
terms, in a parasitological framework, follow the
suggestions of Bush et al. (1997). Statistical analyses
were computed with SPSS software (SPSS 1995).
Where data were not normally distributed, transfor-
mations were used prior to application of statistical
tests. Level of statistical significance was accepted
when P # 0.05.

RESULTS

Field results. From 1977–1980 during 15,000
net-hours, 3,122 birds of the 11 most common
species on Mauna Loa were captured and an-
alyzed for avian pox lesions (Table 1). There
was a difference between numbers and distri-
bution patterns of native and introduced birds
captured at different elevations (Fig. 2). In me-
sic habitat, more introduced birds occurred in
the lowlands, with their numbers generally de-
creasing with higher elevation (Fig. 2A),
whereas native species were generally absent
below 1,000 m, after which their numbers in-
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FIG. 2. Total birds captured per 100 net-hours,
from 1977–1980 at 16 study locations on Mauna Loa
Volcano, Hawaii. (A) Native and introduced birds
captured from sea level to tree line in mesic forest on
Mauna Loa; (B) depicts native and introduced birds
captured along an elevational gradient in xeric
forest.

TABLE 2. Bimonthly prevalences of avian pox from
3,122 birds of 11 species captured between 1977
and 1980 on Mauna Loa Volcano, Hawaii.

Month

Total number
examined
(% of total
captured)

With-
out

avian
pox

With avian
pox

(% with
lesions)

January–February
March–April
May–June
July–August
September–

October
November–

December

Total

488 (15.6%)
460 (14.7%)
548 (17.5%)
460 (14.7%)

675 (21.6%)

491 (15.7%)

3,122 (100%)

405
395
497
399

593

411

2,700

83 (19.6%)
65 (14.2%)
51 (12.1%)
61 (14.4%)

82 (19.4%)

80 (18.9%)

208 (100%)

FIG. 3. Prevalence of avian pox infections from
3,122 individuals of 11 bird species collected from
1977–1980 on Mauna Loa Volcano, Hawaii. Avian
pox prevalences of each species from mesic forests
are lighter shaded bars, whereas prevalences from
xeric forests are darker shaded bars. Native species
are denoted with an asterisk.

creased with elevation. Within xeric habitats
(Fig. 2B), introduced birds were more uniform-
ly distributed throughout all elevational ranges
whereas native birds ranged lower, when com-
pared to their distribution in mesic habitat.

Prevalence and intensity of avian pox infec-
tions. Among the 3,122 wild birds captured
during this study, 13.5% were found to have
avian pox lesions (Table 1). Native birds had a
significantly higher prevalence of avian pox
than did introduced species (xc

2 5 319, df 5 1,
P # 0.001). Within native bird populations,
Apapane (see Table 1 for scientific names) had
the highest prevalence (34.9%), followed by
Omao (24.4%), Elepaio (19.5%), Hawaii Ama-
kihi (17.5%), and then Iiwi (16.8%). Within the
introduced species, we failed to find lesions on
the Red-billed Leiothrix and Spotted Munia.
The Northern Cardinal and Japanese White-eye
had prevalences of 2%, the House Sparrow
7.4%, and the House Finch 21.5% (Table 1).

Prevalence of avian pox varied significantly
over the annual cycle (xc

2 5 77.3 df 5 5, P #
0.001; Table 2). The greatest percentage of in-
fected individuals occurred September–Febru-
ary, the lowest in May–June (Table 2). That pat-
tern resulted almost entirely from native bird
infections, because there was no annual pattern
for introduced birds.

Avian populations from mesic and xeric for-
ests of Mauna Loa had significantly different
levels of avian pox infections (xc

2 5 11.80, df 5
1, P # 0.001; Fig. 3). Mesic forest consistently
supported higher prevalence levels, which may
have been related to an increased transmission
potential within that habitat. Elevation also had
an extremely important influence upon popu-
lation infection rates on Mauna Loa (x2 5
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TABLE 3. Avian pox prevalences of 3,122 native and
introduced birds captured along an elevational
gradient from 1977–1980 on Mauna Loa Volcano,
Hawaii. Numbers in parentheses are prevalences
of introduced and native birds at that elevation.

Elevation

Introduced
birds

With-
out
le-

sions

With
lesions
(% with
lesions)

Native birds

With-
out
le-

sions

With lesions
(% with
lesions)

0–500 m*
500–1,000 m*

1,000–1,200 m*
1,200–1,350 m*
1,350–1,500 m*
1,500–1,650 m*
1,650–2,000 m

530
182
376
229
147

85
38

18 (3.4%)
2 (1.0%)

11 (2.9%)
3 (1.3%)

12 (8.2%)
2 (2.4%)
3 (7.9%)

17
92

284
90

277
214
139

4 (23.5%)
30 (32.6%)

159 (56.0%)
37 (41.1%)
88 (31.8%)
44 (20.6%)
9 (6.5%)

*P # 0.01.

FIG. 4. Location of avian pox infections from
3,122 birds of 11 species captured from 1977–1980 on
Mauna Loa Volcano, Hawaii. Numbers of avian pox
lesions on infected birds were recorded as being on
from 1–6 toes, on the leg, or on the head (particularly
around the eyes and mouth area). Numbers in pa-
rentheses at the top of each bar are total birds re-
corded with lesions in that location.

TABLE 4. Avian pox incidence from 3,122 birds, of the 11 most common species, from Mauna Loa Volcano,
Hawaii. Information was taken between 1977 and 1980, with infections categorized as 1 lesion being
‘‘Light’’, 2 lesions being ‘‘Moderate’’, and 31 lesions or 1 on the head as ‘‘Heavy’’. Native species are de-
noted by an asterisk.

Species None Light Moderate Heavy

Elepaio*
Omao*
Iiwi*
Hawaii Amakihi*
Apapane*

62
56
89

516
391

5
5

10
62
95

6
6
2

24
62

4
7
6

24
53

Spotted Munia
Red-billed Leiothrix
Northern Cardinal
House Sparrow
House Finch
Japanese White-eye

137
46
50
75
62

1,216

0
0
1
2

12
22

0
0
0
3
4
5

0
0
0
1
1
0

106.12, df 5 6, P # 0.001; Table 3), with greatest
prevalence at 1,000–1,200 m elevation.

We found no significant difference in infec-
tion rates between breeding and nonbreeding
birds (x2 5 0.137, df 5 1, P 5 0.711). However,
active infections of first-year birds (n 5 31)
were up to 33 greater in older birds, particu-
larly native species. A recaptured bird was not
more likely to have avian pox than was a first
capture (xc

2 5 2.56, df 5 1, P 5 0.11). Birds ac-
cidentally killed in mist nets (x2 5 1.55, df 5 1,
P 5 0.21, n 5 94) or killed by automobiles (n 5
31) were not more likely to have lesions than
were normally processed birds. Low, medium,
and high fat levels in a bird had no relationship
to P. avium infections (x2 5 4.34, df 5 3, P 5
0.23), nor did light, medium, or heavy molts (x2

5 1.75, df 5 3, P 5 0.63). However, birds that
were found moribund (n 5 10) had a signifi-
cantly higher prevalence of avian pox than did
birds captured in mist-nets (x2 5 15.58, df 5 1,
P # 0.001).

When classified as heavy, moderate, or light,
intensities of avian pox infections were signif-
icantly different among species (x2 5 464.7, df
5 30, P # 0.001). Most species had a prepon-
derance of light infections (n 5 214), whereas
112 birds had moderate and 96 had heavy in-
fections (Table 4). As was the case with preva-
lence, native birds were more greatly affected,
having 94 of the 96 heavy infections. The ma-
jority of lesions occurred on toes (Fig. 4). We
rarely encountered avian pox lesions on the
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FIG. 5. A monthly comparison of active versus in-
active (healed) avian pox lesions encountered on 422
birds captured from 1977–1980 on Mauna Loa Vol-
cano, Hawaii. Each month totals 100%, with dark
shaded histogram bars representing active and light
shaded bars inactive avian pox lesions. Sample sizes
of total captured birds for that month are given in
parentheses at the top of each bar.

FIG. 6. Maximum elevation of mosquito larvae
collected at 16 study sites from 1977–1979 on Mauna
Loa Volcano, Hawaii. Numbers in parentheses rep-
resent maximum elevation for each type of larvae.

head (n 5 13), and those were principally on
native birds (Hawaii Amakihi 5 7; Apapane 5
4). We never encountered the diphtheritic form
of avian pox (where moist, necrotic lesions de-
velop on the mucous membranes of the mouth
and upper respiratory tract) in the field, but
that form did develop in our experimental
birds.

Of the 422 individuals recorded with lesions,
208 (49.3%) were classified as having active le-
sions. The Omao, Hawaii Amakihi, and Iiwi
had higher prevalences of active lesions,
whereas the House Finch, Elepaio, and Apa-
pane had higher prevalences of inactive (i.e.
healed) lesions (Table 1). When comparing be-
tween prevalence of active versus inactive le-
sions, there was no significant difference be-
tween gender, wet versus dry habitat, or among
elevations. Although a greater percentage of
native than introduced birds were infected,
there was no significant difference between ac-
tive versus inactive lesions within each group.
There was a difference in active versus inactive
lesions among months (xc

2 5 77.33, df 5 5, P #
0.001), with more birds having active lesions
from July to December (Fig. 5).

Potential vector distributions. Two mosquito
species (Aedes albopictus and Culex quinquefas-
ciatus) that could potentially act as mechanical
transmission vectors for avian pox, were col-
lected regularly in our artificial oviposition
sites throughout this study (Fig. 6). Larvae and
pupae of C. quinquefasciatus were present from
sea level to 1,350 m elevation on Mauna Loa

throughout each month of the year, and during
July–August mosquitoes were found breeding
up to 1,650 m elevation, the highest reaches of
extant mesic forest. Aedes albopictus was record-
ed only up to 900 m elevation. In addition to
data from artificial oviposition sites, we docu-
mented ‘‘natural’’ oviposition sites as pools of
water on nonporous lava and felled trees, tree
holes, ground pools, tree fern stumps, pig wal-
lows, rain barrels, and cattle watering troughs.
Goff and van Riper (1980) documented breed-
ing of C. quinquefasciatus throughout the entire
year at elevations of 1,350 m in xeric habitat and
1,500 m in mesic habitat on Mauna Loa, where-
as adult mosquitoes showed increasing adult
populations from January until July–August,
after which numbers fell precipitously.

We found feather mites (Acaridia) and feath-
er lice (Mallophaga) on all species of birds and
at every site, but hippoboscid flies were rarely
encountered on native birds (van Riper and van
Riper 1985). Gamasida mites were collected in
very low numbers from the nests of the Hawaii
Amakihi and Apapane at 1,200 m elevation. Ac-
tinedida mites were found in body washes of
Iiwi and Hawaii Amakihi, from 1,650 to 1,200
m elevation, respectively (Goff 1980).

Laboratory P. avium isolations. Twenty of 22
wart-like lesions from the legs of Hawaiian for-
est birds were confirmed as P. avium infected by
histological examination of the original bird
tissue, infected CAMs, or both. Two samples
were considered negative after three blind
passages in eggs that did not produce char-
acteristic avian pox lesions on the CAM.
Therefore, .90% of the submitted samples
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FIG. 7. A model of predicted avian pox preva-
lences in native Apapane and Hawaii Amakihi. Data
are extrapolated from prevalences of 1,227 birds cap-
tured from 1977–1980 on Mauna Loa Volcano, Ha-
waii. Present-day populations of these birds are, in
the most part, presently confined above 1,000 m
elevation.

from the field, that were initially thought to be
caused by P. avium, were positively identified
as that pathogen.

Course of avian pox infections in the labora-
tory. All Apapane, House Finch, and Hawaii
Amakihi brought into the laboratory with early
stages of avian pox developed advanced symp-
toms of infection. None of the control birds be-
came infected with P. avium. There was a sig-
nificant decrease between capture and end
weights in Hawaii Amakihi (t-test 5 9.7, P #
0.01), whereas House Finches did not loose
weight over the experimental period (t-test 5
0.76, P 5 0.53). All House Finches survived.
Two of the three Apapane died of complica-
tions not associated with avian pox, 10 and 13
days after being brought into captivity, so
weight changes could not be tested. All three
of the experimental Hawaii Amakihi suc-
cumbed to P. avium infections.

Modeling results. In modeling avian pox
over an elevational gradient using likelihood-
ratio tests and Wald statistics, we found that the
addition of a species 3 elevation interaction
term was significant, when elevation was con-
sidered a continuous variable (likelihood-ratio
test, x2 5 9.86, df 5 4, P 5 0.04) and when con-
sidered a categorical variable (likelihood-ratio
test, x2 5 22.8, df 5 12, P 5 0.03). Akaike’s in-
formation criterion (AIC) indicated that the
model of species and continuous elevation
main effects and their interaction was the most
parsimonious (AIC 5 1175.4).

The pattern of avian pox prevalence over el-
evation differs substantially between the Apa-
pane and Hawaii Amakihi. Because of variable
capture rates and sites (particularly lower ele-
vations) where species were absent, we were
interested to know if this difference below
1,200 m elevation was significant. Therefore, we
examined an indicator variable ‘‘highlow’’ (de-
noting above and below 1,200 m) within the
model, along with elevation as a continuous
variable. A full model up to the three-way in-
teraction of species, elevation, and highlow was
a better model (AIC 5 1121.2; and analysis of
deviance) than the full interaction model of just
species and categorical elevation. Consequent-
ly, there appears to be evidence that the differ-
ent observed pattern between the two species
is not an artifact of absences and uneven sam-
ple sizes. The Apapane had a much higher
prevalence of lesions below 1,200 m than did

the Hawaii Amakihi, only slightly higher after
1,200 m, and decreased monontonically where-
as Hawaii Amakihi lesions peaked at 1,200 m
elevation (Fig. 7). That could mean that either
Apapane from higher elevations contribute to
greater prevalence below 1,200 m elevation, or
that Hawaii Amakihi populations at lower ele-
vations are more resistant to P. avium.

Because so many introduced species did not
exhibit avian pox infections, only the Japanese
White-eye and House Finch could be contrast-
ed for differences in prevalence along the forest
elevational gradient. Although the percentage
of individuals infected with avian pox differed
between the species, for three models with low
AIC statistics—species only (AIC 5 322.3), spe-
cies and elevation (AIC 5 322.4), and the spe-
cies by elevation interaction (AIC 5 323.1)—the
likelihood-ratio test and analysis of deviance
between the models were not significant (P .
0.1). Consequently, there was no evidence that
the prevalence of P. avium differed by elevation
in the introduced, as it did with native Hawai-
ian bird species.

DISCUSSION

HOW SUSCEPTIBLE TO AVIAN POX ARE NATIVE

LAND BIRDS COMPARED TO THEIR INTRODUCED

COUNTERPARTS?

Native Hawaiian birds are more likely to be
infected with avian pox than are their intro-
duced counterparts. For example, 34.9% of all
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native Apapane; 24.3% Omao; and almost 20%
of the Hawaii Amakihi, Elepaio, and Iiwi that
we captured had P. avium infections. In com-
parison, within the introduced birds we failed
to find any lesions on Red-billed Leiothrix and
Spotted Munia, and only 2% of the Japanese
White-eye and Northern Cardinal were infect-
ed. House Finches were the only introduced
species with a high prevalence (21.5%), and
that bird appears to also be highly susceptible
to avian pox on the North American continent
(Power and Human 1976). In continental re-
gions, the most commonly reported (modal)
avian pox prevalence of lesions on wild birds
varies between 0.5 and 1.3%. However, in some
populations from 25% (e.g. House Finch in Cal-
ifornia; McClure 1989) to 50% (Davidson et al.
1980) of the birds can support active lesions.

The ability to survive an avian pox infection
should be reflected in the number of birds
throughout the population with healed lesions.
Almost 60% of native Apapane had healed le-
sions, suggesting a somewhat enhanced im-
munogenetic capability to cope with this virus
strain. A number of our Apapane recaptures
that formerly were recorded active had healed
lesions at subsequent recaptures. One Apapane
also survived our laboratory experiment. This
pattern of resistance was also present in the in-
troduced House Finch: 70.6% of infected birds
had healed lesions and all four test-individuals
in our laboratory experiment survived.

On the other hand, we argue that a higher
level of active compared to healed lesions sug-
gests less resistance to avian pox. Even though
the Iiwi is presently restricted only to higher el-
evations (Scott et al. 1986), we still found 61.1%
of infected birds with active lesions versus
38.9% with healed lesions. A second native spe-
cies that exhibited high susceptibility to avian
pox was the Omao, with 83.3% of infected in-
dividuals with active versus only 16.7% with
healed lesions. Thus, our data suggest less re-
sistance to P. avium in these two native species.

WHAT ARE PRESENT-DAY DISTRIBUTIONAL AND

TEMPORAL DIFFERENCES IN PREVALENCE OF

AVIAN POX ALONG MOISTURE AND ELEVATION

GRADIENTS?

Temporal differences. Native birds had in-
creases of active avian pox lesions in their pop-
ulations during July–September (see Fig. 5), in-

dicating during that time of the year birds were
most likely to be exposed to new infections. Ec-
toparasites, present on birds at all elevations
and at similar levels throughout the annual cy-
cle, are probably not a major cause of differ-
ences of avian pox prevalence over elevation
and time. In that the breeding season of native
birds on Mauna Loa is October–March (Bald-
win 1953, Berger 1981), recently fledged birds
are not temporally associated with the July–
September increase in avian pox. It seems rath-
er that the abundance and activities of C. quin-
quefasciatus are most closely correlated with the
prevalence of avian pox during different peri-
ods of the annual cycle.

One reason for differences in temporal pat-
terns of avian pox on Mauna Loa is undoubt-
edly related to transmission potentials. During
warmer months of the year, Goff and van Riper
(1980) found that C. quinquefasciatus expanded
its breeding range to the uppermost reaches of
mesic forest (1,650 m). If in fact C. quinquefas-
ciatus is the principal vector of avian pox, trans-
missions are undoubtedly enhanced by this
mosquito being ornithophilic (Bohart and Was-
hino 1978) and having a daily activity cycle that
is asynchronous with that of native bird activ-
ity (van Riper et al. 1986). Thus, mosquito feed-
ing and avian pox transmission is enhanced
when birds are sedentary on night roosts.
There is also the possibility that the strong
trade winds in Hawaii may be responsible for
increasing the spread of mosquitoes up eleva-
tional gradients. Swezey and Williams (1932)
and Komatsu (1966) reported egg rafts above
1,800 m elevation on Hawaii. It thus appears
that mosquitoes can be aerially transported,
from higher density cells at lower elevations to
upper forest areas on Hawaii, and that certain-
ly accentuates temporal differences in avian
pox prevalence.

Moisture gradients. During the moister win-
ter months, C. quinquefasciatus breeds at higher
densities in forests (Goff and van Riper 1980),
and potential transmission by this mosquito is
undoubtedly enhanced, particularly in the con-
tinuous forest areas (e.g. Stainbeck highway
and Kulani forest). Concomitantly, the highest
monthly prevalences of avian pox that we
found in avian populations (see Table 2) oc-
curred from September to February, the wettest
months of the year in Hawaii.
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The mesic forests of Mauna Loa occupy a
much larger area, have a greater foliage-height
diversity, a higher insect biomass, and standing
crop of nectar-producing flora than does the xe-
ric forest (Mueller-Dombois et al. 1981). One
would expect a greater density of native birds
in mesic habitats. However, a comparison of
our capture rates during the same time periods
at mesic and xeric sampling sites of similar el-
evations resulted in a greater number of native
birds captured per unit effort in xeric habitat
(see Fig. 2). Scott et al. (1986) also documented
higher densities of native birds in xeric habitat
on Mauna Loa. The higher prevalence of avian
pox in mesic areas appears to be a factor con-
tributing to lower native bird numbers, when
compared to high-elevation xeric habitats on
Hawaii.

Introduced birds, except for the House Finch
(primarily a dry-forest species), were consis-
tently found in higher numbers in mesic forests
(see Fig. 2). For example, the Japanese White-
eye, which is ubiquitous throughout the islands
(van Riper 2000), was captured more often in
mesic sites (9:1 ratio). It appears that intro-
duced bird species are occupying those locali-
ties where native species occur in lower num-
bers, and the refractory ability of many
introduced species to the avian pox certainly
benefits them in those areas.

Elevational gradients. We found greatest
prevalences of avian pox in the mid-elevation
reaches, that zone of maximum native bird and
vector overlap (see Table 3, Fig. 8). However,
the present-day elevational distribution of this
disease on Mauna Loa is not static nor a direct
reflection of vector densities. Mosquitoes are
numerous at lower elevations, yet the preva-
lence of avian pox in bird populations from
lowland forests is quite low. It is not until the
mid-elevation ranges are reached that preva-
lence appreciably changes. These are also the
lowest elevations at which we captured native
birds in any numbers (see also data from Scott
et al. 1986). In that region of overlap, where
mosquitoes and susceptible native birds occur,
avian pox prevalence increases disproportion-
ately (Fig. 8).

A number of native birds rely upon nectar as
a food source and follow the elevational flow-
ering sequence of nectar-bearing trees (Perkins
1903, Munro 1944, Baldwin 1953). Lamoureaux
et al. (1981) and van Riper (1980) demonstrated

that Hawaiian nectar-producing trees bloom
along an elevational gradient, with greatest
flowering at lower elevations during the sum-
mer and fall, gradually progressing upslope,
with trees at highest elevation flowering later.
This means that to obtain maximum quantities
of nectar, native birds must move to lower el-
evations during the fall. It was during fall that
we found the greatest number of Iiwi with avi-
an pox (see Table 2), and that undoubtedly con-
tributed to the high prevalence in the latter part
of the September–December peak. The birds
are, therefore, drawn into the lower disease
zones during their fall journeys in search of
nectar, and are met at that time by an expand-
ing vector population. As a result, the altitu-
dinal band of mosquito–bird overlap is greatly
increased and the potential for avian pox trans-
mission is much higher during that time-peri-
od, than it otherwise would be. Thus, interact-
ing environmental factors and behavioral
activities presently influence temporal differ-
ences and maximize spread of avian pox to na-
tive birds in Hawaii.

WHAT ROLE DID SELECTIVE FORCES FROM

AVIAN POX PLAY IN THE OBSERVED DECLINE

AND PRESENT-DAY DISTRIBUTION OF ENDEMIC

HAWAIIAN AVIFAUNA?

Avian pox was undoubtedly introduced into
Hawaii during the 1800s with the importation
of domestic avian stock (Alicata 1964). If C.
quinquefasciatus acts as a vector of avian pox in
Hawaii, as it does in other locations, the poten-
tial for spread of this virus would have been
greatly enhanced with its introduction in 1827
to the islands (Hardy 1960). We argue that a
large enough reservoir in domestic avian stock
was present at the time of C. quinquefasciatus
introduction for avian pox to have spread to
native birds and contribute to the numerous
extinctions of the late 1800s. Birds that suc-
cumbed during that period (e.g. Moho spp.,
Chaetoptila angustipluma) were principally
species found in the mid- to low elevational
forests (Scott et al. 2001b, Berger 1981). With
the annual altitudinal migrations and flocking
behavior of many native species, coupled with
the presence of a suitable vector, avian pox
could have spread rapidly throughout the for-
ests. It was during that period that early col-
lectors noted pox-like lesions on many native
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FIG. 8. A comparison of avian pox prevalence
with relative mosquito and native bird abundances,
from sea level to tree line on Mauna Loa Volcano, Ha-
waii. Values for the solid black line were derived
from avian pox prevalences of 3,122 wild forest birds
captured from 1977–1980, along an elevation gradi-
ent on Mauna Loa Volcano, Hawaii. Gray line indi-
cates relative mosquito abundance, and broken line
denotes native bird abundance.

birds (Wilson and Evans 1890–1899, Roths-
child 1893–1900, Perkins 1903, Munro 1944).

The pattern of historical native Hawaiian
bird decline is bimodal (Ralph and van Riper
1985, van Riper and Scott 2001). The initial his-
torical reduction of native birds occurred in the
mid- and late 1800s and introduced avian pox
probably played a significant role. That sup-
ports the hypothesis of an earlier avian pox and
later malarial parasite (see van Riper et al.
1986) introduction to the archipelago.

It appears that the native Hawaiian avifauna
is still in a declining mode because of the effect
of introduced diseases. Baldwin (1941, 1953),
the first ornithologist to conduct systematic
censuses of Hawaiian avifauna, found Hawaii
Creeper (Oreomystis mana), Akepa, Iiwi, Apa-
pane, Hawaii Amakihi, and Elepaio from 600 to
900 m elevation in Hawaii Volcanoes National
Park. Conant (1981) revisited Baldwin’s study
areas and found that the Creeper, Akepa, and
Iiwi had disappeared. Furthermore, the native
bird species that presently remain between 600
and 900 m elevation have undergone sizeable
reductions in population numbers (Scott et al.
1986). That pattern of declining native bird
populations and local extinctions, focused at
middle elevation forests, appears to be consis-
tent with the hypothesis that avian diseases are

presently limiting native bird populations in
Hawaii.

Avian pox has had and continues to have a
negative effect upon the native Hawaiian avi-
fauna. The extinction of many native bird spe-
cies during the second and third decades of the
1800s, and subsequent range reductions of oth-
er species, is correlated temporally with the in-
troduction of domestic poultry and arrival of
avian pox. However, we should not ignore oth-
er factors that probably negatively influenced
the Hawaiian avifauna. We are only now ap-
preciating the effect that Polynesians had upon
the native birds prior to European settlement of
the Hawaiian Islands (Olson and James 1982a,
b). The introduction of Rattus exelans following
the Polynesian arrival no doubt was also a fac-
tor that contributed to a reduction of the native
avifauna (Atkinson 1977). Major habitat modi-
fications by humans and by exotic ungulates
certainly played a part in reducing bird popu-
lation levels, as have the introduced pig (Sus
scrofa), mongoose (Herpestes auropunctatus), and
feral cat (Felis catus) (Tomich 1969, van Riper
and van Riper 1982). However, we argue that
disease was a major culprit in the initial decline
of native birds, with avian pox playing a piv-
otal role in early historical declines. We are,
therefore, left with a complex picture for the
demise of so many native Hawaiian birds. Avi-
an pox appears to be only one factor that has
contributed to native avian population de-
clines, but because this introduced disease con-
tinues to influence present-day numbers and
distributional patterns, it should be recognized
as a factor in all future conservation planning
efforts in Hawaii.
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