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ABSTRACT
Hawaii’s only 2 endemic seabirds, Newell’s Shearwater (Puffinus auricularis newelli) and Hawaiian Petrel (Pterodroma 
sandwichensis), are listed under the United States Endangered Species Act. Threats to both species include light attraction 
and fallout, collisions with power lines and other structures, predation by invasive animals, and habitat degradation. Both 
species were assumed to be extirpated from the island of Oahu despite limited survey effort. We used survey data from 
Kauai (both species) and Maui (Hawaiian Petrel only) to model suitable habitat and light conditions. We then projected 
this model onto Oahu to identify potential survey sites. From April to September of 2016–2017, we deployed automated 
acoustic recording units at 13 potentially suitable sites across Oahu. We detected Newell’s Shearwaters at 2 sites; one 
on the leeward slopes of Mount Kaala in the Waianae Mountains and another at Poamoho in the Koolau Mountains. We 
detected Hawaiian Petrels at one location on the windward slope of Mount Kaala. All 3 sites were in nearly intact native 
forest with steep slopes. The frequency of detections at these sites suggests that both species are regularly prospecting 
on Oahu and potentially could be breeding there. If they are breeding, these individuals could represent missing links in 
the population connectivity of both species among islands. Protecting any remnant breeding populations would be of 
high conservation value given their recent population declines.
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Evidencia de Puffinus auricularis newelli y Pterodroma sandwichensis en Oahu, Hawái

RESUMEN
Las dos únicas especies de aves marinas endémicas de Hawái, Puffinus auricularis newelli y Pterodroma sandwichensis, 
están incluidas en la Ley de Especies en Peligro de Estados Unidos. Las amenazas para ambas especies incluyen atracción 
a la luz y caída, colisiones con líneas eléctricas y otras estructuras, depredación por animales invasores y degradación 
de hábitat. Se asumía que ambas especies habían sido extirpadas de la isla de Oahu, a pesar de un esfuerzo limitado 
de muestreo. Usamos datos de monitoreo de Kauai (para ambas especies) y de Maui (solo para P. sandwichensis) para 
modelar el hábitat adecuado y las condiciones de luz. Luego, proyectamos este modelo sobre Oahu para identificar sitios 
potenciales de muestreo. De abril a septiembre de 2016–2017, emplazamos unidades de grabación acústica automática 
en 13 sitios potencialmente adecuados a lo largo de Oahu. Detectamos la presencia de Puffinus auricularis newelli en dos 
sitios; uno en las laderas de sotavento de Monte Kaala en las Montañas Waianae, y otro en Poamoho en las Montañas 
Koolau. Detectamos la presencia de Pterodroma sandwichensis en un sitio, en las laderas de barlovento de Monte Kaala. 
Los tres sitios estuvieron en bosques nativos casi intactos con laderas abruptas. La frecuencia de las detecciones en 
estos sitios sugiere que ambas especies están periódicamente presentes en Oahu y que podrían potencialmente criar 
allí. Si estuviesen reproduciéndose allí, estos individuos podrían representar estabones perdidos de la conectividad 
poblacional entre islas de ambas especies. La protección de cualquiera de las poblaciones reproductivas remanentes 
sería de alto valor de conservación dadas sus disminuciones poblacionales recientes.

Palabras clave: aves marinas de Hawái, hábitat adecuado, monitoreo acústico, Oahu, Pterodroma sandwichensis, 
Puffinus auricularis newelli

INTRODUCTION

Hawaii’s only 2 endemic seabirds, Newell’s Shearwater 
(Puffinus auricularis newelli) and Hawaiian Petrel (Ptero-

droma sandwichensis), are listed as threatened and endan-
gered, respectively, under the United States Endangered 
Species Act (ESA; USFWS 1983). Threats to both species 
include light attraction and fallout, collisions with power 
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lines and other structures, predation by invasive animals, 
and habitat degradation (Ainley et  al. 1997, Simons and 
Hodges 1998, Ainley et al. 2001). These pressures have re-
sulted in serious declines in both species over the last 20 yr, 
particularly for shearwaters (Raine et al. 2017). The most 
recent population estimates are 20,550 for Newell’s Shear-
waters and 11,900 for Hawaiian Petrels (Pyle and Pyle 
2017). On Kauai, ornithological radar surveys, combined 
with returns of downed birds to the Save Our Shearwaters 
program, show an apparent decline of 94% from 1993 
to 2013 for shearwaters and 78% for petrels (Raine et  al. 
2017). The population declines for shearwaters were cor-
roborated by changes in at-sea population estimates, with 
approximately 84,000 individuals estimated based on data 
collected between 1984 and 1993 (Spear et al. 1995).

Both species are loosely colonial and nest in burrows, 
crevices, or under vegetation in at least 2 habitat types: 
middle to high elevation (160–1,200 m), wet native mon-
tane forest on steep slopes dominated by ohia trees (Met-
rosideros polymorpha) with uluhe fern (Dicranopteris 
linearis) understory (Ainley et al. 1997). In addition, pet-
rels are known to breed in open, rocky subalpine habitat 
at high elevation (>2,000 m; Ainley et al. 1997). Historic-
ally, both species were found from sea level to the moun-
tain tops on all the main Hawaiian Islands, and they were 
among the most abundant seabirds in Hawaii (Olson and 
James 1982). Their current breeding ranges have been 
greatly constricted in area and habitat diversity compared 
to the historical breeding range because of habitat loss 
and predation by nonnative mammals. Virtually all extant 
breeding colonies are located in areas that are inaccess-
ible to mammalian predators, such as steep cliffs, or that 
have low predator density, such as open lava fields at high 
elevation. In addition, attraction of fledglings to artificial 
light sources and subsequent grounding in urban areas is 
a significant cause of juvenile mortality (Ainley et al. 1997, 
Troy et al. 2011). Over time, reduced recruitment result-
ing from fallout of juveniles could cause colonies to dwin-
dle in areas with greater exposure to artificial light.

More than 90% of the extant shearwater population is 
found on Kauai, with scattered colonies on Maui and Ha-
waii (Ainley et al. 1997). While the population size of petrels 
is thought to be smaller, they are more widely distributed in 
similar-sized colonies on Kauai, Maui, Lanai, and Hawaii, 
thus providing some level of protection against catastro-
phes and stochastic forces. For both species, identifying 
and protecting colonies on other islands is one of the most 
important actions to safeguard against natural disasters 
(Holmes et al. 2015). Both species were historically known 
from Oahu but were thought to have been extirpated from 
the island prior to European contact in 1778, although doz-
ens of grounded birds have been recovered from around the 
island (Pyle and Pyle 2017). No systematic, targeted surveys 
have been done for montane-nesting seabirds on Oahu, and 

thus information on their status and potential distribution 
on the island is lacking. If either Newell’s Shearwaters or 
Hawaiian Petrels are breeding on Oahu, those populations 
would a represent missing link in the population connectiv-
ity of these species among islands, and thus protecting any 
remnant populations would be of high conservation value 
(Welch et al. 2012).

The purposes of this study were to (1) review histor-
ical records of Newell’s Shearwater and Hawaiian Petrel 
sightings on Oahu to search for geographic patterns of 
occurrence, (2) use models of habitat suitability and light 
pollution to indicate areas most likely to support remnant 
breeding populations, and (3) conduct island-wide audi-
tory surveys across potentially suitable habitat.

METHODS

We used 3 methods to identify and survey locations on 
Oahu where Hawaiian Petrels and Newell’s Shearwaters 
were most likely to occur. First, we searched for histor-
ical records of petrels and shearwaters on Oahu by doing 
an extensive literature search, conducting interviews with 
local biologists, and by searching the database of bird re-
cords at the Bernice Pauahi Bishop Museum (BPBM; Pyle 
and Pyle 2017). Second, we conducted a habitat suitability 
and light modeling exercise to prioritize locations for sur-
veying. Finally, we deployed automated acoustic recording 
units (song meters) to survey for both species in locations 
identified by the model as most suitable.

Habitat Modeling
We developed habitat suitability models for Newell’s 
Shearwater and Hawaiian Petrel using presence-only data 
acquired from auditory surveys, nesting site location data, 
and expert opinion polygons. The data sets included 993 
locations for Newell’s Shearwater on Kauai and 2,545 lo-
cations for Hawaiian Petrel on Kauai and Maui. If survey 
points overlapped, only a single point per locality was used. 
Auditory surveys for both species were conducted by the 
Kauai Endangered Seabird Recovery Project (KESRP) from 
2006 to 2012. The nest site location data was collected dur-
ing surveys from the 1950s to 2008 by KESRP on Kauai 
and by the National Park Service at Haleakala National 
Park on Maui.

To develop the habitat suitability model for each species 
from these presence locations, we selected a subset of vari-
ables from a set of 24 abiotic environmental variables using 
a selection procedure that attempts to remove uninforma-
tive or correlated variables (Vorsino et  al. 2014, Vorsino 
2016). Five variables were selected that best described the 
distribution of both species (isothermality, precipitation 
seasonality, slope, topographic roughness index, and wind 
at 50 m elevation).
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Using the selected variables and presence locations, we 
developed the habitat suitability model for each species by 
combining 2 commonly used presence-only machine learn-
ing methods, MAXENT (Phillips et al. 2006) and Gradient 
Boosting Model (Friedman 2001). Each projection from 
MAXENT and the Gradient Boosting Model was then val-
idated using a subset of the species presence data to de-
fine the Area Under the Curve (AUC), KAPPA, and True 
Skill Statistic (TSS). An overall habitat assessment was de-
veloped from both methods that best described the rela-
tionship of shearwater and petrel locations to the various 
topographic and climatic variables used in the assessment. 
A weighted means ensemble of each validation metric de-
finitive of both modeling approaches was then used to infer 
habitat suitability, as projected onto Oahu.

Overlap of artificial light with otherwise suitable shear-
water and petrel habitat is an important habitat modifier 
that may limit the current breeding distribution of both 
species. As such, it is an essential variable to include when 
determining potential suitability of a site. As outlined in 
Vorsino (2016), we developed a threshold from which light 
was projected into unlit areas. This threshold was devel-
oped by extracting light intensity metrics for all seabird 
auditory detections from the 15 arc-second Visible Infra-
red Imaging Radiometer Suite (NOAA 2018). The thresh-
old from which light impact was projected was defined 
using the 3rd quartile of a boxplot developed from the 
extracted light intensity data. This threshold seemed to 
best exemplify seabird sightings, maximized high-inten-
sity light source areas, and minimized indirect sky glow 
(Chalkias et al. 2006). A viewshed was then developed from 
the periphery of this threshold across a 10 m digital eleva-

tion model after elevating them by 100 m (as conducted 
by Troy et al. 2011) to account for possible light detection 
during fledgling flight and projected onto a 0–100% visibil-
ity scale. The areas defined as lit (i.e. below the 3rd quartile 
of light intensity) were classified as 100% visible, and thus 
do not vary in intensity.

Song Meter Programming and Deployment Locations
Remote acoustic monitoring has been found to be an effect-
ive technique for detecting the presence of rare, nocturnal 
seabirds like Hawaiian Petrels and Newell’s Shearwaters 
(Buxton and Jones 2012). This method takes advantage of 
the social behavior and frequent vocalizations that occur at 
breeding colonies. To search for these cryptic species, we 
deployed automated acoustic recording devices (Wildlife 
Acoustics SM4 and SM2 song meters) at 16 locations on 
Oahu. Recorders at 3 locations failed to make recordings, 
resulting in 13 locations with data (Figure 1). We chose lo-
cations where Newell’s Shearwaters or Hawaiian Petrels 
had been previously recorded on the island, or where suit-
able habitat existed based on modeling outcomes. We de-
ployed song meters at 3 locations in 2016 and 15 locations 
in 2017 for a total of 13 unique survey points (2 of the lo-
cations surveyed in 2016 were repeated in 2017). Five sites 
were in the Koolau Range on the eastern side of Oahu and 
8 were in the Waianae Range on the western side of the is-
land. Of the 13 locations, we accessed 6 by helicopter and 
7 by hiking. We deployed song meters from April to June 
and retrieved them in September–November each year to 
correspond with the breeding season of both species. We 
visited every 1–3 mo during the deployment period to re-
trieve data and service the units.

FIGURE 1. Historical and current observations of (A) Hawaiian Petrels and (B) Newell’s Shearwaters overlaid with projected suitable 
habitat on Oahu.
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Each song meter was programmed to record data each 
day from sunset to 2 hr after sunset and for 1.5 hr start-
ing 2  hr before sunrise. These correspond to the peak 
calling periods when birds typically are either flying into 
their burrows after sunset or departing their burrows just 
before sunrise. For both species, more than 95% of vocal-
izations occur from sunset to 2  hr post sunset and from 
2 hr to 30 min before sunrise (Ainley et al. 1997, Simons 
and Hodges 1998). To increase the likelihood of detecting 
birds, the song meters also were programmed to record 
for 1 min of every 5-min block from sunset to 4 hr before 
sunrise to capture sporadic calls throughout the night. The 
total recording time was 5.2 hr per night per unit.

Data Analysis
Automated acoustic analysis of all field recordings was car-
ried out using classifications based on the Deep Neural 
Networks machine learning technique (Schmidhuber 
2015). This approach detects sounds on field recordings 
that have spectro-temporal properties similar to those 
measured from signals produced by target species and 
then splits field recordings into 2-second clips and extracts 
measurements of 10 spectro-temporal features typically 
found in animal sounds. A Deep Neural Network classifi-
cation model was then trained for each species using train-
ing and cross-validation datasets containing examples of 
positive sounds (vocalizations from Newell’s Shearwaters 
and Hawaiian Petrels) and a representative example of 
“negative” sound clips (i.e. sound clips from the sound-
scape at all survey sites that do not contain the species of 
interest). Each classification model returns a probability 
that a given 2-second window of field recordings contains 
a sound produced by the target species. All events flagged 
by the automated classification model were manually re-
viewed to confirm correctly identified Hawaiian Petrel or 
Newell’s Shearwater calls.

RESULTS

Historical Records
For Hawaiian Petrels, the records of historical observa-
tions on Oahu were sparse: since 1991 at least 10 grounded 
live birds were turned in to Sea Life Park for rehabilitation 
(Pyle and Pyle 2017). Four more petrels were found dead; 
two were close to Honolulu Harbor, one in Manoa Valley in 
Honolulu, and one at the Kawailoa Wind Farm (Figure 1).

For Newell’s Shearwaters, there were at least 45  
records of birds found throughout the island, with concen-
trations southwest of the Pali Highway Tunnel in upper 
Nuuanu Valley, where strong trade winds force them 
down, and on the northeast side of Pearl Harbor (Figure 1; 
Banko 1980). The cause of the relatively large number of 
 observations from Pearl Harbor is unknown. Newell’s 

Shearwater  observations from the Pali Highway included 
5 birds in 1967 (Sincock and Swedberg 1969), 3 birds from 
1971–1975 (Banko 1980, Conant 1980), and 2 in 2008 (Pyle 
and Pyle 2017). Shallenberger (1976) also reported seeing 
Newell’s Shearwaters flying at night over the Pali Highway 
in the early 1970s. In 2006, a resident in Kalihi Valley re-
corded calls of Newell’s Shearwaters passing over his house 
regularly (E. VanderWerf personal observation). Of the 36 
birds turned in to the Sea Life Park for rehabilitation from 
1990 to 2003, approximately one-third died, and the rest 
were banded and released alive (Pyle and Pyle 2017).

Habitat Suitability Analysis
Habitat modeling results indicated that more suitable 
habitat was present on Oahu for Newell’s Shearwaters 
than for Hawaiian Petrels and that suitable habitat is asso-
ciated with upper-elevation forest (Figure 1). As all mod-
els showed relatively equivalent results, only the KAPPA 
model is shown. All AUC, KAPPA, and TSS statistics were 
indicative of an informative projection (i.e. on average 
greater than 0.85 for AUC [values ranging from 0 to 1.0] 
and greater than 0.5 and 0.5 for Maxent and GBM [values 
range from −1.0 to 1.0]; Allouche et al. 2006). As the inter-
est was primarily in habitat suitability, and not necessarily 
in presence/absence categorization, the plots are projected 
without a thresholding metric. As characterized in Vorsino 
(2016), the threshold from which light was projected onto 
the islands was defined as 0.2234 nano-Watts/(sr*cm2). 
From this threshold, and using the Oahu based VIIRS and 
DEM maps, the light viewshed was projected and plotted 
with both species’ presence localities (Figure 2).

Auditory Detections of Newell’s Shearwaters and  
Hawaiian Petrels
We made 320.04 hr of recordings on 220 nights at 3 sites 
in 2016 and 4,730.68 hr of recordings on 829 nights at 10 
sites in 2017. Recording time varied at each site as a re-
sult of deployment dates (which were limited by helicop-
ter schedules and weather), and in some cases song meters 
malfunctioned during the deployment period, resulting in 
partial recordings.

We detected Newell’s Shearwater calls at 2 sites, one on 
the leeward slope of Mount Kaala at 1,100 m elevation in 
the Waianae Mountains, and another at Poamoho in the 
Koolau Mountains at 650 m elevation (Table 1). All calls 
detected at the Kaala Natural Area Reserve (NAR) site were 
in May and June, while calls at Poamoho were detected in 
September. Most calls were detected within a 3-hr period 
before sunrise, except one night when calls were detected 
99 min after sunset at Poamoho.

We detected Hawaiian Petrel calls at one site, Lower 
Kaala NAR, on multiple nights in May and July 2017  
(Table 1). Although the first calls were detected just before 
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the full moon on May 10, subsequent calls were detected 
during varying moon illuminations; all calls were detected 
within a 4-hr period after sunset. The site where Hawai-
ian Petrels were detected was at 1,100 m elevation on the 
windward slope of Mount Kaala, 1,500 m away from the 
site of Newell’s Shearwater detections. All 3 sites were in 
largely intact native forest with steep slopes.

DISCUSSION

Habitat modeling results indicated that more suitable habi-
tat was present on Oahu for Newell’s Shearwater than for 

Hawaiian Petrel, which corresponded to higher numbers 
of both historical and contemporary sightings of shear-
waters. It is unclear whether the difference in the amount 
of apparently suitable habitat is a function of available 
model parameters (i.e. only reflecting their extant range 
rather than full historical range), or true habitat availabil-
ity. Both species, but particularly petrels, once occurred 
in high densities in coastal lowlands of Oahu (Olson and 
James 1982). These locations were not represented in the 
model parameters, which relied solely on extant sightings 
from nesting locations on other islands. Historical sight-
ings of both species appeared to be correlated more with 

FIGURE 2. Historical and current observations of (A) Hawaiian Petrels and (B) Newell’s Shearwaters overlaid with percentage light 
visibility.

TABLE 1. Summary of Newell’s Shearwater and Hawaiian Petrel calls detected on Oahu in 2017. Minutes from sunrise contains the range 
of times over which calls were detected on each night. Moon illumination is the percent of the lunar face illuminated on each night.

Species Site Date Time Number of calls Minutes from sunrise Moon illumination

Shearwater Kaala NAR May 6, 2017 04:40 1 −78 0.83
Shearwater Kaala NAR May 8, 2017 04:43 to 04:49 4 −74 to −68 0.95
Shearwater Kaala NAR Jun 3, 2017 04:07 to 04:15 3 −102 to −94 0.71
Shearwater Kaala NAR Jun 5, 2017 04:40 & 04:44 2 −69 and −65 0.87
Shearwater Kaala NAR Jun 14, 2017 03:12 & 03:17 2 −157 and −152 0.79
Shearwater Poamohoa Sep 1, 2017 04:32 to 04:39 5 −103 to −96 0.79
Shearwater Poamoho Sep 15, 2017 20:13 1 −608 0.18
Shearwater Poamoho Sep 22, 2017 04:10 1 −131 0.06
Petrel Lower Kaala May 5, 2017 20:42 2 +103 0.81
Petrel Lower Kaala May 6, 2017 20:52 to 21:34 4 +112 to +154 0.88
Petrel Lower Kaala May 7, 2017 20:16 to 21:15 6 +76 to +135 0.94
Petrel Lower Kaala May 17, 2017 20:02 & 20:12 2 +58 to +68 0.58
Petrel Lower Kaala May 26, 2017 19:56 to 21:05 18 +48 to +117 0.03
Petrel Lower Kaala Jul 21, 2017 20:05 to 22:30 15 +50 to +195 0.02
Petrel Lower Kaala Jul 22, 2017 19:49 to 20:17 8 +34 to +62 0.00

a This site was not monitored before August 16, 2017, due to sensor failure
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high light intensity (100% of observations) than with suit-
able breeding habitat. Given the highly vagile nature of 
both species, it is likely that birds nesting anywhere on the 
island could be attracted to lights, or fallout, at any location 
on the island. Thus their presence, particularly in urban ar-
eas, does not necessarily serve as a good indicator of po-
tential breeding in that location.

We detected petrels at one site and shearwaters at two 
sites where they could potentially be breeding on Oahu. 
These detections in montane areas on Oahu were unex-
pected because both species were believed to have been 
extirpated as breeders from the island prior to the arrival of 
European explorers in 1778 (Olson and James 1982, Welch 
et  al. 2012). Individuals of both species that have been 
found on Oahu since then, often grounded in  low-elevation 
urban or suburban areas, are assumed to have been dis-
oriented vagrants from other islands. These detections do 
not provide evidence that either species is breeding on the 
island, which might be indicated by regular acoustic activ-
ity across the entire breeding season, but the repeated de-
tections at Mount Kaala over several months in 2 yr dem-
onstrate that site is visited regularly by these species. The 
birds we detected could be the last survivors of remnant 
breeding populations on Oahu, or they could be young 
birds from other islands that are prospecting for mates and 
breeding sites.

Although it was surprising that we detected these spe-
cies at all, the locations where we detected them were not 
unexpected given the distribution of historical observa-
tions of downed birds moving between breeding sites 
and at-sea foraging areas and suitable nesting habitat 
indicated by modeling. The areas on all sides of Mount 
Kaala and Poamoho are protected as Hawaii State natural 
area reserves or forest reserves, and they contain some 
of the least disturbed native forest habitat on the island. 
Although predators including feral cats, mongooses, and 
rats are undoubtedly present in these areas, the steep, 
nearly vertical, slopes present in portions of these are-
as could provide nest sites that are relatively safe from 
these predators. Both areas also are among the darkest 
on Oahu, with little visible light pollution that can at-
tract and confuse birds as they commute to and from the 
mountains. The small number of Newell’s Shearwater 
calls at the Poamoho site on the other side of Oahu is 
also intriguing. Several biologists have reported Newell’s 
Shearwater calls in Kualoa Valley and on the ridges in that 
area over the last 20 yr (D. Duffy personal communica-
tion), possibly representing birds transiting to a remnant 
colony at Poamoho.

Calls of petrels at the Lower Kaala NAR site were de-
tected despite the presence of a constant low-frequen-
cy, man-made sound with a frequency (478–550 Hz) 
that almost completely masked the first, tonal portion of 

 Hawaiian Petrel calls. We believe the sound was made by a 
satellite communication facility located about 200 m from 
the survey site. Petrels and other procellariform seabirds 
can be attracted to a variety of sounds, including record-
ings of their calls and even human voices (Tennyson and 
Taylor 1990, Podolsky and Kress 1992, Lawrence et  al. 
2008). It is possible that the noise from the radar station, 
which is similar to a portion of their call, is attracting Ha-
waiian Petrels to the site.

For Newell’s Shearwaters, the larger number of grounded 
birds that have been found island-wide since the 1950s, es-
pecially in the proximity of the Pali Highway tunnel, has 
caused speculation that a breeding colony may persist in 
the Koolau Mountains near Honolulu (Pyle and Pyle 2017). 
A  second concentration of historical sightings existed at 
Pearl Harbor, a highly urban, well-lit area around a mili-
tary installation. However, when the locations of downed 
birds was overlaid with light sources and suitable habitat, 
the association with light appears to be stronger than with 
habitat (Figure 2). The song meter deployed in this region 
in 2016 (which was also near the location where Newell’s 
Shearwater calling was heard in 2006) did not detect any 
Newell’s Shearwaters or Hawaiian Petrels. It is not out of 
the question that birds may exist in high-quality habitat in 
this region, as evidenced by the Poamoho detection farther 
north, but the presence of so many lights and predators 
makes their persistence in the mountains above Honolulu 
unlikely.
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