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ABSTRACT: Attraction of fledgling shearwaters, petrels, and storm-petrels to artificial light has
been documented for decades on islands around the world and is considered a significant threat
to many species. Although large numbers of downed birds have been observed after being disori-
ented by light, several important elements of this ‘fallout' phenomenon are unknown, including
the locations along the path from nest to ocean at which attraction and/or disorientation occurs
and whether fledglings can be attracted back to land after reaching the ocean in numbers large
enough to contribute significantly to fallout. To investigate these questions, we compared ob-
served Newell's shearwater Puffinus newelli fallout records (from 1998 to 2009) on Kauai, USA,
with expected numbers generated from several hypothetical models containing basic assumptions
related to fledgling movement and attraction to light. Based on our results, the spatial pattern of
observed fallout is consistent with the amount of light that fledglings may view along their first
flights to and beyond the coastline. This suggests that even fledglings from dark regions of the
island may not be safe because they may view light after reaching the ocean and still be suscepti-
ble to attraction. These findings support recent modeling efforts predicting that most birds fledging
from Kauai are likely exposed to at least some anthropogenic light. As nocturnal use of light by
humans is unlikely to be eliminated, research on the types of artificial light that are both useful to
humans and safe for seabirds may be crucial for the conservation of these important marine animals.
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INTRODUCTION

Artificial light is becoming a prevalent nocturnal
feature of our planet (Cinzano et al. 2001), and docu-
mented cases of its effects on the natural activities of
organisms are on the rise (Longcore & Rich 2004).
Fledglings of certain seabird species, particularly in
the families Procellariidae (shearwaters and petrels)
and Hydrobatidae (storm-petrels), are attracted to
artificial light on their maiden flights to the ocean
(Harrow 1965, Imber 1975, Reed et al. 1985, Telfer et
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al. 1987, Le Corre et al. 2002, Salamolard et al. 2007,
Rodriguez & Rodriguez 2009, Miles et al. 2010),
although the cause of this attraction remains
unknown. As these birds approach light sources,
they can become disoriented and fall to the ground
following physical exhaustion or collision with man-
made structures and vegetation, a phenomenon
known as ‘fallout.’” While many of these downed
birds are found alive and are released each year
through public rescue efforts, recent studies suggest
that light-induced mortality may still significantly
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decrease long-term population recruitment (Ainley
et al. 2001, Le Corre et al. 2002, Rodriguez & Rod-
riguez 2009, Fontaine et al. 2011, Griesemer &
Holmes 2011, Rodriguez et al. 2012b).

Perhaps the most well known example of fallout oc-
curs each autumn on the island of Kauai in the
Hawaiian Archipelago, USA (Reed et al. 1985, Telfer
et al. 1987, Ainley et al. 2001), during the fledging
season of Newell's shearwater Puffinus newelli, a
species listed as ‘threatened’ under the US Endan-
gered Species Act and 'Endangered’ on the IUCN
Red List (IUCN 2012). More than 30000 Newell's
shearwater fledglings have been found as victims of
fallout on Kauai during the past few decades (Griese-
mer & Holmes 2011), and thousands of other young
shearwaters, petrels, and storm-petrels from different
islands around the world are downed as a result of
light annually (e.g. Le Corre et al. 2002, Miles et al.
2010, Fontaine et al. 2011, Rodrigues et al. 2012, Ro-
driguez et al. 2012b). Despite this large number of
fallout observations, certain elements of this phenom-
enon remain unknown, including the locations along
the path from nest to the ocean from which fledglings
are consistently drawn off course and downed by arti-
ficial light (i.e. it is not known whether light viewable
from natal colonies and/or light viewed along flight
routes to the ocean is regularly involved in fallout).
Some seabirds (including procellariids and hydro-
batids) are attracted to gas flares and lights on off-
shore oil platforms (Wiese et al. 2001), and some (in-
cluding fledgling procellariids; State of Hawaii unpubl.
data) are attracted to light sources on ships at sea
(Dick & Donaldson 1978, Montevecchi 2006), demon-
strating that some birds are still attracted to light after
reaching the ocean. In addition, an extremely small
number of fledgling procellariids (compared to the
tens of thousands of birds that have been rescued
worldwide) have returned as repeat victims of fallout
a short time after having been rescued, banded, and
released at coastal sites (Podolsky et al. 1998,
Fontaine et al. 2011). This suggests that a few individ-
uals can indeed be drawn back to land from the
ocean, but it remains unknown whether many birds
can be attracted back to land after first reaching the
sea (without human intervention) such that they con-
tribute significantly to total island-wide fallout (as
suggested by Podolsky et al. 1998).

An improved understanding of how attraction to
artificial light results in the pattern of observed fall-
out exhibited by young seabirds is important for
future seabird conservation efforts worldwide be-
cause it would aid in further assessing the severity of
the threat that artificial light poses to these birds. The

information necessary to directly measure patterns of
fledgling movement in relation to the distribution of
artificial light could potentially be acquired by fitting
a large number of nestlings at breeding colonies with
radio or satellite transmitters and monitoring flight
paths leading to fallout locations. However, many sea-
bird species whose fledglings are negatively affected
by artificial light only breed in isolated and moun-
tainous terrain of oceanic islands; thus, the locations
of very few nests are usually known, often rendering
such a large-scale effort unrealistic. This is especially
true of Newell's shearwater, as the exact locations of
only ~40 active natural burrows are currently docu-
mented (Kauai Endangered Seabird Recovery Pro-
ject unpubl. data).

An indirect method, however, offers a more feasi-
ble and less invasive approach to estimate the pattern
of fledgling fallout caused by attraction to artificial
light. In this study, we compared observed numbers
of Newell's shearwater fallout victims within estab-
lished regions (known as ‘fallout sectors’) on Kauai to
fallout expected from a series of hypothetical models
containing basic assumptions concerning flight paths
and attraction to light. These comparisons included
models incorporating bird movement and the ability
of birds to view light once at sea, allowing us to test
where along presumed flight paths (from natal site to
the sea) that attraction can occur and, importantly,
whether these young birds could potentially be
attracted back to land after reaching the ocean in
numbers large enough to contribute significantly to
island-wide fallout. We discuss the likely causes
behind observed fallout on Kauai in the context of
our hypothetical models; this is followed by a discus-
sion of future research objectives to support the pro-
tection of these seabirds from the detrimental effects
of artificial light.

METHODS
Fallout records

Residents of Kauai are encouraged to deliver sea-
birds found as victims of fallout to one of a number of
aid stations on the island (Reed et al. 1985, Telfer et
al. 1987, Rauzon 1991), and the pick-up location for
many of these birds is recorded. We obtained a shape-
file of ‘fallout sectors’ (regions with defined bound-
aries, ranging in size from 1236.68 to 96 925.81 km?,
in which fledglings found as victims of fallout are tal-
lied each year) and Newell's shearwater fallout re-
cords on Kauai from 1998 to 2009 from the Save Our
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Shearwaters program (Hawaii Division of Forestry and
Wildlife). For a visual display of these fallout sectors,
see Fig. 6 in Troy et al. (2011).

Fallout records were summed by fallout sector such
that all observations of birds without information on
pick-up location or fallout sector were not included in
total sums (this initially resulted in 1372 fledglings
that were excluded from the analyses). Peak fledging
season is from October to November, but some fledg-
lings also depart in September and December (Telfer
et al. 1987); therefore, we included only birds found
from September to December because birds identi-
fied as fledglings during other times of the year are
expected to be misidentified adults. For the 2009
data, information on Newell's shearwater age (i.e.
hatch-year versus adult) was not available. Because
the vast majority (~98 %) of Newell's shearwater re-
coveries from 1998 to 2008 collected from September
through December were identified as fledglings (State
of Hawaii unpubl. data), all birds from 2009 were
considered fledglings for the purposes of this study.
In addition, a small number of fledglings (n = 39)
meeting the above requirements were not included
in this study because they were associated with fall-
out sectors 33, 34, and 35. Fallout sector 33 is divided
into 2 segments on opposite ends of the island (a vast
expanse of the western portion of Kauai, in which
there is no artificial light output, as well as a small
section of the southeastern coast) and was not avail-
able in the shapefile used in this study. Sector 34 con-
tains birds found at sea (i.e. on ships), and birds in
which the fallout sector is unknown are sometimes
placed into sector 35; therefore, sectors 34 and 35 do
not exist spatially on the island of Kauai. Thus, 3175
birds (i.e. fallout records) and 32 sectors were avail-
able for analysis.

Some variation was observed in the annual number
of fledglings found within fallout sectors. This varia-
tion was quantified by calculating a mean proportion
of island-wide total fallout over all study years for
each sector, subtracting this mean from the maxi-
mum proportion for that sector over this same time
period, and calculating an overall mean, minimum,
and maximum value for these differences over all
sectors. This resulted in a mean difference in maxi-
mum and mean proportion over all sectors of 0.045
(minimum = 0.004; maximum = 0.241). This large
maximum difference was found only within 1 sector
(fallout sector 2), and this particular sector was re-
moved from a second set of analyses in this study.
Thus, the overall pattern was generally consistent
from year to year, and only the total fallout from 1998
to 2009 was used in our modeling procedures.

Artificial light layers

A geographic information system (GIS) layer of
artificial light intensity for the earth, excluding light
originating from the sun, moon, and aurora, was
obtained for both 1998 and 2009 from the National
Geophysical Data Center (www.ngdc.noaa.gov/eog/
dmsp/downloadV4composites.html). Stable average
light layers were used for both years, meaning that
light from ephemeral sources (such as wildfires) was
identified and replaced with values of 0. Pixel values
for both layers ranged from 0 to 63 relative units. The
1998 and 2009 layers were developed from satellite
images with 913.47 x 913.47 m resolution and 911.25
x 911.25 m resolution, respectively. All contributing
light originated from artificial light sources on cloud-
free nights, including persistent sources such as gas
flares. Pixels of this satellite layer also contain some
artificial sky glow (i.e. illumination caused by the
refraction and scattering of light by water, dust, and
other molecules suspended in the air); this sky glow
is most apparent close to cities (Elvidge et al. 2007,
Kyba et al. 2011) and may somewhat inflate light
intensity pixel values in the vicinity of urban sites
and incorrectly depict dark areas very near urban
light sources with lighted pixels. These light intensi-
ties represent an average over an entire year; there-
fore, any reduction in light output during the fledg-
ing season of Newell's shearwater is not completely
accounted for, meaning that using this layer required
the assumption that yearly average light intensities
are a suitable approximation of light conditions dur-
ing the fledging period of the species.

Both the 1998 and 2009 light layers were clipped
by a shapefile of Kauai extended to 10 km past the
shoreline of the island. Mean light intensity from 1998
and 2009 was obtained for each fallout sector, as well
as the proportion of cover of light pixels within each
sector. Mean light values were only calculated using
fallout sector pixels representing light (i.e. pixels
with light intensity values of 1 to 63 relative units);
dark pixels (i.e. pixels with light intensity values of 0
relative units) were not included in the calculation.
Because summary statistics within polygons are only
performed on pixels whose centroids (i.e. pixel cen-
ters) fall within the polygon boundary, the pixel size
for each light layer was resampled to 10 x 10 m so
that calculations of mean values were more repre-
sentative of pixel cover within the irregular shapes of
the fallout sectors.

We tested the relationship between 1998 and 2009
artificial light using Pearson's correlation coefficient
to demonstrate that the relative intensity and physi-
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cal coverage of light (among fallout sectors) over time
did not change on Kauai. For these analyses, fallout
sector was the unit of observation and p-values were
calculated using randomization tests; see the ‘Analy-
ses' subsection for further discussion on randomiza-
tion tests. Mean light intensity in 1998 and 2009 was
highly correlated (r = 0.95, p <0.001), as was propor-
tional cover of light pixels (r = 0.89, p <0.001); there-
fore, 2009 light was used to weight estimates of
expected fallout within sectors calculated from our
hypothetical models. The slight differences in pixel
sizes between the original 1998 and 2009 layers
(mentioned above) were considered negligible for
these analyses. In addition, slight differences in light
intensity values in certain locations between 1998
and 2009, as well as minor differences in the propor-
tion of fallout sectors covered by light between these
years, were considered unimportant because of the
large scale of this study and the fact that mean light
intensity values were used as relative weights in cal-
culations of expected numbers of downed fledglings
within fallout sectors.

Suitability of light layer pixel size for
fallout research

In this study, the satellite layer pixels from 2009
were 911.25 x 911.25 m in size, and these pixels dis-
played light intensity as a yearlong average output.
Because each pixel represents an average value over
such a large area, pixel values likely reflect a combi-
nation of different light intensities (some of which
may be greater than the actual pixel value) and num-
bers of light sources. Despite whether pixel values
represent the actual light intensity being emitted by
lights or the numbers of lights within the pixel area
(or both), this satellite layer is suitable for research
investigating the threat that light may pose to fledg-
ling seabirds (e.g. Troy et al. 2011), as well as the
relationship between light and seabird fallout (e.g.
Rodrigues et al. 2012, Rodriguez et al. 2012b), on a
large scale. Even if one considers the extreme
assumption that all light sources on the island emit a
light intensity equal to 63 relative units (the highest
pixel value for the planet), meaning that differences
in pixel values were only due to the number of lights
within the pixel area, it is highly likely that pixel-
sized areas with more light sources can attract more
fledglings than areas with fewer lights. Such a large
pixel size, however, precludes use of this light layer
for investigating how light intensity emitted from
individual light sources affects fledgling fallout.

Model overview

Expected fallout numbers in this study were calcu-
lated for 8 hypothetical models. Concise model de-
scriptions are provided in Table 1, and expanded
descriptions of the models and their assumptions
are provided in Supplement 1 at www.int-res.com/
articles/n022p225_supp.pdf. For all models, fallout
sectors were the unit of observation, and an overall
weight was calculated for each fallout sector in order
to derive expected fallout numbers for each sector.
Calculation of weights for the light intensity, station-
ary, island movement, and ocean movement models
assumed a linear relationship between light intensity
and seabird fallout; calculation of weights for the sta-
tionary, island movement, and ocean movement
models were based on more complex factors than the
other models. These weights were converted to pro-
portions (of the island-wide total for all fallout sector
weights) that were then used to calculate the
expected number of fallout birds for each sector. To
generate expected numbers for each fallout sector,
the calculated proportion for each sector was multi-
plied by the total island-wide observed fallout (n =
3175 fledglings). Fallout sector 2 (located on the
northern shore of Kauai) contained a large number of
fledglings relative to the other fallout sectors (n =
1045; approximately one-third of the island-wide
total; Fig. 1), and the vast majority of these birds were
found in a single location. Because of the disparity
between observed fallout in sector 2 and the other
sectors, expected numbers from all models were
calculated a second time without input from fallout
sector 2 and based on a reduced observed fallout
number (n = 2130) available for expected number
calculation (i.e. neither the spatial analyses related to
fallout sector 2 nor fledglings found within this sector
were used in this second modeling scenario).

To quantify the effect of removing fallout sector 2
(and its fledglings) in the second modeling scenario,
we subtracted the proportions of the island-wide total
fallout expected for each fallout sector under the mod-
eling scenario with sector 2 from those calculated
without sector 2. A mean of this difference in propor-
tion was calculated over all sectors for each model,
and a grand mean was then calculated for these 8
model means (because there was no proportion for
sector 2 in the second modeling scenario, sector 2 was
not included in the calculation of mean difference in
proportion for models). Removing sector 2 from the
analyses only increased expected fallout within sec-
tors by an average proportion of 0.0009 (grand mean =
0.0009; minimum mean = 0.0004; maximum mean =
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Table 1. Descriptions of hypothetical models used to calculate expected Newell's shearwater Puffinus newelli fallout for
comparison with observed fallout within fallout sectors on Kauai, Hawaii, USA

Model Hypotheses/assumptions

Calculation of expected fallout for each sector

Sector area Fallout is greater in larger sectors

Light area Fallout is greater in sectors con-
taining a greater coverage of

lighted terrain
Light intensity Fallout is greater in sectors with
a greater mean intensity of
light, regardless of the

location of natal sites
Stationary Fledglings are only attracted

by light from their natal sites

Based on surface area of the sector

Based on surface area of the lighted portion of the sector (surface
area excludes pixels representing no light)

Based on the mean intensity of light for the sector (excluding
pixels representing no light)

Based on: (1) surface area of known shearwater activity sites
viewable from the lighted portion of the sector (a proxy for the

Island movement

Ocean movement
(to1, 5 and 10 km viewed from their natal sites out

beyond coastline) to 1 of 3 cutoff distances beyond

Fledglings are attracted to light

viewable along their flight
paths from their natal sites to
the coastline

Fledglings are attracted to light

the coastline (1, 5, and 10 km)

number of fledglings that can view light from their natal sites),
(2) distance from each activity site to the lighted portion of the
sector, and (3) mean intensity of light for the sector (excluding
pixels representing no light)

Extension of stationary model for watersheds containing known
shearwater activity sites to also include: (1) surface area of the
portion of watershed viewable from the lighted portion of the
sector (a proxy for the number of fledglings that can view light
along flight paths from natal sites to the coastline) and (2) dis-
tance from the viewable portion of the watershed to the lighted
portion of the sector

Extension of island movement model for ocean regions con-
nected to watersheds containing known shearwater activity
sites to also include: (1) surface area of the ocean region(s)
viewable from the lighted portion of the sector and (2) the dis-
tance from the viewable portion of the watershed and ocean

region(s) to the lighted portion of the sector

o «—fallout sector 2
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Fig. 1. Fledging Newell's shearwaters Puffinus newelli
found as victims of fallout plotted by mean artificial light in-
tensity from 2009 within fallout sectors (n = 32) on the island
of Kauai, Hawaii, USA. Fledglings were summed by fallout
sector from 1998 to 2009. Because artificial light attracts
and/or disorients fledglings, mean light calculations ex-
cluded dark areas. Fledglings were observed in all fallout
sectors, although <5 ind. were found in some sectors. Fallout
sector 2 is labeled to highlight the exceptionally large num-
ber of fledglings observed there during the study period

0.0011). This only converts to an approximate increase
of between 1 and 2 birds for all fallout sectors. There-
fore, because expected fallout increases by an almost
identical amount across all fallout sectors for all mod-
els, and because the increase is so small compared to
the island-wide fallout totals under both scenarios,
this increase is considered negligible. Thus, compar-
ing observed fallout with expected fallout calculated
under the second modeling scenario (i.e. without fall-
out sector 2) is a valid comparison.

Development of GIS layers for pixel summaries and
calculation of expected numbers from the hypotheti-
cal models are described in Supplement 2 at www.
int-res.com/articles/suppl/n022p225_supp.pdf, and
the treatment of viewable light in certain models,
model limitations, and analyses are described below.
All spatial analyses were conducted using ArcGIS
9.3.1 (ESRI).

Treatment of viewable light in particular models

Weights for the stationary, island movement, and
ocean movement models were based in part on lighted
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portions of fallout sectors that could be viewed from
locations on the island that the birds may encounter
(locations depending on particular model assump-
tions). To accomplish this, viewsheds, i.e. analyses
that highlight the landscape viewable from a feature,
would ideally be conducted from each location that a
fledgling could potentially visit (raised to a biologi-
cally relevant flight height). However, fledglings
could potentially visit millions of locations (10 x 10 m
pixels of a digital elevation model [DEM] of this
island). Thus, we used a surrogate measure that is
much less analytically intensive, yet very appropriate
for such a landscape-scale analysis. This measure
involved generating viewshed layers from the
perimeter of the lighted portion of each fallout sector
(i.e. from the perspective of the fallout sector) to
highlight the areas of the island that could be viewed
from the lighted portion of the fallout sector; see Sup-
plement 2 for details of viewshed layer development.

A limitation of this method is that at each pixel of
our DEM (used as an input layer for viewshed analy-
ses), fledglings were forced to view light from ground
level. Therefore, when birds are at the same eleva-
tion as light sources, raising the height of light
sources above the ground is equivalent to raising
birds the same height while keeping light sources on
the ground. However, this relationship is not always
identical when birds and/or light sources are on
sloped terrain with rugged topography. For example,
a bird flying (and viewing light from above ground
level) near a ridgeline that separates the bird and a
particular light source could potentially view that
light source. However, because the light source is
positioned above ground level and the bird is posi-
tioned at ground level, the viewshed analysis from
the perspective of the light source may not necessar-
ily indicate that a bird at this location could view that
light source. Despite this limitation, we consider this
measure a very suitable approximation of the area
from which birds could view light sources existing in
particular fallout sectors.

Model limitations

Because our stationary and movement models con-
tain only basic assumptions, we anticipated that sev-
eral factors unaccounted for in our models would
generate expected numbers for various fallout sec-
tors that differed somewhat from observed numbers.
First, although 2-dimensional Newell's shearwater
site area is likely to be more or less positively corre-
lated with the number of breeding adults, and thus

the number of fledglings (see Table 1 and Supple-
ment 1), some variation in the numbers of fledglings
produced at activity sites was expected. In addition,
our models did not account for the locations of multi-
ple unknown breeding sites. Nor did they account for
the possibility that fledglings could be attracted
toward a particular lighted region and subsequently
be drawn away from that trajectory toward a differ-
ent lighted region. In addition, the light layer used in
this study contains artificial sky glow (mentioned
previously), and this additional glow (which may
attract fledglings) was not separately accounted for
by our models. Finally, factors such as weather condi-
tions may influence the direction of fledgling move-
ment or contribute to sky glow (Kyba et al. 2011), but
were not factored into our calculations.

Analyses

Observed fallout numbers were compared to fall-
out numbers expected from each of our 8 hypotheti-
cal models using 2 measures of relationship. Pear-
son's correlation coefficient (Pearson's r) was used to
measure the linear relationship between the observed
and expected numbers. In addition, the mean fallout
sector ratio (MFSR) was calculated for each model to
further assess how well the pattern of fallout ex-
pected from our models matched the observed pat-
tern. To calculate MFSR for a particular model, a fall-
out sector ratio was first calculated for the observed
and expected fallout pairs for each fallout sector as
the minimum (i.e. the smaller of the observed and
expected fallout values for the fallout sector) divided
by the maximum (i.e. the larger of the observed and
expected fallout values for that fallout sector). This
ratio indicated the difference between the observed
and expected numbers for each fallout sector without
being affected by the direction of the difference (i.e.
observed and expected values of 50 and 100, respec-
tively, give the same fallout sector ratio as do values
of 100 and 50). A mean overall fallout sector ratio was
then calculated for the model. Because fallout sectors
are arbitrary sampling units, we devised a random-
ization test to assess the significance of r and MFSR.

We used a series of randomization tests, in which
there are no distributional assumptions (Manly 2007),
to calculate the probability that measures for these
observed and expected comparisons (Pearson’s r and
MESR) could have been produced solely by random
pairing of observed and expected fallout values. We
randomly assigned, without replacement, each ob-
served fallout value to one of the expected values
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and compared those fallout numbers using r and
MFSR as before. We repeated this process 1000 times
for each model. This yielded a sampling distribution
of 1000 values for each measure (r and MFSR).
Essentially, the randomization test created the distri-
butions of r and MFSR values that would be obtained
if observed fallout numbers were randomly distrib-
uted to any sector and then compared to the ex-
pected numbers for that sector. For each of our hypo-
thetical models, we compared the actual values of
Pearson's r and MFSR to the 2 respective sampling
distributions. For both measures, p-values were de-
termined as the proportion of the sampling distribu-
tion that was greater than or equal to the actual val-
ues. These tests were conducted for both modeling
scenarios (i.e. with and without fallout sector 2) using
Program R version 2.15.1 (R Development Core Team
2012).

RESULTS

Based on the 2 measures of relationship considered
in this study, several of our hypothetical models gen-
erated expected numbers consistent with the ob-
served pattern of Newell's shearwater fallout. Under

Table 2. Results of comparisons of expected fallout numbers from 8 hypotheti-
cal models to total Newell's shearwater Puffinus newelli fallout observed on
Kauai, Hawaii, from 1998 to 2009. Shown are Pearson's correlation coefficient
(r), the mean fallout sector ratio (MFSR) of expected and observed numbers
within each sector (see 'Methods' for explanation of MFSR), and p-values for
these measures of relationship determined using randomization tests. Com-
parisons are shown for 2 modeling scenarios (one with all fallout sectors in-
cluded and one without fallout sector 2). Models are arranged by decreasing

both modeling scenarios (i.e. with and without fallout
sector 2), expected numbers from both the sector
area and light area models exhibited very low, non-
significant correlations with the observed data, as
well as the lowest MFSRs (Table 2). When all fallout
sectors were included in analyses, only the ocean
movement models and the light intensity model ex-
hibited MFSRs that differed significantly from random;
these same models also exhibited positive correlation
coefficients with the observed fallout data, although
these coefficients were somewhat low and not signif-
icant (Table 2).

However, when fallout sector 2 was removed from
the analyses, stronger positive (and significant) cor-
relations between observed and expected numbers
were achieved for all models except for the sector
area and light area models, and all models yielded
improved MFSRs, although only the ocean move-
ment models and the light intensity model exhibited
MFSRs that differed significantly from random
(Table 2). The ocean movement and light intensity
models yielded the highest correlation coefficients
and MFSRs, with numbers from the light intensity
model exhibiting the strongest positive linear rela-
tionship with the observed data (Table 2). Although
expected numbers generated from the stationary and
island movement models were mod-
erately and significantly correlated
with observed fallout, when consider-
ing both measures of the relationship
simultaneously, the ocean movement
models and the light intensity model
generated expected numbers that
were more consistent with observed

values of r fallout.
Model r p (@ MFSR p (MFSR)
DISCUSSION

All fallout sectors
Ocean movement to 10 km 0.276 0.091 0.428 0.005 .
Ocean movement to 5 km 0.244 0.113  0.426 0.004 Fledgling movement and
Light intensity 0.241 0.096 0.432 0.011 viewable light
Ocean movement to 1 km 0.180 0.166 0.423 0.003
Island movement 0.098 0.299 0.341 0.249
Stationary 0.066 0280 0343 0.942 O\.ferall, our results suggest that t'he
Light area 0.011 0.475 0.313 0.886 spatlal pattern of observed seabird
Sector area -0.078 0.608 0.296 0.916 fallout is consistent with the amount
Without fallout sector 2 of light that fledglings may view
Light intensity 0.762 <0.001 0.451 0.002 along their first flights to and beyond
Ocean movement to 10 km 0.628 <0.001 0.440 0.008 the coastline. Moreover. it appears
Ocean movement to 5 km 0.597 0.002  0.442 0.011 : ' bp
Ocean movement to 1 km 0.542 0.005  0.440 0.003 that the observed pattern of fallout
Island movement 0.475 0.008 0.373 0.198 cannot be explained merely by fallout
Stationary 0.436 0.012 0.379 0.148 sector area or the physical area cov-
Light area -0.075 0.610 0.321 0.878 . ce1s
Sector area 0197 0.855 0.329 0.742 ered by light sources within sectors.

Good support was shown for the




232 Endang Species Res 22: 225-234, 2013

ocean movement models and the light intensity
model when fallout sector 2 was removed from the
analyses. As distance from the coastline increased for
the ocean movement models (allowing birds to view
light from increasingly more area), we found stronger
positive correlations between observed and expected
numbers (with values of r ranging from 0.542 to
0.628), progressively approaching the value obtained
for the light intensity model (r = 0.762). Although
there was some deviance from this pattern in values
of MFSR among the ocean movement models, the
light intensity model again exhibited the highest
value.

The findings of our study support and build upon
those of a recent study, in which light intensity was
positively correlated with the number of downed
fledgling shearwaters (Rodrigues et al. 2012). Ex-
pected numbers from the light intensity model were
based only on the mean intensity of light within fall-
out sectors; however, given known information re-
lated to mechanics of light attraction and the biology
of the species, this model carries assumptions of bird
movement that were not previously discussed. First,
fledglings likely follow river valleys and other topo-
graphical depressions from their high-elevation natal
sites to the ocean (Telfer et al. 1987, Podolsky et al.
1998) and, therefore, should generally continue to do
so prior to viewing light (which may draw them off
course from their initial trajectory). In addition, from
a stationary perspective (i.e. without considering bird
movement), it was recently shown that light could
not be viewed from approximately 30 % of the island
of Kauai (Troy et al. 2011), and these dark locations
mostly included regions in the interior and north-
western portion of the island where many known
Newell's shearwater activity sites are located. Given
this additional information concerning viewable light
on Kauai, the expected behavior of the species in the
absence of light, and the results of this study, it
appears likely that many birds could successfully
reach the coastline and ocean, where they are then
exposed to a range of light intensities emanating
from multiple fallout sectors (spanning a large por-
tion of the island) and are more likely to be attracted
to sectors with greater light intensities and/or greater
densities of light sources. Therefore, these results
provide support for the idea that fledglings could
indeed be attracted back to land after reaching the
ocean in numbers large enough to contribute signifi-
cantly to island-wide fallout. Consequently, these
findings are disconcerting because they suggest that
birds fledging from ‘dark’ breeding sites (i.e. those
from which no light can be viewed) could be drawn

off course by light along their journey to the sea, and
even those flying through ‘dark’ watersheds may still
not be safe once they reach the ocean.

Susceptibility to light attraction and
future research

Fallout caused by attraction to artificial light is
thought to be a contributing factor to the decline of
several procellariid and hydrobatid species (Ainley et
al. 2001, Le Corre et al. 2002, Rodriguez & Rodriguez
2009, Fontaine et al. 2011, Rodriguez et al. 2012b),
and our findings further underscore the severity of
the threat that anthropogenic light poses to these
birds. Annual public participation in the rescue of
fledglings downed by lights has resulted in thou-
sands of birds reaching the ocean that would other-
wise not have arrived there, and reduction in light
use through awareness campaigns has undoubtedly
prevented many instances of light-induced mortality
(e.g. Ainley et al. 2001, Le Corre et al. 2002, Rod-
riguez & Rodriguez 2009, Fontaine et al. 2011, Rod-
riguez et al. 2012b). Methods to reduce overall light
output, including attaching shields to bright light
sources (which prevents direct upward radiation;
Reed et al. 1985) and simply decreasing total light
output (King & Gould 1967, Miles et al. 2010), have
been shown to reduce total fledgling fallout in local
areas. However, in these instances, young Newell's
shearwaters were still attracted to areas in which
many of the brighter lights were shielded (Reed et al.
1985), and fledgling Manx shearwaters Puffinus
puffinus were still attracted when most lights were
turned off or shielded during a period of very dimin-
ished moonlight, suggesting that certain species are
still attracted to very weak lighting (Miles et al.
2010). Although rescue efforts for downed fledglings
appear to save many birds annually, it is estimated
that some birds still perish due to fallout because
they are never found (Ainley et al. 2001). Further-
more, it is unknown whether the experience of fall-
out leaves rescued fledglings unscathed enough to
survive their first few weeks of pelagic life (Ainley et
al. 2001, Le Corre et al. 2002, Rodriguez & Rodriguez
2009, Rodriguez et al. 2012a). Thus, while the contin-
uation of these rescue and light reduction efforts is
crucial, populations could still be declining due to the
effects of anthropogenic light despite these meas-
ures, albeit at a slower rate.

Rescue of downed seabirds accompanied by reduc-
tion in artificial light output, though clearly impor-
tant, may not be the ultimate solution to this problem
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because long-term recruitment of new breeders to
the population could still be hindered by light-
induced mortality. Therefore, additional research on
light types and intensities that may be associated
with decreased fallout may be necessary (Rodriguez
& Rodriguez 2009). For example, although some spe-
cies are apparently attracted to weak lighting (Miles
et al. 2010), a threshold of light intensity (below
which fledglings may disregard light and safely
reach the ocean) could potentially be required for
attraction to light to occur, although the possible exis-
tence of such a threshold has not been investigated.
Perhaps more importantly, manipulating the wave-
length of light (i.e. altering its color) could be a prom-
ising area of further research. Tropical shearwaters
(also known as Baillon's shearwaters Puffinus lher-
minieri bailloni) were less attracted to lights with
longer wavelengths (i.e. red and yellow) than to
green or blue lights (see Salamolard et al. 2007). King
& Gould (1967) also reported that no Newell's shear-
water fledglings were downed after bright white
ground lights were replaced by subdued colored
lights at a particular location on Kauai in the 1960s.
Furthermore, altering the wavelength of light signif-
icantly reduced the impact of light on the behavior of
other avian groups (i.e. fewer nocturnally migrating
passerines were affected by shorter wavelengths, i.e.
green and blue light, relative to white light or light
with longer wavelengths; Poot et al. 2008). Given the
results of our study and previous fallout research,
studies further investigating the effects of light wave-
length and/or intensity on fallout may be an impor-
tant next step in the conservation of these birds.

CONCLUSION

In Hawaii, watersheds of the northern and north-
western portions of Kauai hold the majority of known
Newell's shearwater breeding sites, and the northern
shore of Kauai receives the highest volume of flight
activity (Day & Cooper 1995), as further demon-
strated by the disproportionately high numbers of
fledglings recovered in fallout sector 2 relative to
other sectors and to our model predictions. Thus, our
results have important conservation value in the
Hawaiian Islands because focusing light mitigation
strategies on the northern shore of Kauai will likely
have the greatest benefit for the highest number of
fledglings. Although only 1 species was examined in
this study, the general similarity of the fallout phe-
nomenon in other locations and the close relatedness
of many species affected by fallout both suggest that

our findings are likely relevant to many of the shear-
waters, petrels, and storm-petrels that are attracted
to artificial light in other parts of the world. There-
fore, the results of this study are also important for
shearwater and petrel conservation worldwide
because they provide evidence for the locations of
fledgling attraction to light and further highlight the
severity of this phenomenon by demonstrating that
fledglings may indeed be attracted to land from the
ocean on an island-wide scale versus only a few iso-
lated occurrences of previously rescued individuals
being recaptured. It seems doubtful that nocturnal
light use will ever be fully eliminated on islands dur-
ing the fledging seasons of these long-lived seabirds,
and without additional research, a comprehensive
understanding of the relationship between the vari-
ous forms of visible light and seabird attraction may
elude us. Therefore, in addition to shielding light
sources, reducing total light use, and increasing pub-
lic involvement in assisting downed fledglings (all of
which are necessary at this time), studies investigat-
ing the intensities and types of light that are poten-
tially useful for human purposes and safe for fledg-
ling seabirds may be crucial. The more that is known
about the mechanics of seabird attraction to light, the
greater the likelihood that conservation biologists
can influence government officials and citizens to ini-
tiate measures that will further reduce or eliminate
the detrimental effects of anthropogenic light on
these charismatic animals.
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