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Light pollution causes attraction and/or disorientation of seabirds, leading to mortality
events due to multiple threats. This is a poorly understood phenomenon, largely
because of the challenge to track seabirds at night from their nests to the grounding
light-polluted locations. New tracking technologies can inform about this phenomenon.
Here, we used GPS transmitters with remote download to track the flights of Cory’s
shearwater Calonectris borealis fledglings from an inland experimental releasing site
to the ocean. We released birds assigned to three experimental groups: GPS tagged,
tape-labelled, and control birds. We assessed how both intrinsic (such as body mass,
body condition, body size, and down abundance) and extrinsic (i.e., flight descriptors,
such as distance, straightness, and flight duration, wind speed, or moon luminance)
factors influenced light-induced groundings by using two datasets: one including the
three groups and another including just the GPS tagged birds (as GPS devices provide
unique information). We tested whether the probability of being grounded by artificial
lights was related to intrinsic factors. With the use of the whole dataset, we found
that birds with a higher down abundance had a higher probability of being grounded.
GPS data revealed that the probability of being grounded was positively related to the
tortuosity of flights and the overflown light pollution levels. Also, birds with slower flights
were more likely to be grounded than birds with fast flights. Tortuosity increased with light
pollution levels but decreased with the ambient light of the moon. GPSs with remote data
download provided information on birds reaching the ocean, this being a substantial
improvement to previous studies requiring recapture of the individuals to retrieve the
data. GPS tracks of birds reaching the ocean allowed us to know that some birds
overflew coastal urban areas so light-polluted as the landing sites of grounded birds.
We provide novel scientific-based information to manage seabird mortality induced by
artificial lights.
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INTRODUCTION

Light pollution is an important threat to biodiversity
conservation because it can cause cascading effects on ecosystem
functioning (Longcore and Rich, 2004; Holker et al., 2010).
Despite the numerous studies and reviews of the field, the
underlying factors are far from being understood (Gaston et al.,
2014, 2021), especially for secretive species. From a conservation
point of view, mass mortality events of organisms are one of the
most severe ecological consequences of light pollution, involving
a wide range of taxa such as moths, sea turtles, passerine birds,
and seabirds (Rich and Longcore, 2006).

Seabirds are one of the most endangered groups of birds
(Croxall et al., 2012; Dias et al., 2019). Within seabirds, petrels
and shearwaters (Order Procellariiformes; hereafter petrels) are
mainly threatened by introduced predators in their nesting
grounds and commercial fisheries at sea (Rodriguez et al., 2019).
Petrels also suffer from mass mortality episodes caused by
artificial night lighting (Rodriguez et al., 2017). For a long time,
it has been known that petrel fledglings are attracted and/or
disorientated by artificial lights when they are leaving their nests
for the first time and fly towards the sea (Imber, 1975). More
than 56 burrow-nesting petrel species, some of them critically
endangered, are affected by lights (Rodriguez et al., 2017; Silva
etal., 2020). Every fledging season, on islands where humans and
petrels coexist, thousands of fledglings of different species are
grounded by light pollution. This phenomenon called “fallout”
exposes grounded birds to injuries or death by collision with
human structures or vehicles, as well as predation by introduced
or domestic animals (e.g., rats, cats, and dogs), but also plumage
soiling, inanition, or dehydration. To mitigate light-induced
mortality, rescue campaigns are conducted by local governments
and NGOs, releasing into the ocean a high proportion of the
admitted birds. Without human intervention (i.e., the rescue
actions) it is assumed that most grounded birds would die (Le
Corre et al.,, 2002; Rodriguez and Rodriguez, 2009; Fontaine
etal, 2011). Around 10% of birds collected in the campaigns die
before release back to the wild, although light-induced mortality
could be higher as laypeople do not usually report dead birds,
thus 40% is possibly a more accurate estimate (Podolskyi et al.,
1998; Ainley et al., 2001; Rodriguez et al., 2014). Why petrels
become disorientated by lights is far from being fully understood
(Atchoi et al., 2020). The majority of our knowledge about the
fallout comes from observational data from rescue campaigns
and mainly consists of the reporting of species identification,
individual numbers, dates, and locations (Rodriguez et al., 2017).

Analyses of rescue campaign data have uncovered the main
factors determining the number of grounded birds. Thus, more
fledglings are grounded during moonless, windy, and around
peak fledging period nights (Telfer et al., 1987; Rodriguez et al.,
2014; Syposz et al, 2018). Rescue campaign data have also
described the spatial distribution of the fallout, showing the most
dangerous areas. However, the highest numbers of grounded
birds have not been reached in the most light-polluted areas
according to satellite imagery (Troy et al., 2011, 2013; Rodrigues
et al,, 2012). It is probably because of the interaction with other
influential factors, such as distribution of the breeding colonies

and distance to artificial lights. Unfortunately, rescue campaigns
cannot identify the colony of origin of birds grounded by artificial
lights. Therefore, questions regarding the distance at which birds
are attracted to lights and light intensity thresholds leading to
fallout events, remains unanswered (Troy et al., 2011; Rodriguez
et al,, 2015b). In this sense, in Hawaii, it has been suggested that
fledglings could be attracted to lights from a long-distance and
a substantial number of birds are attracted back to land after
reaching the sea (Troy et al., 2013).

Current technological advances in remote tracking systems
can help to understand why petrels are attracted to lights. One
of our previous studies using GPS data-loggers to track the
flights of Cory’s shearwater fledglings from nest-burrows to
light-polluted areas on Tenerife revealed that: (a) 50% of the
birds were grounded within a 3 km radius from the nest-site;
and (b) flight distance was positively related to light pollution
levels (Rodriguez et al., 2015b). In this study, we conducted an
experiment to assess the percentage of birds grounded by light
pollution and to assess intrinsic and extrinsic factors related to
the probability of grounding. We assessed intrinsic factors, such
as body mass, body size, body condition, and down abundance,
and extrinsic factors, such as moon luminance, wind speed, and
overflown light pollution levels. We hypothesized that fledglings
in a poor body condition have a higher chance of grounding
due to lights and that light levels (from artificial light sources
or the moon) play an important role in the probability of
grounding. We expected that the higher moon illuminance and
the lower overflown light pollution levels would result in a
lower probability of groundings for shearwater fledglings. Given
that shearwater fledgling flights are favoured by wind gusts;
wind speed could help fledglings to keep on flight for longer.
Consequently, we hypothesized that windy conditions reduce the
probability of being grounded. This may seem contradictory to
previous observational studies, which reported higher number
of grounded birds during windy nights (e.g., Rodriguez et al,
2014; Syposz et al., 2018). However, the increase of groundings
could be a consequence of a higher number of fledglings flying
around and then being susceptible to artificial lights. To achieve
these aims, we employed miniaturised GPS-GSM data loggers
on Cory’s Shearwater fledglings from rescue campaigns. This
technology enables downloading positional data remotely, with
no need for recapturing the individuals. Further, we assessed
light pollution levels by using high-resolution nocturnal satellite
imagery. As precise knowledge of factors affecting fallout could
have important implications for conservation and management,
we discuss our findings in relation to previous studies.

MATERIALS AND METHODS
Study Area and Species

The study was conducted on the south face of Tenerife Island,
the largest and the highest of the Canary Islands (2,034 km?
and 3,718 m a.s.l.). The coastline (342 km) is predominantly
rocky with boulder shores, and cliffs up to 300 m high. The
climate is subtropical and oceanic. Oceanographic conditions
are influenced by northeast trade winds and marine upwelling
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that occur off the northwest African coast (Barton et al., 1998).
In 2019, the local human population was around 949,471
inhabitants. In addition, as the island’s economy is heavily
dependent on tourism, several millions of visitors are received
each year, and they mainly stay in touristic resorts in coastal areas
(Martin-Ruiz, 2001; ISTAC, 2020).

Cory’s shearwater (Calonectris borealis) is a medium-sized
pelagic seabird (body mass, 600-800 g; wingspan, 112-
126 cm), that breeds underground in Azores, Berlengas, Madeira,
Selvagems, and the Canary Islands. Its diet is composed of
pelagic fishes, cephalopods, and crustaceans, and it spends the
non-breeding period in the southern coasts of America and
Africa (Reyes-Gonzalez and Gonzalez-Solis, 2016). Shearwaters
are present for breeding in Canarian waters from February to
November. Single-egg clutches are laid in early June, and thus
only up to one individual may fledge per nest and year during late
October to early November (Martin and Lorenzo, 2001). Adults
visit the colonies only at night, and juvenile birds usually leave
the nest in the first 3 h after sunset (Rodriguez et al., 2015b).
Cory’s shearwater is the most abundant seabird species in the
Canary Islands (Martin and Lorenzo, 2001). On Tenerife, its
breeding population has been estimated at 8,200-16,600 pairs
(Rodriguez et al., 2015b).

Cory’s shearwater fledglings are attracted to artificial lights
during their initial flights from their colonies to the Ocean.
This attraction occurs in Azores, Madeira, and the Canary
Islands causing the death of thousands of individuals every
year (Rodriguez and Rodriguez, 2009; Fontaine et al., 2011;
Rodrigues et al., 2012), but also in Mediterranean colonies of
the related Scopoli’s shearwater (Calonectris diomedea; formerly
considered a single species) (Baccetti et al., 2005; Rodriguez
et al., 2015a). In Tenerife, there is an island-wide rescue
programme implemented by La Tahonilla Wildlife Rehabilitation
Centre (thereafter TWRC) and funded by the local Government
(Cabildo Insular de Tenerife). According to the TWRC database,
the number of fledglings recovered by this programme varied
annually according to the moon cycle, but overall it has increased
since its inception in 1990 (Rodriguez et al., 2012b). During the
last five fledging seasons (2016-2020), the annual average of birds
rescued on Tenerife by the programme after being grounded by
artificial lights was 2,124 £ 526.1 (mean =+ SD; range: 1,441-
2,610).

Experimental Design

Tracking shearwater fledglings from their nests to grounding
locations in Tenerife Island is a daunting task. First, Cory’s
shearwater nests underground, in deep and inaccessible burrows
(Rodriguez et al., 2022), located on high vertical cliffs or steep
terrain. Therefore, extracting the nestlings for handling and
marking is precluded for most nests. Second, being unable to
monitor nestling growth, we cannot predict fledging dates with
the accuracy needed. Batteries would get flat before birds fledge
as energy consumption is higher when the GPSs are underground
trying to connect with satellites. Third, sampling nestlings at their
natural nests renders a smaller sample size as many devices would
not work (see Rodriguez et al., 2015b for a complete discussion
on the technical challenges). Given the above shortcomings,
our sample size consisted of fledglings presumably affected by

light pollution and later found by volunteers during the rescue
campaign in 2017, 2018, and 2019. All birds were rescued
the night before our handling took place and admitted to the
programme conducted by TWRC. A visual inspection assessed
the healthy status of birds. Birds underweight (<420 g), lethargic
(with no perceptible reactions when handled), bleeding, with
injuries, or with other clear evidence of violent collisions (e.g.,
damaged plumage or broken limbs) were excluded. Therefore,
we only selected individuals among apparently healthy birds and
thus able to fly.

We released the birds in a natural cave (simulating a natural
burrow) situated 8 km inland and at 900 m a.s.l. on the south
face of the island. In this part of the island, which concentrates
the most largest and densest tourist urban areas of the island,
more than 50% of the total number of stranded fledglings
are reported annually (Rodriguez and Rodriguez, 2009). Before
release, each bird was measured (see below) and randomly
allocated to one of the three experimental treatments: GPS-
tagged, tape-labelled, and control (see procedure details below).
This procedure allowed us to quantify the percentage of birds
attracted to artificial lights for each experimental treatment. Local
authorities and environmental NGOs made a special effort on the
media to involve the general public to rescue as many stranded
birds as possible. The public was requested to collect and retain
the birds, especially those wearing markings, and then call and
inform TWRC. Rescued birds were examined by TWRC staft
before their subsequent release into the sea.

Morphological Measurements

All birds were banded with metal rings and handled as described
in Rodriguez et al. (2012a). For every fledgling, date, recovery
location, body mass, wing length (W), tarsus length (T), skull
length (S), and four bill morphometric measurements were
recorded. Bill measurements were culmen (C, from the base of
forehead feathers in centre of nasal tube to distant part of the
curve of the hooked bill), bill length at nostril (BL, from centre
of dorsomedial part of tube to distant part of the curve of the
hooked bill), bill depth (BD, from the base of forehead feathers
to ventral surface of lower mandible), and bill depth at nostril
(BDN, from the base of nasal tube at nostrils to ventral surface of
bill). The biometrics were taken by the same person (BR) using
a spring balance (nearest 5 g), a rule (precise to 1 mm), and an
electronic calliper (nearest 0.01 mm). The presence of down in
the head and belly was assessed in an ordinal scale (0 = absence,
1 = presence of down, and 2 = entirely covered by down), and the
sum of the two values (head and belly) was used as a down index
(DI), ranging from 0 (down absence) to 4 (head and belly entirely
covered by down).

Treatments

We randomly assigned birds to one of the three treatments:
GPS-tagged, tape-labelled, and control birds. Birds of the
first treatment (GPS-tagged) were tagged with customised
GPS-GSM  devices designed and provided by DigitAnimal’
(Méstoles, Spain). Each device was put in a heat-shrink tube for
waterproofing, and its final size was 28 x 55 x 18 mm. The device

'www.digitanimal.com
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weighed 23 g, which represented less than 4% of the body mass of
Cory’s shearwater fledglings (mean £ SD = 3.4% =+ 0.3; n = 87).
Devices were attached to the mid-dorsal feathers of birds with
TESA tape (Puitz et al., 1997). GPSs were programmed to record
a position every 30 s from approximately one hour after sunset
on the day of deployment. Data were remotely transmitted and
downloaded to an internal server in spreadsheet files. To the just
tape-labelled birds (second treatment), we attached a 4-5 cm long
stripe of TESA tape to the mid-dorsal feathers. Then, we wrote
a code number with a black permanent ink pen. This second
treatment was intended as a control given that birds without
marks on their back could be overlooked by rescue workers
and volunteers (see section “Discussion”). Control birds (third
treatment) were not GPS nor tape-labelled, but they were handled
as long as the other treatment birds, and they were also measured
and banded to allow identification.

Data Processing
The positional data recorded by the GPS devices were imported
in Qgis (version 3.14.16.; Open Source Geospatial Foundation
Project?). We built two databases: one of the complete tracks
(n = 43), ie., those containing all locations from the release
point to the ending sites, and another containing environmental
information of each GPS position of complete tracks (n = 1,985
locations). For each complete track, we calculated fifteen
descriptive variables (Table 1). For each point location, we
calculated land altitude and irradiance. We extracted the
irradiance values of nighttime lights from nocturnal satellite
imagery as a proxy of light pollution. Three cloud-free composite
of VIIRS nighttime lights corresponding to November 2017-2019
and produced by the Earth Observation Group, NOAA National
Geophysical Data Center® were used. A Digital Elevation Model
(DEM) with a cell size of 25 x 25 m and an accuracy of
1 m of horizontal and vertical resolution, respectively, was
obtained from the Digital Atlas of Tenerife Cabildo de Tenerife*
and used to calculate the elevation of every GPS location.
Sunset times in minutes were obtained from the NOAA Global
Monitoring Laboratory.” Moon luminance (continuous variable)
was measured as the percentage of luminance at full moon at
zenith at distance equal to the mean equatorial parallax (Austin
et al., 1976). We calculated moon luminance for each 10-min
period by using the moonlight Fortran software (Austin et al.,
1976). Wind direction and wind speed were taken at 10-min
periods from a meteorological station located at 10 km from the
releasing site (Las Galletas, Agrocabildo, Cabildo de Tenerife®).
To identify the areas where birds concentrated, we created
kernel density estimations for the GPS positions of all tracked
birds by using the heatmap algorithm (Interpolation) at
the processing toolbox of Qgis. We also created animations
of movement trajectories (Schwalb-Willmann et al., 2020;
Supplementary Animations 1).

Zhttp://qgis.osgeo.org
*https://eogdata.mines.edu/products/vnl/#monthly
“http://atlastenerife.es/portalweb
Shttps://www.esrl.noaa.gov/gmd/grad/solcalc

Swww.agrocabildo.org

TABLE 1 | Variables used to describe flights of GPS-tagged Cory’s Shearwater
(Calonectris borealis) fledglings in Tenerife, Canary Islands, during 2017-2019.

Variable Description

Ending site Three categories depending on where the
departure flight ended: (a) ground (if the bird was
stranded by light pollution), (b) coastal sea (if the
bird rested on the sea surface closer than 1 km
from the coastline), or (c) sea (if the bird rested on

the sea surface farther than 1 km offshore).

Sea Yes or no, if the bird overflew the sea surface and

come back to land prior to reaching its ending site.
Straight distance Minimum distance (km) from the release point to
the ending site.

Flight distance Distance (km) covered from the release point to the

ending site.

Duration Time (minutes) since the bird left the release point
until it reached the ending site.

Flight speed Mean speed (km/h) calculated by dividing covered
distance by duration.

Bearing Horizontal angle (degrees) between the direction

from the release point to the ending site with

respect to the true north.
Straightness Index calculated as the ratio between straight
distance and flight distance.

Moon luminance Percentage of moon luminance at the onset of the

flight.

Sunset time Time elapsed from sunset to flight initiation
(minutes).

Wind direction Wind direction at the time of the flight starting
(degrees).

Wind speed Wind speed at the time of the flight starting (m/s).
Mean irradiance from all GPS locations of each
flight.

Standard deviation of irradiance from all GPS

locations of each flight.

Mean light pollution

SD light pollution

Maximum value of irradiance overflew from all GPS
locations of each flight.

Maximum light pollution

Variables included in the univariate GLMs explaining the probability of being
grounded are in bold (see main text).

Data Analysis

To estimate bird size and bird body condition, we first ran
a principal component analysis (PCA) on the seven centred
and scaled morphometric variables (W, T, S, C, BL, BD, and
BDN; see above for details). The first principal component was
used as a body size index (BSI). The first principal component
retained 67.8% of the variation (Supplementary Table 1). The
seven morphometric variables showed positive factor loadings
(factor loadings: 0.28, 0.35, 0.43, 0.41, 0.41, 0.38, and 0.36 for W,
T, S, C, BL, BD, and BDN, respectively) and highly significant
correlations to the first principal component (Supplementary
Figure 1). Then, we run a linear model of body mass on
BSI (the first principal component). This regression showed
a R?> = 0.35 and it was statistically significant (F = 150.5,
df =1, 275, P < 0.001). Diagnostic plots indicated that model
assumptions were not violated (see Supplementary Figure 2).
Finally, we extracted the standardised residuals of this model
and used them as a body condition index (BCI), where positive
and negative values indicate that birds are heavier and lighter
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than the average in the population, respectively (Green, 2001;
Rodriguez et al., 2012a).

We ran three linear models to test for potential differences
in body mass, body size index (BSI), and body condition index
(BCI) of birds allocated to the three treatments. We also tested
for potential differences in body mass, BSI, and BCI among the
study years (2017, 2018, and 2019). No significant differences
were observed among treatments or years (see section “Results”).
Chi-square tests were used to test for differences in the frequency
of groundings among treatments and years.

We ran a generalised linear model (GLM) with binomial
error and logit link function to model the probability of being
grounded as a function of bird traits (body mass, BSI, BCI,
and DI) and experimental treatments (categorical variable: GPS-
tagged, tape-labelled, or control). As a response variable, we
included the fate of each bird as 1, if the bird was grounded
and reported in the rescue programme, or 0, if the bird
was not reported by the rescue programme. For the latter
case, we assumed the bird reached the ocean successfully. As
explanatory variables, we included body mass, BSI, BCI, and DI,
and the three-level factor treatment. To avoid multicollinearity,
we calculated variance inflation factors (VIFs) for explanatory
variables, and those with VIF values higher than 2 were excluded
(Zuur et al, 2010). Body mass, which was positively related
to BSI and BCI, reached the highest VIF value (>500), and,
consequently, it was excluded from the analyses. After that, all
VIF values were lower than 1.03.

We also assessed the probability of being grounded by using
the dataset of complete tracks. We used GLMs with binomial
errors, logit link functions, and the fate of birds (0 = non-reported
in rescue programmes; 1 = grounded) as a response variable.
Given our sample size (n = 43), we ran univariate GLMs to
avoid overparameterization. Explanatory variables in univariate
models were bird traits (i.e., body mass, BSI, BCI, and DI) and
the variables describing flight traits in Table 1 (excepting the
factor ending site, straight distance, and the two circular variables:
bearing and wind direction). To assess the variables involved
in the flight straightness, we ran univariate linear models, i.e.,
with an explanatory variable per model. As explanatory variables
in univariate models, we used bird traits (i.e., body mass, BSI,
BCI, and DI) plus the variables wind speed, time since sunset,
moon luminance, and mean, standard deviation, and maximum
of light pollution.

We ranked the models according to the AICc value to assess
the most explaining variables (the lower the AICc, the better
the model). Because variables were taken on different scales,
we standardised continuous explanatory variables (mean = 0;
SD = 1) prior to modelling. Statistical analyses were conducted in
R (version 4.0.0; R Foundation for Statistical Computing, Vienna,
Austria). We used the packages ggplot2, MASS, car, circular,
and MuMIn.

RESULTS

Recovery Rates and GPS Performance
We handled and released 277 fledglings, which were allocated
to the three treatments: 87 GPS-tagged, 92 tape-labelled, and

98 control birds (Table 2). Body mass, body size index (BSI),
and body condition index (BCI) did not differ among treatment
groups (Body mass: F = 1.248, df = 2, 274, p-value = 0.289; BSI:
F =1.460, df = 2,274, p-value = 0.234; BCI: F = 0.414, df = 2,274,
p-value = 0.662) nor among years (Body mass: F = 2.26, df = 2,
274, p-value: 0.106; BSI: F = 0.459, df = 2, 274, p-value = 0.632;
BCIL: F = 2.092, df = 2,274, p-value = 0.125).

Thirty-seven out of 277 fledglings were later recovered when
they got stranded inland after release (Table 2). The percentage
of grounded birds was slightly higher for GPS-tagged birds
(19.5%) than for tape-labelled and control birds (13% and 8.2%,
respectively), but differences were statistically non-significant
(Pearson’s Chi-squared test = 5.166, df = 2, p-value = 0.076)
(Table 2). However, we observed significant differences in
grounding rate among the years, with higher rates in later years as
follow: 2019 > 2018 > 2017 (Pearson’s Chi-squared test = 8.084,
df = 2, p-value = 0.018). A majority of birds (18; 49%) were
rescued within 24 h after release, while thirteen (35%), four
(11%), and two (5%) birds were rescued 24-48 h, 3 days, and
5 days after release, respectively. Body mass decreased for all the
rescue fledglings and this variation ranged from —103 to —5 g.
No obvious differences among treatments were observed in days
elapsed and body mass loss from release to rescue (Figure 1).

The probability of being grounded for control birds
decreased in relation to the two other treatments
(estimate £ SE = —1.114 £ 0.470, 95% CI = —2.085, —0.220).
No differences in the probability of being grounded by artificial
lights were detected between GPS-tagged and tape-labelled birds
(estimate £ SE = —0.640 + 0.427, 95% CI = —1.500, 0.187
using GPS-tagged birds as the reference value). The probability
of being grounded was positively related to the down index
(estimate &+ SE = 0.485 + 0.189, 95% CI = 0.123, 0.866), but
BSI and BCI were not significant (BSI 95% CI = —0.607, 0.134;
BCI 95% CI = —0.465, 0.285). The GLM including BSI, BCI,
DI, and treatment was significant in relation to the null model
(Deviance = 14.924, df = 5, p-value = 0.011; AICc = 215.2; null
model AICc = 219.8).

Flight Characteristics

Seventy-one of the 87 deployed GPS devices recorded positions,
but we got complete tracks, i.e., with GPS locations from the
release site to the grounding location or the ocean, from just
43 birds. Additionally, we got incomplete tracks from nine
birds (not included in the statistical analyses). Most incomplete
tracks lack the first few meters of the flight, probably due to
the difficulties the devices experienced to connect with satellites
from inside the releasing cave. Thus, loggers unable to connect
with satellites before flight initiation started to log data once the
birds were flying.

Bird flights covered distances of 18.7 £ 10.8 km and lasted for
47.3 4 45.3 min on average (mean =+ SD; Table 3). According
to the binomial GLMs, the explanatory variables that reached
significance to explain the probability of grounding (i.e., 95%
confidence intervals did not include the 0) were straightness,
those related to light pollution, and flight speed (Table 4). The
probability of being grounded decreased with the straightness
and the speed of the bird flight, but it increased with light
pollution levels (Table 4 and Figure 2). According to linear
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TABLE 2 | Number of Cory’s Shearwater (Calonectris borealis) fledglings experimentally released, and those recovered during rescue campaigns (R) in

Tenerife in 2017-2019.

Treatment 2017 2018 2019 Total
N R (%) N R (%) N R (%) N R (%)
GPS-tagged 24 2(8.3) 21 2(9.5) 42 13(31.0) 87 17 (19.5)
Tape-labelled 33 2(6.1) 24 6 (25.0) 35 4(11.4) 92 12 (13.0)
Control 32 1(6.3) 29 2(6.9) 37 5(13.5) 98 8(8.2)
Total 89 5 (5.6) 74 10 (13.5) 114 22 (19.3) 277 37 (13.4)
N = number of handled birds; R = number of rescued birds.
Days Body mass
y Treatment y
5 -
GPS-tagged
151 44
Tape-labelled
t= 104 . Control € 31
> >
O o
O O 24
5 -
il .:
o —
T T L§ T T T T T T T T T
1 2 3 4 5 -120 -100 -80 -60 -40 -20 0
Days elapsed from release to rescue Body mass variation (Q)
FIGURE 1 | Histograms of the days elapsed from release to rescue and body mass loss between experimental release date and rescue date.

models, flight straightness was related to environmental light
levels. Flights were more tortuous with high light pollution levels,
but straightness increased with moon luminance (Table 5 and
Figure 3).

TABLE 3 | Flight descriptors (mean + SD) of GPS-tagged Cory’s Shearwater
(Calonectris borealis) fledglings in Tenerife, Canary Islands, during 2017-2019.

Variable 2017 2018 2019 Total
(n=14) (n=6) (n=23) (n=43)

Ending site

Ground 1 0 10 1

Sea close 2 3 3 8

Sea far 11 3 10 24

Sea

Yes 2 1 8 11

No 12 5 15 32

Straight distance (km) 12.1 +1.4 118+ 1.1 10.7 £ 21 11.3+£19

Flight distance (km) 150+ 25 149+£382 220+139 187+10.8

Duration (min) 246 +35 31.5+£93 5854582 43.7+453

Flight speed (km/h) 369+59 297+64 2924103 31.8+92

Bearing (°) 187.2 £ 26.8 200.8 £27.0 211.0£27.9 201.8 +28.9

Straightness index 0.8+ 0.1 0.8+ 0.1 0.6+0.3 0.7+0.2

Moon luminance 20.6 £ 4.2 59+ 91 3.3+6.1 8.8+9.8

Sunset time (min) 78 +£ 65 259 + 274 93 + 65 110 £ 123

Hotspots

All birds left the release site towards low altitude areas following
a southern heading, irrespective of wind direction at flight
initiation (Figure 4). The directions birds followed corresponded
to the most light-polluted areas in the south of our study area
(Figure 5). The areas highlighted by the kernel density estimation
(heatmap) overlapped with light-polluted and urban areas in
coastal sectors (Figure 5 and Supplementary Animations 1).

DISCUSSION

Several methodologies, i.e., radar, night-vision scopes, and GPS
data-loggers, have been employed to study the attraction of
seabirds to artificial lights (Day and Cooper, 1995; Day et al.,
2015; Rodriguez et al., 2015b). Radar and night-vision scopes do
not allow identifying the individual, so that intrinsic information
is not provided. Formerly used GPS data-loggers involved
recapturing tagged individuals to retrieve the information. As
such, information was only available for grounded individuals
(Rodriguez et al., 2015b). Our GPS-GSM devices with remote
data download let us obtain information from all fledglings,
even those not grounded and reaching the sea. They provide
substantially more data. However, our approach used a non-
random sample of birds, i.e., they had been previously exposed
to light pollution and rescued in the programme. Uncertainty in
predicting the fledging date and battery lifespan preclude the use
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TABLE 4 | Univariate GLMs explaining the probability of being grounded ranked by AlCc.

Explanatory variable AlCc AAICc Estimate Lower limit Upper limit
Straightness 32.14 0 -1.55 —-275 -0.67
Mean light pollution 32.60 0.46 145 0.61 256
SD light pollution 33.60 1.46 1.54 0.62 281
Maximum light pollution 34.66 252 1.65 0.59 3.36
Flight speed 41.57 9.43 -0.82 -1.78 —-0.02
Body mass 41.83 9.69 —0.83 —1.81 0.01
Down index 42.00 9.86 0.83 —0.02 1.91
Body condition index 42.19 10.05 -0.79 -1.80 0.04
Sea 42.83 10.69 1.39 —0.25 3.06
Null model 43.42 11.28 - - -
Flight distance 43.54 11.4 0.49 -0.19 1.22
Moon luminance 43.97 11.83 —0.56 —1.61 0.27
Duration 44.38 12.24 0.38 —0.33 1.15
Body size index 45.36 13.22 —0.20 -1.05 0.58
Wind speed 45.49 13.35 0.13 —0.71 0.84
Sunset time 45.59 13.45 —0.07 —1.26 0.64

Estimate and 95% confidence intervals are showed.

Significant explanatory variables are highlighted in bold, i.e., confidence intervals not including the 0.

of birds fledging from their natural nests (see a full discussion
in Rodriguez et al., 2015b). In addition, the narrow and long
entrances of the underground nests, as well as the steep nesting
colonies in cliffs, make studying fledglings at their natural nests
a challenging, even life-risky, task (Supplementary Figure 3).
Despite this shortcoming, our experimental design has shed light
on the grounding risk of young seabirds in relation to their
exposure to light pollution, as well as their pathways to the
sea, two pieces of information critical for the management of
artificial lights around seabird colonies. We also identified the
most dangerous light-polluted areas in the south of Tenerife,
where more than 50% of birds rescued on the whole island are
grounded (Rodriguez and Rodriguez, 2009).

All tracked birds oriented their flights towards low altitude,
coastal areas, which is consistent with previous research
(Rodriguez et al, 2015b; Syposz et al., 2021). The rate of
grounding, including all birds, was similar to that reported in
a previous tracking study (this study 13.4 vs. 14% in Rodriguez
etal,, 2015b). Interestingly, according to the GLM, the probability
of being grounded differed among treatments. The significant
differences detected in the frequencies of grounding for control
birds and tape-labelled or GPS-tagged birds, but not between
tape-labelled or GPS-tagged birds, suggest that control birds are
overlooked during the rescue programme. Small metal rings are
harder to spot than artificial marks on the back of the birds
(whether labels or GPSs), particularly for shearwaters which hide
the legs under their belly when they are on land. In fact, we, the
authors, noticed two ringed birds, which had been overlooked by
the rescue volunteers, among the birds we handled at the main
rescue station (note we just checked and handled a minority
of rescued birds). Another non-exclusive potential explanation
is that the labels and GPSs could affect the flight performance
of birds by disturbing aerodynamic. This is supported by our
finding on the positive correlation between down abundance

and the probability of being grounded. Fluffy down protruding
from feathers may negatively affect the aerodynamics of the
birds (Aldheeb et al., 2016). Therefore, the flight performance
of younger or less developed fledglings may diminish. In this
sense, the probability of releasing a rescued fledgling back to
the wild decreases with the abundance of down, but not with
body condition (Rodriguez et al., 2012a; Cuesta-Garcia et al,
2022). Dedicated rehabilitation centres that are equipped with
facilities to provide food, liquid and shelter in a safe place, could
additionally consider allowing birds to stay up until they grow the
plumage completely to increase their chances of survival.

Regarding the differences in grounding rates among years,
they may be related to the ambiance light level (moon
illuminance) according to the moon cycle. It is well known
that seabird groundings are reduced during the moon-lit nights
probably related to the less conspicuousness of focal artificial
lights (Imber, 1975; Telfer et al., 1987; Ainley et al., 2001; Le
Corre et al., 2002; Rodriguez and Rodriguez, 2009; Miles et al.,
2010). The full moon of November 2017 coincided with the
emancipation peak of Cory’s shearwater fledglings on Tenerife
(Rodriguez and Rodriguez, 2009). Thus, the recaptured birds
were fewer in 2017 in comparison with the two following years
(see Table 2), which is in line with the number of rescued
birds during the whole campaigns during the three study years
(2017 = 1,692; 2018 = 2,610; 2019 = 2,539 birds).

Most birds were rescued during the first 24 h after grounding,
but some of them were rescued up to 5 days after their
experimental release. All birds lost body mass, as expected given
that no food or water was provided. Body mass at fledging is
a crucial trait for the future survival and recruitment into the
breeding population for seabirds (Becker and Bradley, 2007;
Meathrel and Carey, 2007; Maness and Anderson, 2013; Perrins,
2014), and this is also true for our model species (Mougin et al.,
2000). Thus, rescuing and delivering the birds to the sea as
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FIGURE 2 | Relation of the fate of birds (grounded birds vs. birds which reached the ocean successfully) with the significant explanatory variables (see Table 4).
Black lines and grey areas indicate the predicted effects and the 95% confidence intervals according to the GLMs (Table 4). Dots have been jittered for better
visualization. The line within boxes indicated the median, the right and the left edges of the boxes represent the first and third quartiles, and the whiskers extend 1.5
times the interquartile range. Straightness is the ratio between straight distance and flight distance.

the birds grounded by light pollution, but also for those birds who
reached the ocean successfully (Figure 2). Straightness and flight
speed are two flight traits related to grounding. Birds with more
tortuous and slower flights were more susceptible to grounding.
The observed correlation between the chance to be grounded

soon as possible increases survival during the first weeks, and
consequently, increases the probability of recruitment into the
breeding population (Cuesta-Garcia et al., 2022).

The flight trajectories provided by our GPS devices are
particularly useful as they provided basic descriptive statistics for
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TABLE 5 | Univariate linear models explaining flight straightness ranked by AlCc.

Explanatory variable AlCc AAICc Estimate Lower limit Upper limit
Mean light pollution —24.83 0 -0.18 -0.23 -0.13
Max light pollution -9.84 14.99 -0.14 -0.21 —0.08
SD light pollution -8.34 16.49 -0.14 -0.20 —0.07
Moon luminance 1.54 26.37 0.09 0.02 0.16
Body condition index 5.53 30.36 0.06 —0.02 0.13
Null model 5.53 30.36 - - -
Bodly size index 7.26 32.09 —0.03 —0.11 0.05
Body mass 7.31 32.14 0.03 —0.05 0.11
Time since sunset 7.36 32.19 0.03 —0.05 0.10
Down index 7.83 32.66 0.01 —0.07 0.08
Wind speed 7.84 32.67 0.00 —0.08 0.08

Estimate and 95% confidence intervals are shown.
Significant explanatory variables are highlighted in bold, i.e., confidence intervals not including the O.
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FIGURE 3 | Relationships between flight straightness (calculated as the ratio between straight distance and flight distance) and significantly correlated variables
according to the linear models (see Table 5). Black lines and grey areas indicate the predicted effects and the 95% confidence intervals of univariate linear models

(Table 5).

and the above-mentioned traits could be due to the necessity the = “emergency landing” (because they were, for example, blinded
birds had to land. In other words, landing birds might need to by the light, or dazzled, they went exhausted, they perceived the
slow down their flight speed to avoid abrupt collisions. Similarly, —urban matrix as an unsafe place, or whatever the reason made
because they were seemingly forced to do what we may call an  them land), they changed their flight directions multiple times.
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FIGURE 5 | GPS locations of Cory’s shearwater Calonectris borealis fledglings tracked in the south of Tenerife, Canary Islands, during the fledging seasons of
2017-2019. (A) Heat map of all GPS locations. (B) Digital elevation model. (C) Irradiance levels taken as a proxy of light pollution from a monthly composite of
November 2019 VIIRS. (D) Urban areas are depicted in grey. Yellow star indicates the release site.

Light pollution levels, measured as the mean, the standard
deviation, and the maximum irradiance from satellite imagery,
increased the probability of being grounded. These findings
are in line with our predictions and previous research
(Rodriguez et al., 2015b). However, some birds safely reached
the ocean having flown over more light-polluted areas than
those overflown by some grounded birds (Figure 2 and
Supplementary Animations 1). How these birds managed to

reach the ocean is still an open question that deserves further
research. It would be interesting to know, for instance, if there is
a positive selection of birds able to negotiate a lighted nightscape,
and whether we should expect less grounded birds in the
future. Although certain variables, such as the increasing light
pollution levels and the rescue awareness by the general public,
could mask a decline, the number of admitted birds into the
rescue programme increases annually (Rodriguez et al., 2012b).

Frontiers in Ecology and Evolution | www.frontiersin.org

10

January 2022 | Volume 9 | Article 786557


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Rodriguez et al.

Seabird Flights to Artificial Lights

Therefore, the information available does not seem to support the
latter hypothesis.

CONCLUSION

The attraction and disorientation of seabirds by artificial lights is
a poorly understood phenomenon causing mass mortality events
of seabirds (Rodriguez et al., 2017). Contrary to other marine
animals stranded by light pollution, e.g., sea turtles that leave
tracks on beach sand (Hirama et al., 2021), tracking the fledgling
flights from their nests to grounding locations is challenging.
Our experimental study has revealed that intrinsic factors, such
as down abundance in the plumage, are associated with the
probability of being grounded by artificial lights. Our GPS devices
with remote downloads have provided new insights into this
poorly known conservation issue, as they rendered information
on flight characteristics for both birds that successfully reached
the ocean and those that got stranded inland. However, given
that battery life was limited to a few hours, we had to resort
to deploying GPS tags and tracking individual birds that had
previously been grounded once after leaving their natal nests.
Longer-lasting GPS devices that may be deployed on birds that
have never experienced flight would be the next technological
development needed to provide novel information to better
understand the process of seabird fallout.
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