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ABSTRACT

Behavioural Responses of Nocturnally Stranded Seabirds Toward Acrtificial Light, and

Implications for Rescue Programs

Taylor M. Brown

Globally, fledglings of more than 50 seabird species are vulnerable to stranding in human
settlements near their colonies as they leave their nests for the first time. This
phenomenon has been attributed to attraction toward and disorientation by artificial light
at night (ALAN). Grassroots rescue programs find more birds in illuminated locations
than in dark ones, but it is unclear to what extent this pattern is driven by seabird versus
rescuer behaviour. I studied behavioural responses to ALAN in stranding-prone Atlantic
puffin (Fratercula arctica) and Leach’s storm-petrel (Hydrobates leucorhous) fledglings
and investigated detection probabilities of 3D-printed puffin fledgling decoys by rescuers.
I hypothesized that seabird strandings are due to attraction toward ALAN; that post-
stranding behaviour varies with taxon and lighting conditions; and that post-stranding
behaviour (e.g., concealment) and lighting conditions drive variance in detection
probability of stranded seabirds by rescuers. To address my first hypothesis, I alternately
illuminated two beaches near a Newfoundland puffin colony and found significantly
more puffin fledglings stranded when the beaches were illuminated than when they were
dark, supporting the light attraction hypothesis. Stranded puffins similarly moved toward

light over darkness in a Y-maze choice experiment and were less active under LED light



than in darkness or under high-pressure sodium light, demonstrating a preference toward
certain light conditions post-stranding. In contrast, storm-petrels predominantly avoided
lit conditions in a Y-maze and were less active in darkness than under light. Further, when
provided with a place to hide, more than half of storm-petrels concealed themselves when
in light conditions versus none in darkness. To test my third hypothesis, I deployed puffin
decoys and found that rescuers detected them more easily in higher light levels, in less
concealed locations, and with increased search effort. My results support historical
deductions that seabird fledgling strandings are caused by attraction toward artificial light
but demonstrate that post-stranding behavioural responses to ALAN depend on species

and light type, which may in turn affect detection probability by rescuers.
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PREFACE

This thesis is presented in manuscript format. Chapter 1 (the general introduction), as
well as two of the three data chapters in this thesis, have been published, with me as the
first author. The general introduction was published in Conservation Science and
Practice (volume 5); Chapter 2 was published in Animal Behaviour (volume 218); and
Chapter 3 was published in Ornithological Applications (duaf018). Chapter 4 will be
submitted for publication upon program completion. The pronoun “we” is used
throughout these chapters because authorship of the published papers included multiple
people, without whom the work would have been impossible. These co-authors and their
contributions are detailed in the preface of each chapter. Copyright permissions for use of
the published papers in this thesis are included in the General Appendix. | am the sole

author of Chapter 5 (General Discussion), and the pronoun “I” is thus used therein.
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Chapter 1

General Introduction
Preface
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Effects of artificial light at night

Artificial light at night (ALAN) is associated with disruptions to the physiology
and behaviour of, as well as ecological interactions among, numerous species (Rich and
Longcore 2006; Gaston et al. 2021; Jagerbrand and Spoelstra 2023). Furthermore, effects
of ALAN on wildlife are expected to worsen due to both its increasing global emittance
(S&nchez de Miguel et al. 2021) and increases in the use of light-emitting diodes (LED)
specifically, which emit higher proportions of particularly disruptive blue light than most
traditional (i.e., incandescent) lightbulb types (Pawson and Bader 2014; Longcore et
al. 2018). Artificial light can cause disorientation, object collisions, and grounding of
flighted nocturnal animals, oftentimes leading to predation (Rich and Longcore 2006;

Rodriguez et al. 2017a; Marangoni et al. 2022; Fabian et al. 2024).

Among seabirds, fledglings of at least 56 of 140 procellariiform species (40%)
and one charadriiform species (Atlantic puffin Fratercula arctica) are affected by mass
nocturnal strandings in coastal human settlements during their inaugural flights from the
nest (Rodriguez et al. 2017a; Wilhelm et al. 2021). The phenomenon has been termed
“fallout”, and it is thought to be caused by attraction to and disorientation by artificial
lights (hereafter the “light attraction hypothesis”; reviewed in Rodriguez et al. 2017a).
Over the course of a fledging season, fallout may affect anywhere from a handful to a
couple of thousand individuals (reviewed in Rodriguez et al. 2017a; Wilhelm et al. 2021;
Chevillon et al. 2022; Urmston et al. 2022; Burt et al. 2023; Borsa et al. 2024). These
mass strandings of mostly fledglings (but sometimes high proportions of adults; see
Borsa et al. 2024; Raine et al. 2024) are usually reported in coastal communities near

breeding colonies (but see Friswold et al. 2023) on nights throughout each species’ local



fledging season. Strandings are thus relatively predictable and even anticipated at the
same time each year in the communities where they occur (Rodriguez et al. 2017a). This
phenomenon contrasts with the more widely known and widespread but less predictable
passerine light attraction and strandings, which occur throughout both vernal and
autumnal migration in locations not necessarily near the affected species’ place of
breeding, and involve adults as well as fledglings (Evans Ogden 1996; Gauthreaux and

Belser 2006; Gjerdrum et al. 2021).

Seabird fledgling fallout can occur under several different scenarios. For example,
individuals may fly from inland, sometimes mountainous, breeding colonies to strand in
coastal communities (e.g., Day et al. 2003; Rodriguez et al. 2012a). Some fly from island
breeding colonies over water to adjacent coastal communities (Wilhelm et al. 2021) or
other islands (Friswold et al. 2023). Fledglings may fly from coastal breeding colonies to
communities immediately beside them (i.e., flying short distances over land; e.qg.,
Rodriguez et al. 2017b) or, rarely, from high elevation breeding colonies to adjacent high
elevation communities (Le Corre et al. 2002). Seabird strandings have also been reported
on ocean-going vessels (Dick and Donaldson 1978; Black 2005; Merkel and Johansen
2011) and oil platforms (Ronconi et al. 2015; Gjerdrum et al. 2021), although not all of
these instances are seasonally predictable or involve predominantly fledglings. The
estimated proportion of fledglings produced by a population that become stranded varies
widely from <1% to ~34% (with higher proportions of affected fledglings usually
occurring in small populations; Rodriguez et al. 2017a and tables therein). Although
procellariiforms are long-lived, and populations thus tend to be more resilient to juvenile

mortality than shorter-lived taxa, fallout has been identified as having a significant



negative effect on population growth in at least three species (Simons 1984; Ainley et

al. 2001; Fontaine et al. 2011; Griesemer and Holmes 2011). Such population-level
effects could be even greater for species with higher proportions of adults affected (e.g.,
Rodriguez and Rodriguez 2009; Borsa et al. 2024; Raine et al. 2024). Data collected over
multiple years by some volunteer-driven rescue programs reveal increases in raw
stranding numbers concurrent with increases in human populations and light pollution
indices (Le Corre et al. 2002; Rodriguez et al. 2012a), although part of this trend can
likely be attributed to increased search effort over time (Rodriguez et al. 2017a).
Decreases or plateaus in stranding numbers across multiple years are less common and
have been interpreted as indicators of overall seabird population decline or stability,

respectively (e.g., Rodriguez et al. 2012a).

Current evidence in support of the light attraction hypothesis

The vast majority of seabird fallout research has focused on procellariiforms, but
mass strandings of all species of nocturnal seabird fledglings, and even of adults, have
largely been attributed to light attraction (Rodriguez et al. 2017a). This hypothesis
originated from observations of fledgling shearwaters, petrels, and puffins wandering
lighted areas or flying into buildings in coastal towns and cities after leaving their
colonies for the first time (Hadley 1961, as cited in Reed et al. 1985; Swales 1965;
Sincock and Swedberg 1969; Imber 1975; Harris 1982). Individuals have also been
observed circling artificial lights (Montevecchi 2006), and Global Positioning System
(GPS) tracks of Cory’s shearwater (Calonectris diomedea) fledglings have shown them

flying to areas of increased light emittance instead of out to sea (Rodriguez et al. 2015;



Rodriguez et al. 2022). Modeling has also suggested that patterns of fallout are related to
regional patterns in artificial light (Troy et al. 2013; Borsa et al. 2024). There may indeed
be an adaptive benefit of positive phototaxis, e.g., in nocturnal navigation or seeking
bioluminescent prey (Imber 1975; Montevecchi 2006; Rodriguez et al. 2017a; Wilhelm et
al. 2021). It has also been suggested that inherent inexperience and latent visual system
development of young birds (Nevitt 2008; Mitkus et al. 2018) may lead to

misinterpretation of visual stimuli (Atchoi et al. 2020).

Imber (1975) has often been cited as the formulator of the light attraction
hypothesis, although there had been previous reports implicating light attraction in
procellariiform strandings (e.g., Hadley 1961; Swales 1965; Sincock and Swedberg
1969). Rather than developing the light attraction hypothesis or showing experimental
evidence to support it, Imber (1975) was the first to propose an explanation for it (that is,
an innate preference for bioluminescent prey), while simply making the unspoken
assumption that light attraction was what caused strandings. Other proposed mechanisms
for assumed light attraction include fledglings associating the light of their burrow
entrances with food provided by their parents, or mistakenly using artificial lights as
navigational cues in place of the moon and stars, causing phototactic behaviour (Reed et
al. 1985; Rodriguez et al. 2017a). Alternatively, practitioners are now recognizing that
what was historically perceived as pure phototaxis — that is, seabirds flying around lights
and landing in illuminated areas — may have been evidence of disorientation (Atchoi et

al. 2024), although the two are not mutually exclusive in their potential to cause fallout.

The light attraction hypothesis is nonetheless still widely accepted to explain

seabird strandings, regardless of the mechanism. A small but growing number of studies



have tested this assumed causal relationship by manipulating the quality or quantity of
artificial lights present in communities and observing subsequent effects on seabird
stranding numbers (Reed et al. 1985; Reed 1987; Miles et al. 2010; Rodriguez et al. 2014;
Rodriguez et al. 2017b; Burt et al. 2024). In support of the light attraction hypothesis,
experiments with Newell’s shearwaters (Puffinus newelli) on Kauai found that some of
the largest decreases in stranding rates occurred when upward radiation was shielded
(Reed et al. 1985). Fewer short-tailed shearwaters (Ardenna tenuirostris) were stranded in
a grassy lot on Phillip Island, Australia, under sodium vapour bulbs compared with
light-emitting diode and metal halide lights (but without a “dark” control; Rodriguez et
al. 2017b), and on a bridge when lights were turned off (Rodriguez et al. 2014).
Similarly, Miles et al. (2010) turned off lights in Village Bay, Hirta, St. Kilda, and noted
a decrease in the number of stranded Leach’s storm-petrels (Hydrobates leucorhous) but
not Manx shearwaters (Puffinus puffinus). Light reductions also resulted in decreased
numbers of stranded Leach’s storm-petrels at a seafood processing plant near their largest
breeding colony in Newfoundland and Labrador, Canada (Burt et al. 2024). Barau’s
petrels (Pterodroma baraui) on Réunion Island were less attracted to yellow and red light
treatments than white, green, or blue (Salamolard et al. 2001, as cited in Minatchy 2004),
but it is not clear how this was tested or quantified since the Salamolard et al. study is not
peer-reviewed nor publicly available. The light attraction hypothesis is further bolstered
by studies on passerines that have found effects of different light types and colours on
attraction behaviour (Jones and Francis 2003; Evans et al. 2007; Poot et al. 2008;

Rebke et al. 2019).



Young wedge-tailed shearwaters (Ardenna pacifica) are susceptible to stranding
(e.g., Friswold et al. 2020; Urmston et al. 2022) and are one of the only procellariiform
species to have had its photoreceptors fully characterized to date. They have four
cone-based visual pigments that are most sensitive to light wavelengths of 406, 450, 503,
and 566 nm (Hart 2004), approximately corresponding to violet, blue-violet, green, and
yellow-green light, respectively. They possess violet-sensitive cones in roughly twice the
proportion of most terrestrial birds, which is thought to confer advantages in their ability
to forage at and just below the ocean’s surface (Hart 2004). A heightened sensitivity to
wavelengths of <400 to 500 nm (Hart 2004) may explain observations of “increased
attraction” to blue and “cool” colour temperature light by fledglings (Salamolard et
al. 2001, as cited in Minatchy 2004; Rodriguez et al. 2017b). Electroretinography has
indeed revealed that blue light elicits stronger retinal responses in Newell’s shearwater
fledglings compared to wedge-tailed shearwater fledglings, which has been taken as a
reflection of the differences in foraging ecology between the two species (although
sample sizes in this study were low; Moon 2024). However, procellariiform visual
systems and physiological responses to light remain understudied, and it is unknown to

what degree those physiological responses correspond to phototactic behaviour.

Behavioural responses of adult procellariiforms to experimental and incidental
ALAN may not be directly applicable to the study of fledgling fallout (or especially to
that of fledgling charadriiforms, which are much less studied). However, studies thereof
point to additional nuance in phototactic behaviour even among adults, both within and
among species. Breeding adults of various species are known to reduce colony

attendance, abandon sub-colonies, and shift preferences to nest in darker areas in



response to nearby artificial night lighting (Oro et al. 2005; Bourgeois et al. 2008;

Sultana et al. 2011, as cited in Austad et al. 2023). Experimentally shining amber or white
light above a fairy prion (Pachyptila turtur) colony at night resulted in an increase in the
number of adult birds in flight over the colony and elicited increased attraction and
disorientation behaviours relative to darkness (control treatment), while red light caused
no change in behaviour (Middlemiss et al. 2025). Meanwhile, experimentally shining
white, green, or blue lights above a Manx shearwater colony significantly reduced the
number of adult birds in flight relative to darkness (control treatment), indicating negative
phototaxis (Syposz et al. 2021a). Again, red light elicited no behavioural differences
compared to darkness. Despite this evidence for light avoidance in Manx shearwaters,
collisions of adult birds with the walls of a research station on a foggy night were
drastically increased when interior lights (which emanated through windows) were turned
on versus off in an alternating design (Guilford et al. 2018). It is not clear what drives
these seemingly contradictory results between adults of the same, and different, species

of procellariiform.

Limitations of rescue programs to inform our understanding of strandings

Most data on seabird strandings have been collected through rescue,
rehabilitation, and release programs that are intended to reduce mortality of stranded
seabirds. Such programs have been successfully implemented in places such as Tenerife,
Canary Islands (Rodriguez and Rodriguez 2009); Kauai, Hawaii (Telfer et al. 1987;
Ainley et al. 2001); Réunion Island (Le Corre et al. 2002); the Azores Archipelago

(Fontaine et al. 2011; Rodrigues et al. 2012); Phillip Island, Australia (Rodriguez et



al. 2014); Grande Terre, New Caledonia (Borsa et al. 2024); New Zealand (Deppe et

al. 2017); and Newfoundland, Canada (Wilhelm et al. 2021). These programs rely on
dedicated volunteer searchers and/or members of the public (who are not engaged in
search efforts) to capture or report stranded seabirds (or both) to local authorities and
conservation organizations so that they can be assessed, banded, and released (with as yet
unknown survival rates of released individuals). With limited human resources at their
disposal, organizers of seabird rescue patrols must delegate volunteers and time to a
limited number of search locations at the expense of a balanced search effort across an
entire potential fallout zone (e.g., Rodriguez et al. 2014, 2017a; Wilhelm et al. 2021),
resulting in spatial coverage bias. This potential bias would be particularly pronounced in
programs that rely almost entirely on opportunistic finding and capture by community
members who are not strictly engaged in formal seabird search efforts (e.g., Le Corre et
al. 2002; Salamolard et al. 2007; Rodrigues et al. 2012; Rodriguez and Rodriguez 2009;
Rodriguez et al. 2012a, 2012b; Deppe et al. 2017; Borsa et al. 2024). The same problem
exists at many industrial sites, including offshore oil infrastructure, where searching for
and reporting of stranded seabirds tends to be opportunistic (Fraser and Carter 2018;
Gjerdrum et al. 2021). At night, detection probability of stranded seabirds by the public is
presumably increased in areas of higher human activity and lighting levels, e.g., roads,
parking lots, public buildings, private dwellings, etc., thereby inadvertently resulting in a
bias toward searching in well-lit areas. Hence, data collected under these initiatives
should be used with caution to inform our understanding of the causes of seabird
strandings, specifically acknowledging the limitation of spatially biased data in their

ability to support the light attraction hypothesis.



Natural factors influencing seabird strandings

Data from seabird rescue and release programs suggest that lunar illumination has
a strong negative influence on numbers of birds found stranded, regardless of species,
location, and artificial lighting conditions. When the moon is full, fewer birds than
expected are found stranded, even when it coincides with the estimated timing of peak
strandings based on multi-year averages (Telfer et al. 1987; Rodriguez and
Rodriguez 2009; Rodriguez et al. 2014; Deppe et al. 2017; Syposz et al. 2018;
Gjerdrum et al. 2021; Wilhelm et al. 2021; Rodriguez et al. 2023; Burt et al. 2024;
Raine et al. 2024; and figures therein). Decreased numbers of stranded individuals on
moonlit nights appear to be due to higher proportions of fledglings safely reaching the sea
(Rodriguez et al. 2023), since lunar phase does not appear to influence the number of
fledglings departing the colony (Byrd et al. 1984; Collins et al. 2023; Raine et al. 2023;
Rodriguez et al. 2023). Furthermore, GPS tracks of Cory’s shearwater fledglings revealed
their first flights were more tortuous in areas of higher light pollution, but less so with
greater moon luminance; in turn, the probability of grounding was positively associated
with flight tortuosity (Rodriguez et al. 2022). It is unclear exactly by which mechanism
increased natural light at night reduces the disorienting effect of its artificial counterpart
on fledging seabirds. Higher ambient light may cause some visual effect whereby point
sources of artificial light are rendered less disorienting (Reed et al. 1985;
Montevecchi 2006; Rodriguez et al. 2017a) or landforms and obstructions are rendered
more visible (Telfer et al. 1987) to the underdeveloped eyes of fledgling procellariiforms
(Mitkus et al. 2018; Atchoi et al. 2020). Alternatively, but not mutually exclusively,

fledglings may use the moon and other bright stellar objects for orientation (Reed et
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al. 1985; Telfer et al. 1987). In the absence of the moon, then, it may seem reasonable
that distant point sources of artificial light may very closely resemble stars. Clearly,
further research is needed to explore the mechanisms by which moonlight may ameliorate

the disorienting effects of ALAN.

Nightly variation in stranding numbers can also be influenced by weather
conditions. Wind direction and speed appear to be important predictors of stranding for
some species and, where they have not yet been explored as potential influencing factors,
they deserve further attention. For example, more Leach’s storm-petrels were found
stranded on the Avalon Peninsula of Newfoundland on nights when winds had a
northerly (onshore) component, suggesting also that stranded birds originated from the
large colony on Baccalieu Island, which sits at the northern tip of the Peninsula
(Wilhelm et al. 2021; Burt et al. 2024). Similarly, a multi-year study found that onshore
winds contributed significantly (third in importance only to year and moon phase) to
strandings of Manx shearwaters in a coastal community in Scotland (Syposz et al. 2018).
Wind direction was also potentially important in predicting numbers of short-tailed
shearwaters that became stranded in communities to the northeast of breeding colonies on
Phillip Island, Australia: strong prevailing southerly and southwesterly winds likely
helped to push fledging birds into well-lit areas (Rodriguez et al. 2014). Adverse weather
conditions such as cloud, precipitation, and fog have been anecdotally noted as being
associated with higher stranding numbers (e.g., Harris 1982; Telfer et al. 1987;

Black 2005; Ronconi et al. 2015; Guilford et al. 2018), but these effects remain largely
unexamined from a statistical standpoint. Effects of adverse weather on stranding

numbers could occur by one or more of several modes: reduced visibility for navigation,
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increased light reflection off wet surfaces causing increased attraction (Telfer et al. 1987),
or refraction of light which either increases the area of illumination in which attraction
can occur (Wiese et al. 2001; Syposz et al. 2018) or disrupts dark-adaptation and/or
light-dependent magnetoreception (Guilford et al. 2018). However, an analysis of
Atlantic puffin strandings showed no difference in stranding numbers between foggy and
clear nights (Wilhelm et al. 2013), and neither fog nor cloud cover had significant effects
on Leach’s storm-petrel stranding numbers (Burt et al. 2024). Visibility similarly
contributed little to the modeling of Manx shearwater stranding predictors (Syposz et

al. 2018). Adding to the mystery, strandings observed during the latter study were

associated with extremes (both high and low) in visibility (Syposz et al. 2018).

The number of fledglings that become stranded is undoubtedly related, at least in
part, to the number of fledglings produced at the colony where those stranded individuals
originate; however, the paucity of data on this topic means that it remains ripe for study.
For example, interannual variation in stranding numbers at a given location has yet to be
directly linked to interannual variation in fledging success at the nearest colony.
However, some anecdotal evidence suggests a link may exist: when cold, wet weather
reduced the fledging success at a colony of Atlantic puffins, stranding numbers were also
drastically reduced, but this was only in comparison to one subsequent year (Wilhelm et
al. 2013). Mass chick starvation at the same colony in 2023 similarly coincided with an
extreme drop in stranding numbers compared to prior years (S.1.W. and T.M.B., pers.
obs.). On the other hand, the coincidence of a full moon with peak fledging timing is
suggested to have a positive effect on the number of fledglings successfully reaching the

ocean, thereby reducing overall stranding numbers in a given season compared to one in
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which a new moon coincides with the fledging peak, resulting in higher stranding

numbers overall (Rodriguez et al. 2023).

Among colonies, one that numbers in the millions of breeding adults will likely
result in more fledglings produced, and therefore, stranded (by raw numbers alone), than
one much smaller, all else being equal. That said, the estimated proportions of fledglings
stranded divided by fledglings produced can vary widely by species and location
(Rodriguez et al. 2017a). It is unknown what drives this variation in the proportion of
fledglings stranded. Some potential factors that deserve further inquiry include proximity
of the colony to the stranding location(s); natural history and biological characteristics of
each species such as the presence of bioluminescent prey in the diet or the ability to
maneuver in high winds; local topography; and interspecific variation in sensitivity to

artificial light and other anthropogenic stimuli (discussed below).

Alternative factors potentially influencing seabird strandings

There remain a null hypothesis and several alternative hypotheses to light
attraction that should be explored. Any further research on the cause(s) of strandings
needs to carefully consider and provide refuting evidence for the null hypothesis that
fledgling strandings are due to random dispersal, or long-range attraction to stimuli

besides light but which may be confounded with it.

The number of fledglings found stranded annually as a function of the total
fledgling cohort can vary widely (discussed previously; Rodriguez and Rodriguez 2009;
Rodriguez et al. 2017a). In many cases, however, and especially in larger populations

(e.g., thousands or hundreds of thousands of breeding pairs), the estimated proportion of
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fledglings affected by fallout is relatively low, and in the range of 0-5% (Deppe et

al. 2017; Rodriguez et al. 2017a; Wilhelm et al. 2021). Such a small proportion becoming
stranded, rather than attraction to light, might suggest random dispersal from the colony
with individuals becoming stranded due to navigational inexperience. In other words, if
light (or any other stimulus on land) truly had an “attractive” effect, one would
presumably expect the proportion of fledglings stranded to be much higher. It could be
argued that strandings on offshore ships and well-lit oil and gas platforms are evidence
for attraction toward point-source stimuli (Ronconi et al. 2015; Gjerdrum et al. 2021)
since they are often quite distant from the fledglings’ colony of origin. Both in the case of
strandings on land and offshore, the number of stranded fledglings expected to be due to
random dispersal could be modelled and compared against models that include
components of attraction. On the spectrum between fully random dispersal and
“attraction”, however, lies an alternative possibility that would still be in keeping with the
stranding rates observed: that of disorientation. Fledglings may be dispersing in
ecologically appropriate directions and only become stranded after close-range exposure
to and disorientation by (rather than attraction toward) ALAN (Rodriguez et al. 2022;

Atchoi et al. 2024).

Additionally, nocturnal, burrow-nesting members of the Procellariiformes are
receptive to sound: many members of this taxon are vocal at colonies and mates can
recognize each other’s acoustic call signatures (Bretagnolle 1996; Curé¢ et al. 2016).
Further, recordings of conspecific vocalizations have been used to lure burrow-nesting
procellariiforms into establishing new breeding colonies (Podolsky and Kress 1989;

Miskelly and Taylor 2004). Attraction to noise (e.g., produced by generators) may play a
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role in seabird strandings (Harris 1982; Harris et al. 1998; Miles et al. 2010; Wilhelm et
al. 2013), although some types of anthropogenic noise may actually suppress activity
(e.g., disco music; Cianchetti-Benedetti et al. 2018). Miles et al. (2010) suggested that
perhaps the continued stranding of Manx shearwaters during experimentally reduced
lighting conditions was in fact due to noise attraction; this was bolstered by the finding of
stranded individuals near extractors and generators. Calls produced by procellariiforms
range in frequency from 0-10 kHz, with many species producing the highest amplitudes
in the 0-1 kHz range (James 1984; Curé et al. 2012; Totterman 2014; Curé et al. 2016).
Similarly, Atlantic puffin hearing is most sensitive to frequencies of 0.75-3 kHz
(Mooney et al. 2020). The majority of noise from internal combustion (e.g., gasoline)
generators is 0-1 kHz in frequency (Cuesta and Cobo 2000), putting it well within hearing
range for these taxa. Anthropogenic lights may mask the potential attractive effect of
anthropogenic noise in locations where the stimuli co-occur. For example, cars and boats
produce light as well as sound; their engines emit sound profiles similar in minimum,
maximum, and peak-amplitude frequencies to generators (e.g., Versfeld and Vos 1997;
Tripovich et al. 2012); and they can be heard at great distances over water, especially in
calm and foggy conditions (Wilhelm et al. 2013). To our knowledge, there are no studies

exploring anthropogenic noise attraction in any stranding-prone seabird.

Anthropogenic olfactory stimuli can also be confounded with artificial light and
may contribute to strandings. Volatile compounds emanating from fish or paper
processing plants; sewage and sewage treatment plants; car, truck, boat, or generator
exhaust; or other smells associated with coastal industry or settlement may act as

potential attractants to seabirds, and they occur in anthropogenically lighted places. In
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burrow-nesting procellariiforms, the olfactory bulbs are among the first brain structures
to develop and are highly functional upon fledging, conferring an excellent sense of smell
(Nevitt 2008; Mitkus et al. 2018). In contrast, the visual system and optic bulbs are
relatively poorly developed at fledging age (Nevitt 2008; Mitkus et al. 2018). To illustrate
the potential implications of these coincident factors, blue petrel (Halobaena caerulea)
chicks are negatively phototactic but orient to vapourized dimethyl sulfide at ages as

young as 15 days (Bonadonna et al. 2006).

Olfaction is one of the primary senses used by adult procellariiforms in navigation
(Nevitt 2008; Gagliardo et al. 2013), with special importance at night (Dell’ Ariccia and
Bonadonna 2013). Of the few volatile compounds tested experimentally, dimethyl sulfide
appears to be a major attractant to those procellariiforms that use it to find patchily
distributed prey in the open ocean (Nevitt et al. 1995). Other compounds such as
3-methyl pyrazine are also attractive to several species (Nevitt et al. 2004). Dimethyl
sulfide and other volatile sulfur compounds that are potentially attractive to seabirds
(Nevitt 2008) are also produced by pulp and paper mills (both aerosolized and in
wastewater effluent; Lichutina et al. 2012; Giri et al. 2014), sewage and sewage treatment
plants (Glindemann et al. 2006; Giri et al. 2014), biomass burning (Meinardi et al. 2003),
marine microplastics (Savoca et al. 2016), and other sources (Guo et al. 2010). Many
procellariiforms are also unsurprisingly highly attracted to fish offal and oils
(e.g., Hutchison and Wenzel 1980; Nevitt et al. 1995; Nevitt et al. 2004), which can be
suspended and discharged in wastewater of fish processing plants if it is not adequately
treated (Islam et al. 2004; Chowdhury et al. 2010; de Melo Ribeiro and Naval 2019).

Indeed, some of the biggest “hotspots” for Leach’s storm-petrel and Atlantic puffin
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strandings in Newfoundland are the fish processing plants in Bay de Verde (it is also
noteworthy that plant workers say birds appear to approach the plant primarily from
downwind) and Witless Bay, respectively (Wilhelm et al. 2021). Fish offal and oils are
also sometimes discharged from fishing vessels at sea or in harbor, making them
notoriously attractive to seabirds (e.g., Pierre et al. 2010), as are cage fish farms
(Aguado-Giménez et al. 2016). The possibility should also be considered that prey
species (e.g., plankton, fish) may be attracted by any of these anthropogenic discharges,
which in turn may emit olfactory cues that attract seabirds. For these reasons, olfactory
attraction should be experimentally tested as a potential cause of or contributor toward
seabird strandings. In fact, since the publication of this chapter (Brown et al. 2023),
experiments have been underway to evaluate effects of both light and scent as potentially
interacting factors causing fallout, but it appears that, at least at a colony of breeding
adult Leach’s storm-petrels and in fledgling Atlantic puffins subjected to a cue preference
test, there is no effect of scent on attraction behaviour (T.M.B., unpubl. data; T. Burt,

unpubl. data).

Barring attraction toward any kind of stimulus, disorientation caused by
interference of anthropogenic or natural phenomena with magnetoreception could cause
strandings. Magnetoreception is the ability of birds and some other animals to detect the
direction and intensity of Earth’s magnetic field, and use it to navigate (Wiltschko and
Wiltschko 2005; Wiltschko and Wiltschko 2019). It can be especially important to those
organisms that migrate at night (e.g., Engels et al. 2012). The disruption of this ability
may be a plausible mechanism for strandings of animals with magnetoreception, but this

area of research remains largely unexplored. There is evidence that cetaceans use Earth’s
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magnetic field to navigate (Kirschvink et al. 1986; Walker et al. 1992), and strandings of
some whale species increase significantly when ambient radio-frequency noise is high
during solar storms, possibly indicating magnetoreception interference (Granger et

al. 2020). Similarly, higher proportions of homing pigeons become lost on days with
more sunspots, which are indicators of higher solar activity and can result in geomagnetic
disturbance (Schreiber and Rossi 1976). A broad spectrum of relatively low-level
anthropogenic electromagnetic noise can disrupt songbird magnetoreception, causing
birds to orient in ecologically inappropriate directions (Engels et al. 2014). The
frequencies shown to be effective at causing disorientation (2 kHz to 5 MHz) correspond
to a range from very low to high frequency radio waves and are produced by AM radio
transmissions, or during the operation of electronic appliances common to businesses and

households (Engels et al. 2014).

Although its mechanisms may differ from those in other taxa, there is some
evidence for the existence of magnetoreception in procellariiforms. Shearwaters fledging
from a colony on the north side of Japan crossed its treacherous mountainous interior on a
direct southward route toward their wintering grounds instead of circumnavigating the
island in either direction, as experienced adults did (Yoda et al. 2017), indicating an
innate compass sense (and one that adults can override with experience). Some fledgling
procellariiforms also appear to imprint to the geomagnetic field, influencing their
eventual nesting locations (Putman 2020; Wynn et al. 2020). It stands to reason, then, that
radio-frequency anthropogenic noise could cause disorientation in this taxon if it disrupts
their sense of magnetoreception in similar ways to other taxa. However, evidence for

magnetoreception in procellariiforms remains equivocal (Gagliardo et al. 2013;
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Pollonara et al. 2015; Syposz et al. 2021b) and, to the best of my knowledge, has not even

been considered in Atlantic puffins.

It has been suggested that object collisions by adult seabirds may be due to
close-range light-induced disruption of magnetoreception and flight maneuvering
(Guilford et al. 2018). It is worth noting that object collisions are also often associated
with “light attracted” fledglings (Rodriguez et al. 2017a). The limited evidence obtained
so far points to blue, green, and other “cool” colour temperature light being more
disruptive to fledgling (and adult) seabirds than “warm”, yellow, or red lights
(Salamolard et al. 2001, as cited in Minatchy 2004; Rodriguez et al. 2017b; Syposz et
al. 2021a; Atchoi et al. 2024; but for contrasting results see Atchoi et al. 2023). It is
possible that the differential effects observed of various light types on procellariiform
stranding numbers may result from differential disruption of magnetoreception by certain
wavelengths of light. The presence and potential disruption of magnetoreception in
seabirds (by visible light or low-frequency electromagnetic noise) clearly warrants more

attention in its potential to cause strandings.

Determining causal factors through experimental approaches

Despite the historically prevalent acceptance of the light attraction hypothesis to
explain mass seabird fledgling strandings, there remain biases in the existing data and
gaps in our current understanding of the phenomenon (as discussed; and as also suggested
by Rodriguez et al. 2017a). At the same time, there are viable alternative hypotheses that
remain to be explored (detailed above). Over the last few years alone (approximately

2021 to present), our understanding of seabird behavioural responses to ALAN has grown
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significantly and has led to a small but tangible shift in expert opinion on the proximate
cause of stranding, from an attraction-based hypothesis to one disorientation-based.
Considered together, it can be concluded that there is yet a need for more behavioural and
natural history observations, and more rigorous experimental testing of all hypothesized

causes of seabird strandings.

Currently, the behaviour of nocturnally fledging seabirds as they depart their
colonies is relatively unknown and understudied, although it is likely affected by
topography, weather conditions, taxon-specific natural history traits, and possibly other
factors. Likewise, the behaviour of those fledglings as they approach developed areas and
become stranded has scarcely been studied (although there are plenty of anecdotal
observations of birds after they reach land). Basic information on the behaviour of
nocturnally fledging burrow-nesting seabirds can inform our understanding of stranding
mechanisms and potential avenues toward mitigation. For example, in which direction(s)
do procellariiform fledglings orient during their initial flights from the burrow and does
this orientation change throughout their flight? What factors influence changes in
direction? How do fledging behaviour and stranding behaviour differ between species
that nest inland versus coastally? Some researchers have begun addressing these
questions using GPS tracking technology (Rodriguez et al. 2015; Rodriguez et al. 2022),
manual observation augmented by visible markers (Syposz et al. 2021b), and thermal
imagery (but so far only in adults; Syposz et al. 2021a). We suggest more widespread
uptake of these methods as well as radar and night vision technology to study fledging
and stranding behaviour of nocturnally fledging seabirds. A basic understanding of the

natural histories and fledging behaviours of the affected species needs to come first and
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foremost, because it is essential in informing the execution of future stranding and

attraction experiments.

Studies involving stimulus (e.g., light) alterations in settings where strandings
occur may be compromised due to externally imposed constraints borne out of working in
public and private spaces beyond the experimenters’ control (e.g., Miles et al. 2010;

Burt et al. 2024). Such studies need to occur over several fledging seasons and at multiple
locations to ensure sufficient replication (e.g., Rodriguez et al. 2017b), or otherwise
should be conducted in locations where there are no environmental sources of the
stimulus in the immediate area. In addition, one of the greatest challenges in designing
tests of attraction is identifying and implementing an appropriate control treatment

(i.e., randomized absence of the stimulus of interest). For example, in experiments testing
light attraction in passerines, various coloured light periods were alternated with dark
periods to observe the resulting number and behaviours of birds nearby (e.g., Evans et

al. 2007; Poot et al. 2008; Rebke et al. 2019). Without dark control treatments, it would
have been more difficult to attribute changes in passerine abundance and behaviour to the

light. Similar issues may arise in field studies of seabird light attraction.

In addition to field experiments, a lab-like experimental approach where
environmental factors can be controlled, and which includes proper control treatments, is
also helpful to test causal relationships. This approach can help inform effective
mitigative measures in a shorter period (e.g., one fledging season). For example,
preferences for various visual, auditory, or olfactory stimuli associated with stranding
locations can be investigated using cue preference tests (using e.g., Y-maze and T-maze

apparatuses; Brooke 1989; Nevitt and Bonadonna 2005; Bonadonna et al. 2006;
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Jouventin et al. 2007; Atchoi et al. 2024) and other behaviour-based stimulus response
experiments (e.g., Porter et al. 1999). Orientation and disorientation behaviour in
response to various stimuli could be investigated with modified orientation experiments
(e.g., Engels et al. 2014). Importantly, we also need a better understanding of the sensory
capabilities of the affected species. This could be achieved in part by continuing to
examine and characterize the various (not only visual) sensory organs of the species
affected by stranding (e.g., Hart 2004; Mitkus et al. 2016; Mitkus et al. 2018; Atchoi et
al. 2020) and experimentally measure their physiological and neurological responses to
stimuli of interest (e.g., Nevitt and Bonadonna 2005; Baden and Osorio 2019; Mooney et

al. 2020).

Additional research is needed to confirm the effects of weather variables (such as
wind and visibility) and fledging numbers on stranding numbers. Firstly, we suggest
further studying the effects of wind speed and direction on stranding numbers: fledglings
could simply be getting blown ashore during certain wind conditions, or they could be
preferentially fledging during certain wind conditions (e.g., stronger winds provide
greater lift, which would be advantageous for inexperienced flyers), or both. Fledglings
might also preferentially fledge in conditions of lower visibility to hide themselves from
potential predators, leading to observations of increased strandings. The disentangling of
weather and other emergent environmental variables to determine their effects on
fledging and stranding numbers could be accomplished by quantifying the relative
number of fledglings departing each night from a colony throughout the fledging period
(as in Collins et al. 2023), simultaneously to quantifying fallout. For species where only

fledglings are active at night (e.g., Atlantic puffin), radar could potentially be used (as

22



suggested by Wilhelm et al. 2021). Across all species, one could monitor a subset of
burrows observationally or using Passive Integrated Transponder tags throughout the
fledging season and document fledging timing (while controlling for other variables, such
as age) to determine if wind conditions and potentially other environmental factors affect
departure timing (such as was recently done by Collins et al. [2023] in relation to moon

phase and incident illumination).

Conducting (ideally nightly) systematic searches in a defined area is critical to
establish baseline stranding rates as it allows for quantification of search effort and
comparisons across years (Fraser and Carter 2018; Friswold et al. 2020; Gjerdrum et
al. 2021). This in turn allows the investigation of possible factors influencing strandings,
and just as importantly, what factors are present and absent when birds are not found
stranded, resulting in higher-resolution data for targeted mitigation efforts. Nightly
systematic searches for stranded birds are also effective at reducing mortality by
increasing the likelihood of finding live birds (Rodriguez et al. 2014), conferring a
conservation benefit. Search areas should include areas with and without factors of
interest, such as artificial light, across a gradient of proximity to the nearest colony or
colonies, to eliminate or reduce the search bias that is inherent to non-systematic
(i.e., community- and volunteer-based) search efforts. Indeed, over eight years
Friswold et al. (2020) systematically searched for downed wedge-tailed shearwater
fledglings along a 25.7-km transect that varied in proximity to the largest colonies in
southeast O‘ahu (Hawai‘i) and which included sections of varying streetlight density. The
authors found more than one-quarter of the 376 downed fledglings next to only two light

poles located in an area of relatively low streetlight density within 5 km from the nearest
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colonies; fallout was negligible beyond 5 km from the colony even in the areas of highest
streetlight density (Friswold et al. 2020). Targeted mitigation measures at those two light
poles associated with the most strandings would therefore likely be more effective in
reducing overall fallout than if mitigation measures simply targeted areas of highest

streetlight density.

It is also important to estimate as accurately as possible the proportion of stranded
birds that remain undetected by rescuers. The search for stranded fledglings during rescue
programs is largely opportunistic, meaning that numbers reported in any study using this
approach must be viewed as minimums. Once stranded, birds may blend into the
landscape and hide in unsearched areas. Smaller species such as the Leach’s storm-petrel
are particularly vulnerable to predation (e.g., gulls, foxes, owls, domestic cats) and can
quickly disappear from the searched area without a trace. Implementing detection
probability and carcass persistence studies (e.g., van Pelt and Piatt 1995; Wiese and
Robertson 2004) to estimate the number of stranded birds that disappear between
searches, coupled with comprehensive systematic searches (discussed above), would
provide a more accurate assessment of the total numbers of fledglings that become
stranded. This, in turn, would further inform our understanding of the true effects of

strandings on a given population.

There is a need for more intra- and inter-species comparative studies to evaluate
the reasons why some birds may become stranded while others do not, despite most
things seeming to be equal. For example, strandings in most cases are largely dominated
by fledglings, with only few adults becoming stranded (Rodriguez et al. 2017a; but see

Borsa et al. 2024; Raine et al. 2024). However, it is insufficient to only focus on the
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causes of fledgling strandings; it is also necessary and complementary to investigate why
adults do not strand (or importantly, in rare cases, why they do strand). That is to say, the
various alternative hypotheses presented previously (light attraction, sound attraction,
olfactory attraction, random dispersal, magnetoreception, etc.) should be rigorously tested
in not only the demographics that are most affected by strandings but also in those that
are least affected (e.g., Syposz et al. 2021a; Middlemiss et al. 2025). There are scenarios
in which cross-species comparisons would also provide insight. For example, Leach’s
storm-petrels and Atlantic puffins are both susceptible to stranding (Wilhelm et al. 2021).
However, where both of these species breed in great numbers near Witless Bay,
Newfoundland, only puffins become stranded while Leach’s storm-petrels appear to be
minimally affected (despite stranding elsewhere in Newfoundland after departing from a
different colony; Wilhelm et al. 2021; pers. obs.). Clearly, more in-depth investigation of
the factors that differentially affect fallout probability amongst demographics and species

would be useful.

In contrast to the current working hypothesis of light attraction, which suggests
that seabirds are drawn to artificial lights over distances of up to several kilometers
(Troy et al. 2013; Rodriguez et al. 2015), we suggest for consideration an alternative,
short-range light attraction hypothesis. It is possible that individuals become disoriented
and subsequently stranded only once they approach lighted areas, e.g., via random
dispersal, rather than being drawn there. To our knowledge, there currently exists no
evidence that would exclusively support the long-range attraction hypothesis (e.g., GPS
tracks or radar imagery of fledglings exhibiting directed long-distance movement toward

lighted areas in an otherwise ecologically inappropriate direction). In contrast, results of
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Guilford et al. (2018) suggest only a short-range effect of light on numbers of adult Manx
shearwaters that collided with a lighted structure. Radar can help test the short-range light
attraction hypothesis, thanks to its ability to resolve and make measurable the movement
speed and direction of hundreds of birds over distances of one to several kilometers as
they depart their colonies in darkness (Day and Cooper 1995; Hamer et al. 1995;

Bertram et al. 1999; Day et al. 2015; reviewed in Hiippop et al. 2019). There are
numerous types of radar technology that can be used for this purpose, many of them
capable of resolving individual birds (reviewed in Hlppop et al. 2019). Multiple radar
units can also be used to expand the area of detection. The management and policy
implications of the short-range light attraction hypothesis may go so far as to suggest that
artificial lighting schemes in settlements affected by seabird strandings remain
unchanged, so as to funnel and concentrate birds that would become stranded regardless,
into places where they are more easily found and captured. Taking this concept one step
further, these areas could in turn be managed so that they are safe for birds to become
stranded (i.e., lowered risk of injuries or death related to collisions and predation) and

combined with a release program.

Summary

In this review, we have described the literature surrounding the effects of artificial
light at night (ALAN) on stranding behaviour in a variety of seabird species. We have
also highlighted areas in which future research efforts can be made, including the direct
testing of the light attraction hypothesis using dark control treatments and standardized

search effort; the investigation of null (i.e., random fledging dispersal) and alternative
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hypotheses of stranding; the use of diverse methods to evaluate effects of natural and
anthropogenic factors on both stranding and post-stranding behaviour in both fledglings
and adults of affected species; and an estimation of the number of stranded individuals
that remain undetected by rescuers. In my thesis, | address several of the aforementioned
areas of research that are ripe for study. Additionally, most research on ALAN-induced
seabird fallout to date has focused on procellariiforms. However, Atlantic puffins are
numerically (i.e., in terms of number of individuals stranded per year) more highly
affected (Rodriguez et al. 2017a) and are affected in more locations in the world than
most procellariiforms, and are also declining across parts of their range, which begs the
question of why they have been relatively neglected in the seabird stranding literature to
date. | have thus attempted to remedy this shortfall by focusing much of my research on

this species in the following chapters.

Thesis structure and objectives

In this thesis, | examine the effects of artificial light at night on seabird behaviour
and detection probability. Specifically, | study behavioural responses toward light of
seabird fledglings prone to becoming stranded in coastal settlements during their maiden
flights from the nest, using Atlantic puffins and Leach’s storm-petrels as model species. |
also explore the effects of search effort, illumination and concealment levels on detection
probability of puffin fledglings by rescue volunteers. Until recently, the hypothesis that
light attraction was the cause of seabird strandings throughout the world was largely
anecdotal in nature, with plenty of observations of stranded birds in illuminated areas but

little experimental evidence to demonstrate that this was the sole result of seabird
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phototactic behaviour and not partially an artefact of detectability bias. An important step
in the effort to understand, quantify, and mitigate seabird strandings is to disentangle

these various factors.

In the following chapters, | investigate phototactic responses and activity levels of
Atlantic puffin and Leach’s storm-petrel fledglings in a series of experiments on two
different scales and across a variety of light types. In Chapter 2, | hypothesized that
puffin fledglings become stranded due to attraction toward artificial lights, and that
attraction responses differ based on preferences for certain light types over others. | also
hypothesized that different spectra of artificial light elicit different activity levels in
puffin fledglings. Phototactic behaviour was tested through a coarse-scale beach
illumination experiment near the breeding colony and with a fine-scale Y-maze choice
experiment to test for preferences among various combinations of darkness and several
light types, while activity levels were quantified using an open field test. In Chapter 3, |
replicated the Y-maze choice experiment and open field test with Leach’s storm-petrel
fledglings to test my hypotheses that juveniles of this species are also attracted to light
and that activity levels also vary under different light types after grounding. Furthermore,
| leveraged the results from these experiments to design an additional open field test
experiment in which a hide box was provided, to test my hypothesis that Leach’s
storm-petrel fledglings would conceal themselves in the box at different rates under light

versus dark conditions.

When predicting the impact of strandings at the population level, one of the major
difficulties is in identifying how many individuals may be missed by rescue programs

and under what conditions individuals are most likely to be found. Thus, in Chapter 4 |
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investigated detection probability of realistic puffin fledgling decoys by rescue program
volunteers. Specifically, | hypothesized that detection probability varies with varying
levels of illumination, concealment, and search effort. Finally, in Chapter 5 | summarize
my main findings related to the effects of artificial light at night on seabird behavioural
responses and detection probability. I complete Chapter 5 by synthesizing my results to
infer potential conservation and mitigation measures aimed at reducing the impact of
night lighting on seabird populations globally. Considering the imperiled nature of many
stranding-affected seabird species and the myriad other threats they face, it is critical that
we rapidly increase our understanding, quantification, and mitigation of seabird mortality

induced by artificial night lighting.
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Chapter 2

Effects of artificial light on the behaviour of Atlantic puffin fledglings

This chapter has been published in Animal Behaviour:

Brown, T.M., Wilhelm, S.1., Slepkov, A.D., Baker, K., Mastromonaco, G.F., and
Burness, G. (2024). Navigating the night: effects of artificial light on the behaviour of
Atlantic puffin fledglings. Animal Behaviour, 218: 135-148.
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Abstract

Every year in Newfoundland, young Atlantic puffins, Fratercula arctica,
departing their nests at night for the first time become stranded in towns near their
breeding colonies, a phenomenon thought to be caused by attraction towards artificial
light. To test this hypothesis, we conducted three behavioural experiments. First, we
illuminated beaches near a breeding colony to determine whether more fledglings would
become stranded in illuminated versus dark conditions. Next, we conducted a Y-maze
experiment to test stranded fledglings for phototactic behaviour in general and for
preferences among high-pressure sodium (HPS), warm white light-emitting diode (LED),
cool white LED, blue LED and orange LED light. Lastly, we quantified activity levels of
stranded fledglings in an open field test during exposure to several different light types.
We found significantly more fledglings stranded when beaches were illuminated, and
fledglings significantly preferred light over darkness in the Y-maze, supporting our
hypothesis that Atlantic puffin fledglings become stranded due to light attraction.
Fledglings displayed no preferences for certain light types over others in the Y-maze,
potentially suggesting that strandings in this species may not be mitigable by changing
the streetlight type in stranding-prone towns. Interestingly, fledglings exhibited higher
activity levels in darkness and HPS light than in LED light, potentially holding
implications for rescue, rehabilitation and husbandry programmes. Overall, our findings
demonstrate that the only evidence-based strategy for the reduction of Atlantic puffin
strandings is the reduction of coastal artificial lighting; however, further research is
needed to determine whether aspects of artificial light besides bulb type may be altered to

effectively reduce light attraction in this species.
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Introduction

As global human development continues to increase, artificial light at night
(ALAN) is of growing concern as a pollutant of dark nightscapes (Jagerbrand and
Spoelstra 2023). In addition, the widespread conversion to energy-efficient light-emitting
diode (LED) lighting is expected to worsen the ecological impacts of ALAN through a
variety of mechanisms (Pawson and Bader 2014; Davies and Smyth 2018). These
mechanisms are both physiological (e.g., many organisms are more sensitive to
short-wavelength light, which is prevalent in LED outputs, than to the long-wavelength
light that dominates light types used previously, such as sodium vapour) and logistical
(e.g., greater energy-efficiency allows for increased light production at the same or lower
energy cost as other lighting technologies; Pawson and Bader 2014; Davies and
Smyth 2018) in nature. Across taxa, disruption of natural diel light cycles by the presence
of ALAN can dysregulate circadian rhythms and lead to endocrinological dysfunction,
behavioural changes, and decreased fitness, among other effects (Sanders et al. 2021;
Yang et al. 2024). One way in which ALAN can alter behaviour, especially that of
nocturnal animals, is by acting as a supernormal visual stimulus that induces phototactic
behaviour (either positive or negative; Rich and Longcore 2006). Positive phototaxis (or
photopositivity), which is often ascribed to light attraction, has been documented in
various animal taxa including insects, amphibians, fish, sea turtles, migratory songbirds,
and seabirds, among others (Rich and Longcore 2006; Rodriguez et al. 2017a; Jigerbrand
and Spoelstra 2023; Fabian et al. 2024). Positive phototaxis toward sources of ALAN can
result in mortality due to collisions with glass windows, lighted structures, and vehicles;

stranding and dehydration or desiccation in unfamiliar locations; and predation of
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stranded individuals following disorientation and/or collision (Witherington 1997; Rich

and Longcore 2006; Rodriguez et al. 2017a; Van Doren et al. 2021).

Seabirds of the orders Procellariiformes and Charadriiformes (family Alcidae) are
prone to becoming stranded in human settlements following phototaxis toward and
disorientation by ALAN (Rodriguez et al. 2017a; but there are other non-mutually
exclusive hypotheses for stranding such as simple navigation error during natural
dispersal; Brown et al. 2023, Chapter 1). Fledglings of burrow-nesting and night-fledging
seabird species appear to be the most susceptible to light-induced stranding, although
adults of some species are also affected (Rodriguez et al. 2017a; Burt et al. 2024). There
is mounting evidence that suppression of ALAN near colonies of burrow-nesting,
night-fledging procellariiform seabirds can reduce the number of stranded fledglings
(Reed et al. 1985; Miles et al. 2010; Rodriguez et al. 2014; Burt et al. 2024). However, it
is not always possible to eliminate or suppress the use of ALAN, especially at industrial
and commercial sites where lighting is necessary for regular operation and human safety.
There is thus a growing interest from industry, non-governmental conservation
organizations, and various levels of government in investigating and implementing
alternate “less attractive” light types where suppression or elimination of ALAN is not
possible (e.g., Mercer 2018). Limited evidence suggests that lights with high correlated
colour temperature (CCT; a relatively crude but simple and widely-used metric of the
perceived colour of a nominal white light source; Durmus 2022) and predominantly
blue-violet wavelengths (such as metal halide types) may be more attractive to fledgling
procellariiforms and other wildlife than those with low CCT and red-orange dominant

spectra (such as sodium vapour types; Salamolard et al. 2001, as cited in Minatchy 2004;
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Rodriguez et al. 2017b; Longcore et al. 2018), but other findings suggest the opposite
(Atchoi et al. 2024) and some indicate no difference (Urmston et al. 2022). An increased
attraction toward blue-violet wavelengths may be explained by an increased sensitivity to
these wavelengths by the visual systems of the affected taxa (Reed 1986; Bowmaker et

al. 1997; Hart 2004; Pawson and Bader 2014; Davies and Smyth 2018).

While research interest in procellariiform light attraction has increased in recent
years, comparatively little attention has been given to other seabirds that are similarly
affected by ALAN. Most notably, the Atlantic puffin (Fratercula arctica) represents the
only non-procellariiform seabird species that gets stranded routinely in coastal
communities, with insular Newfoundland (Newfoundland and Labrador, Canada) and
Iceland being the best-known affected locations (Rodriguez et al. 2017a; Wilhelm et
al. 2021; Katz 2023). Adults are diurnal, but fledglings leave their burrows on maiden
flights to the sea at night, unattended by parents, leaving them susceptible to the influence
of ALAN. Although populations in the western Atlantic remain robust and are even
increasing (Wilhelm et al. 2015), those in the eastern Atlantic are declining, likely due to
low recruitment (Miles et al. 2015; Fayet et al. 2021). Thus, with increasing coastal
development, understanding the extent and spectral attributes through which ALAN

impacts post-fledging behaviour in this species is urgently needed.

In Newfoundland, certain well-lit commercial and industrial locations near
Atlantic puffin breeding colonies are known to consistently yield stranded puftin
fledglings (hereafter, “puftlings”) and have thus been deemed stranding “hotspots”
(Canadian Parks and Wilderness Society, Newfoundland and Labrador Chapter,

unpublished data). The existence of such “hotspots” has been taken as anecdotal evidence
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in support of the light attraction hypothesis of stranding in puffins, although it is unclear
to what degree this pattern may be driven by a spatial bias in non-systematic search effort
(e.g., toward well-lit areas, where people are also presumably more comfortable
searching at night). Furthermore, while hundreds of puffins are stranded annually, this
represents only a very small proportion of the total number of individuals fledging from
the colonies (Wilhelm et al. 2021), providing support to the natural random dispersal
hypothesis which suggests that young birds become stranded because of their
inexperience in navigating a new environment (Brown et al. 2023, Chapter 1). To date, no
experimental study has been conducted to directly test the light attraction hypothesis and
confirm the role of ALAN in causing Atlantic puffin strandings. To do so would require a
coarse-scale experimental approach wherein, at a minimum, light levels (including
specifically a “dark™ condition), geographic location, and search effort are all tightly

controlled (Brown et al. 2023, Chapter 1).

At small geographic scales, the behaviour of pufflings and other stranding-prone
seabird fledglings exposed to ALAN remains largely unknown but can be studied ex- or
in-situ (e.g., in a Y- or T-maze choice experiment). In the only alcid whose fine-scale
phototactic behaviour has been studied to date, ancient murrelet (Synthliboramphus
antiquus) chicks oriented more often toward a reflected light source than toward darkness
(Gaston et al. 1988). Stranded Cory’s shearwater (Calonectris borealis) fledglings,
however, consistently chose darkness over light in a similar experiment (Atchoi et
al. 2024). In addition to testing for the presence of photopositivity in general
(i.e., comparing taxic responses to light versus dark), it is also of interest whether

stranding-prone seabird fledglings exhibit fine-scale preferential phototactic responses or
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differential activity levels in response to certain spectra of artificial light over others. For
example, Atchoi et al. (2024) found that both fledgling and adult Cory’s shearwaters
significantly preferred red over blue light when both were provided as options
simultaneously. Such fine-scale experiments may not perfectly mimic what occurs in
nature, but they nonetheless inform our understanding of behavioural responses to light,
especially in ground-based contexts. This information holds implications for rescue
efforts in predicting where stranded seabirds are likely to go and how they will behave

following stranding, which should allow for higher rescue success.

In this study, we tested the effect of ALAN on puffin behaviour at both a coarse
and fine scale. At a coarse scale, we experimentally tested the light attraction hypothesis
of stranding in the field by directing a 30,000 lumen LED light toward the Gull Island
(Witless Bay) Atlantic puffin breeding colony, on alternate nights from two different dark
beaches during the fledging season. Given the hypothesis that pufflings become stranded
by light attraction, we expected that more pufflings would be observed at the beaches
when they were illuminated than when the beaches were dark. To test for effects of
ALAN on a fine scale, we used a Y-maze to evaluate the propensity of already-stranded
pufflings to exhibit phototactic behaviour and preferences for various artificial light
spectra. We expected that fledglings would exhibit positive phototaxis in the Y-maze by
preferentially choosing light over darkness when both were provided as options. We
further expected that when pufflings were exposed to two different artificial light types,
they would preferentially choose those with “cooler” hues (e.g., cool white LED; blue
LED) over those with “warmer” hues (e.g., high-pressure sodium (HPS); warm white

LED; orange LED). This reasoning is based on the peak optical sensitivity of
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closely-related auks to 406 nm violet light and that of stranding-prone procellariiforms to
402-405 nm violet light (Odeen and Hastad 2003). To determine if different spectra of
artificial light induce different activity levels in puftlings, we conducted an open field
test. Although we expected to observe differences in activity levels among the light
treatments, particularly when compared with darkness, we could not predict directionality

a priori.

Methods
Ethical Note

All procedures involving the use of animals for research were performed in
accordance with Trent University’s Animal Care Protocol guidelines under the Canadian
Council on Animal Care (CCAC), protocols #26223 and #28033, and Canadian Wildlife
Service guidelines under scientific permit # SC4051. All experiments were compliant
with current Canadian law. Birds were captured using handheld mesh nets, were not
manipulated beyond simple handling, and were held in captivity for as short a time as
possible. We further attempted to reduce the stress experienced by birds by housing them

individually in quiet and dimly lit conditions for the duration of captivity.

Study Sites and Species

In Newfoundland, most stranded pufflings are found along a ~15 km section of
coastline between the communities of Bay Bulls and Bauline East (Figure 2.1). This
section forms the focal search area for the Canadian Parks and Wilderness Society —
Newfoundland and Labrador Chapter’s (CPAWS-NL) “Puffin Patrol”, a volunteer-based
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puffling rescue program that operates each year during the fledging (and stranding)
season (Wilhelm et al. 2013, 2021). The Witless Bay Ecological Reserve, which borders
this coastline, hosts close to 400,000 breeding pairs of Atlantic puftins, forming the
largest concentration in North America (Lowther et al. 2020; S.I.W., unpubl. data).
Stranded pufflings are thought to largely originate from the two largest breeding colonies
on Gull Island (47.262297°N, 52.773389°W, estimated at 168,000 pairs; S.I.W., unpubl.
data) and Great Island (47.187182°N, 52.813495°W, estimated at 205,000 pairs; S.I.W.,
unpubl. data), both part of the reserve and located less than 3 km from shore at their

closest points (Figure 2.1).

To study the behavioural response of pufflings to light at coarse spatial scales, we
performed an “illuminated beach experiment” (hereafter, beach experiment) in
August 2022 at two sites near Witless Bay, Newfoundland: Lower Pond Beach
(47.281464°N, 52.810982°W) and Ragged Beach (47.262068°N, 52.811644°W;
Figure 2.1). Both of these beaches face Gull Island: Lower Pond Beach at a distance of

approximately 3.1 km, and Ragged Beach at a distance of approximately 2.5 km.

To study the fine-scale spatial behavioural response of pufflings to lights of
differing spectra, we performed both a Y-maze “choice experiment” and an open field test
in August 2021 in Bay Bulls, Newfoundland and Labrador, Canada (47.315178°N,
52.813887°W; Figure 2.1). In 2021, we conducted the fine-scale experiments in one of
two identical “field labs” (storage trailers, 2.4 x 1.4 x 2.1 m) located adjacent to the
headquarters for CPAWS-NL’s annual Puffin Patrol rescue program (and the designated
drop-off location for all rescued pufflings). One “lab” was used for the choice

experiment, while the other was for the open field test. In August 2022, we tested one

38



additional choice experiment combination in a building in Saint Michaels (47.187247°N,

52.843990°W; Figure 2.1).

Response of Pufflings to Light at a Coarse Spatial Scale
Materials

We illuminated one of two beaches (Lower Pond beach or Ragged Beach;
Figure 2.1) over 11 nights during the fledging season between 15-27 August 2022,
coinciding with a transition from 85% to 0% lunar illumination (moongiant.com).
Experiments were not conducted on 17-18 August due to inclement weather. At both
beaches, a 30,000 lumen, 6390 K LED light apparatus (Willpower 52-inch, 675-Watt
LED light bar: Xalapa, Veracruz, Mexico; spectrum displayed in Appendix Figure A2.1)
was mounted to a 1.5-metre wooden fence board and placed on two overturned plastic
buckets at the highest point of the beach (approximately 2 m above sea level) such that
the light sat horizontal and parallel to the beach, facing Gull Island. On each night during
the experimental period, we illuminated one beach while the other remained dark. At the
light beach, the light apparatus was connected to a Discover 12V 35AH/20HR
rechargeable deep cycle marine battery (Richmond, B.C., Canada) via a wiring harness
with an in-line fuse and toggle power switch; at the dark beach the battery and the light

apparatus with attached wiring harness were set up but not connected.

Experimental procedure

A coin was flipped to determine which of the two beaches was illuminated on the
first night of the experiment; thereafter, the light treatment was alternated between

39



beaches. Because there was one illuminated beach and one unilluminated beach every
night, we have N =11 “light” and N = 11 “dark™ experimental trials. Regardless of
treatment (light or dark), there was a team of usually two to three (one instance of four,
and one instance of five) biologists and trained volunteers stationed at each beach to
operate the light apparatus and to observe and capture pufflings for the duration of the
experiment. Trials ran for exactly two hours, sometime between 2130 and 0030 hours (to
coincide with the peak stranding period; CPAWS-NL, unpubl. data), depending on the
night. On two nights there was an equipment malfunction in the middle of the trial, but by
extending the light treatment trial we ensured the total duration of two hours of light

exposure remained the same.

Approximately 10 minutes before the experiment start time, 1-2 team members at
each beach conducted a brief survey to a minimum of 25 m on either side of the light
apparatus and scanned the water with the unaided eye and night vision binoculars
(Bestguarder NV900 4.5-22.5 x 40 HD; Shenzhen, China) as thoroughly as allowable by
the weather conditions, to ensure no puftlings were already present in the vicinity prior to
the start of the experiment. We then placed two reflective safety vests 25 m on either side
of the light apparatus and two vests closer to the water’s edge at the same distance (total
four vests on each beach) to delineate the focal observation area (50 m long and varying
from 15-20 m wide = ~750-1000 m?). This distance was chosen based on preliminary
tests of the resolution and range of the night vision binoculars and the width of the light
beam. There was no way to consistently delineate the focal observation area over water,

but the best effort was made to estimate the relative distances of puftlings observed.
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During the two-hour experiment period on the light and dark beaches,
observations principally consisted of one team member at each beach visually scanning
the focal beach observation area with night vision binoculars; however, it should be noted
that on most nights, even the unaided eye could resolve details of the beach topography
(and therefore also presumably resolve the stark white chests of any pufflings present)
with ambient light alone. Observers took turns (of no set duration) using the night vision
binoculars to avoid fatigue. The remaining team members scanned the beach, water, and
airspace with the unaided eye and recorded each puffling observation, including notes on
whether a puffling was suspected or known to be the same individual as one observed
earlier. Team members stood next to one another and visually tracked each individual
puftling as long as it was within view, continuously communicating about positions and
movements of birds to keep track of unique individuals. Whenever visual contact with a
puftling was lost, subsequent visual contact with a puffling in the same general location
was judged in its likelihood of being the same individual based on the amount of time
that had elapsed since previous visual contact. If less than ~10 seconds elapsed between
initial and subsequent visual contact, the second observation was considered to be the

same bird; otherwise, it was recorded as a “potential duplicate”.

Any puftlings that became stranded were captured by hand as they were observed
and placed individually into a vented plastic holding container (40 cm long x 30 cm wide
x 25 cm tall) in a quiet, dark and sheltered location. We took care to limit our time on the
beach during capture to a minimum (less than 5 minutes) and only executed a capture
attempt when no other birds were seen nearby (either in the water or on land), so as not to

influence their behaviour. During a capture attempt, the remaining observer(s) divided
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their attention amongst scanning the beach, water, and airspace with both night vision
binoculars and the unaided eye to ensure all new puffling observations were documented.
At the end of the evening (maximum time in captivity, three hours), pufflings were
measured and banded by Environment and Climate Change Canada personnel and
released at the water’s edge of the same site where they became stranded (always in dark

conditions).

Data extraction

From the recorded observational data, we extracted minimum, maximum, and
best-estimate counts of unique individual pufflings observed each night at each beach.
Minimum counts for each beach, on each night were calculated by summing the number
of observations known to be of unique individuals, omitting all observations that were
potentially duplicates; this was our most conservative count. Maximum counts were
calculated by summing the number of observations known to be of unique individuals
plus all those that were potentially duplicates. Best-estimate counts were calculated by
summing the number of observations known to be of unique individuals plus only the
potential duplicates that were (according to qualitative field notes) likely to be unique
individuals; this count is likely the most accurate. On six of eleven nights, the number of
pufflings present at the illuminated beach at any one time was low enough to facilitate
continuous visual tracking of all or nearly all individuals, resulting in few (if any)
potential duplicates and minimum, maximum, and best-estimate counts that vary little
from one another. On the other five nights, numbers were high enough that continuous

visual tracking of all individuals was not possible despite our best efforts; this is when the
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number of potential duplicates was highest, and the greater difference between minimum
and maximum counts on these nights reflects this difficulty. We also tabulated on a per-
treatment basis the number of pufflings observed in the water, in the air, and on the
beach; however, it is important to note that because of the difficulty in tracking unique
individuals (see above), these are counts of observations rather than estimated counts of

unique individuals.

Response of Pufflings to Light at Fine Spatial Scales
Animal collection, housing, and release

To measure phototactic behaviour and activity levels we mainly used stranded
puftlings provided by the Puffin Patrol between 8-24 August 2021. Although it is possible
that stranded pufflings do not represent a truly random sample of the entire fledgling
population, it is this population in which we are most interested since it appears to be
most affected by ALAN and also the population from which we would expect the greatest
response to our experimental light stimuli. Puffin Patrol volunteers captured pufflings by
hand using long-handled butterfly nets, placed them individually into vented plastic
holding containers (described above) and then transported them to Puffin Patrol
headquarters by vehicle within 2 hours of capture, but usually sooner. CPAWS-NL staff
recorded the location and time of capture (if the information was not already submitted
electronically by the volunteer(s)) and placed the crated pufflings in a quiet, dark and

sheltered location.
Each night between ~2000 and 2100 hours, we brought the first rescued pufflings

in their crates to a grassy area next to our “field labs,” approximately 25 m away.
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Puftlings rested in their crates for a minimum of 10 minutes before being brought into the
lab and participating in the choice experiment described below. Pufflings were then
returned to their crates and allowed to rest outside at ambient temperature for a minimum
of 10 minutes before beginning the open field test in the second field lab. Once the open
field test was completed, pufflings were returned to the Puffin Patrol’s designated holding
area. All pufflings were then measured, banded, and released the following morning by

Environment and Climate Change Canada personnel.

In 2022, we performed one additional choice experiment combination (we did not
do an open field test in 2022). We captured stranded puftlings between 10-14 August
2022 in the same focal search area as that of the Puffin Patrol, placed individuals in
crates, and brought them to Saint Michaels by vehicle (20 minutes travel). Pufflings
rested in their crates in a small, dark, quiet room (~20°C) for a minimum of 10 minutes
before we placed them in the choice experiment. After the experiment, we returned

pufflings to their crates and released them the following morning from a nearby beach.

Materials for choice experiment to measure phototactic behaviour

We used a Y-maze to measure phototactic behaviour and assess pufflings’
preferences for various light spectra (Figure 2; Appendix Figure A2.2). The metal
“acclimation box” (height: 15 cm) opened into the “main box” (height: 22 cm), a large,
opaque, blue Rubbermaid container, via a vertically sliding door. Attached to the main
box were two adjacent and parallel “choice arms” constructed of 15 cm-diameter
thick-walled expandable blue dryer vent hose, each of which led to a small, opaque, blue

Rubbermaid container (“‘choice box™; height: 18 cm). In the middle of the terminal end of
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each choice box we cut a round hole, approximately 3 cm in diameter and with its centre
approximately 8 cm above the ground, which allowed light from the light source to enter
the Y-maze. Except for this hole, we covered the exterior light-facing side of each choice
box with aluminum foil to prevent light from passing through the wall of the choice box
and thereby affecting the spectrum of light visible inside the Y-maze. Further, we placed a
100 x 50 cm Masonite sheet between the two choice arms and choice boxes to eliminate
crossover of the different light types (except in the bright HPS vs. dim HPS group, where
the incident light crossing over from the bright HPS choice box was used for the dim
HPS choice box). Another small hole (1 cm in diameter) was cut into the outer-most sides
of both choice boxes to allow an infrared baby monitor camera (VTech, VM5262-2;
British Columbia, Canada) to view the doorway between each choice arm and its
corresponding choice box, allowing us to detect when an individual had made a choice

(Figure 2.2).

Three different types of lights were used in combination with various filters to
produce six spectral choice combinations (spectra displayed in Appendix Figure A2.2):
HPS with a correlated colour temperature (CCT) of 2100 K (Light EnerG, 400 Watt;
manufacturer location unknown); warm white LED with a CCT of 2700 K (Philips, SW /
40W-equivalent Soft White LED); and cool white LED with a CCT of 5000 K (Philips,
5W / 40W-equivalent Daylight LED). In total, there were six choice combinations, with
number of trials for each bracketed: 1) bright HPS vs darkness (N = 15); 2) bright HPS vs
dim HPS (N = 22); 3) bright HPS vs warm white LED (N = 23); 4) warm white LED vs
cool white LED (N =21); 5) dim blue LED vs orange LED (N = 25); 6) bright blue LED

vs orange LED (N = 25, in 2022 only).
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When used, LED lights were fixed to a retort stand and positioned approximately
5 cm from the choice box’s distal hole. The HPS light fixture had an attached rectangular
metal reflector on one side, which was bent around the lightbulb to create a cylindrical
shape to focus the light out of the distal end of the cylinder. When HPS light was used,
the end of the light reflector was placed approximately 15 cm away from the hole. These
distances were calibrated with the use of variable neutral density filters (crossed sheets of
polyvinyl alcohol-iodine polarizer films; Alight Polarizers, PF006 linear polarizer; Texas,
USA) and diffusers (parchment paper) to ensure that the amount of light entering the
Y-maze at the peak wavelength of each light type’s respective spectrum was
approximately equal across light types, as measured by a calibrated spectrometer
(see Appendix Figure A2.2). The two blue LED light options and the orange LED light
option were created by pairing the cool white and warm white LED lightbulbs,
respectively, with neutral density filters and diffusers as well as coloured acrylic
(ePlastics; California, USA) and glass filters (see Appendix Table A2.3). We tested
pufflings in blue and orange LED light in an attempt to distinguish effects of “warm”-
and “cool”-coloured light on phototaxis, following distinctions reported in the literature
for other seabird species (Salamolard et al. 2001, as cited in Minatchy 2004; Rodriguez et

al. 2017b).

Procedure of choice experiment to measure phototactic behaviour

In 2021, 106 puftlings were randomly chosen from those that were stranded and
rescued by the Puffin Patrol and divided among five choice combinations. We tested only

one combination each night via selection out of a hat (i.e., it took five consecutive nights
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to conduct trials in all five combinations, after which they were drawn nightly again in
random order), except in the last few days of the field season when we selected the choice
combination each night to correct for sample-size deficiencies (all choice combinations
tested over a minimum of two non-sequential nights). In 2022, 25 pufflings were tested in
bright blue LED vs orange LED, resulting in a total choice experiment sample size of

N=131.

Before each trial, the light stimuli were put in their positions and turned on. Each
puffling was brought into the field lab, removed from its holding container, and placed in
the acclimation box of the Y-maze. After precisely 2 minutes the inner sliding door was
removed and the puffling was allowed 13 minutes to make a “response”. If the puftling
did not voluntarily exit the acclimation box by 5 minutes after removal of the inner door,
it was gently prodded with the experimenter’s hand reaching through the outer sliding
door until the puftling entered the main box. In total, 21% (27 of 131) of puftlings needed
prodding. A response was considered to have been made when a bird reached the end of a
choice arm and any part of the body was visible on the monitor (even if it did not fully
enter the choice box). The bird was removed from the apparatus after making a choice or
after 15 minutes had elapsed (deemed “No Response”), whichever came first, and
returned to its holding container in preparation for the open field test. Between each
individual’s trial, the entirety of the Y-maze was cleaned with 70% isopropyl alcohol and
a disposable cloth to eliminate possible olfactory cues, and the two lights were alternated

between the two choice boxes to account for any potential side bias on part of the birds.
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Materials to measure activity levels under various light spectra

The cube-shaped open field test arena was constructed from 6 semi-opaque white
twin wall polycarbonate panels (1 m x 1 m), held together by acrylonitrile butadiene
styrene (ABS) strips. The floor was left unattached for easy removal and cleaning
between trials. A 20 cm x 20 cm grid composed of 25 squares (i.e., 5 squares x 5 squares)
was created on the floor using black electrical tape. A flap door (approximately 20 cm
wide x 15 cm tall) was cut into the bottom edge of one side of the arena to allow
puftlings to be placed into and removed from the apparatus. To eliminate any ambient
light, an opaque blackout curtain was placed over the roof and sides of the arena. Two
holes were cut in the center of the roof and overlaying curtain: one hole, approximately
3 cm in diameter, accommodated the lens of a miniature action camera (Activeon,
CCA10W, Activeon Inc.; San Diego, CA, USA) with a wide-angle lens to allow for full
view of the floor of the arena. The other hole, approximately the same size and 5 cm
away, allowed for a controlled amount of light to enter the arena from an overhanging
light source. When in use, LED lights rested directly on the hole, while the HPS light was
suspended approximately 20 cm above the hole. This was done to decrease the amount of
heat applied to the arena roof (since the HPS light was warmer than the LED lights), and
because the HPS light was brighter than the LED lights (this distance resulted in a
relatively equal amount of light entering the arena). Median illuminance was similar
across the three light treatments when measured at 25 different locations at floor level
(Kruskal-Wallis test: H> = 1.3696, P = 0.5) using a spectrometer (SRI-2000 Spectral
Light Meter; Allied Scientific Pro; Gatineau, Quebec, Canada). The median illuminance

from HPS was 26.35 lux (IQR 21.08 — 33.18), while that from warm white LED was
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24.34 lux (IQR 20.30 — 27.80), and that from cool white LED was 23.88 lux (IQR
19.46 — 28.62). These median illuminance values are comparable to that of a similar

behavioural study, wherein illuminance was approximately 30 lux (Atchoi et al. 2023).

Experimental procedure to measure activity levels under various light spectra

To determine whether puffling activity level was affected by light type, we
performed an open field test. In 2021, 96 of the 106 Atlantic puffin fledglings used in the
choice experiment were used in the open field test, whereby we exposed them to either
darkness or one of three light spectra. Five individuals were removed from the final
dataset due to camera malfunction, resulting in a final sample size of N = 91. Treatments
were: 1) darkness (N = 23); 2) HPS (N = 19); 3) warm white (2700 K) LED (N = 24); and
4) cool white (5000 K) LED (N = 25). We did not measure activity in response to blue or
orange light to focus our testing on spectra from light sources currently used in human
settlements (i.e., HPS and LED). Each night, we used only two light treatments in the
open field test, and they were never the same as the two light types used in the Y-maze on
the same night. The initial treatment each night was chosen randomly, and treatments

were alternated for the rest of the night.

Prior to each open field trial, the appropriate light was set up and turned on
(except in the dark treatment), and a video recording (with audio) was started. The
puffling was placed just inside the flap door of the arena, and an electronic timer started.
After 10 minutes, the video and audio recording were stopped. The puffling was removed
from the arena, replaced in its holding container, and returned to Puffin Patrol

headquarters. The floor of the arena was not cleaned between trials unless a puftling
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defecated during its trial, in which case the affected area was cleaned with 70% isopropyl
alcohol and allowed to dry before the next trial. As many trials as possible were

completed each night (median 10 trials; range 3-13 trials per night).

Activity level data extraction

Prior to reviewing any open field test videos, we determined the order in which to
watch each video using the random number “sequence generator” on random.org
(Randomness and Integrity Services Ltd., Dublin, Ireland). We used behavioural scoring
software JWatcher (Version 1.0, Macquarie University and University of California, Los
Angeles) to score two levels of behaviour for 10 minutes: “mobile” behaviour included
walking, running, or flying; otherwise, birds were considered “immobile”. The software
automatically calculated the total amount of time spent mobile and immobile by each
puffling in milliseconds, based on the timing of our key presses, and we subsequently

converted each score of time spent mobile into seconds.

In the case of “dark” treatment videos, only the audio was discernible. Puffins
have large, webbed feet and claws, which allowed us to hear them as they walked over
the polycarbonate floor of the arena. Instead of viewing the file, we listened to its audio
and recorded instances when we heard the bird moving (mobile) or halting (immobile).
Billing (tapping or scraping the arena walls with the bill) and scratching (clawing at the
arena floor with the feet) could also be heard but were not scored as “mobile” behaviour
on their own. Each time a key code was pressed, the previous behaviour was
automatically assumed to have ceased. We decided to score only “dark” videos audially

(rather than scoring all videos audially) because: 1) we reasoned that visual scoring is

50



both more accurate (i.e., truer to the correct value) and more precise (i.e., repeatable) than
audial scoring, and is therefore preferable when three of our four treatments can be scored
visually; 2) the noise associated with the HPS light’s ballast fan would have made audial
scoring of those videos difficult and therefore introduce a new source of scoring bias; and
3) extra care was taken during the dark treatment specifically to ensure that noises similar
in quality to those of puffling footsteps were reduced to an absolute minimum so as to
increase the accuracy of those audial scores, whereas only reasonable care was taken to

reduce similar noises in the lighted treatments.

To determine whether the time spent mobile and immobile in the dark treatment
could be accurately scored by listening to the audio alone, we selected a subset of 25
videos from the three lighted conditions (HPS, warm white LED, cool white LED) that
had already been scored. We listened to all 25 videos in random order with headphones

and scored them audially as normal. A single observer did all visual and audial scoring.

Statistical Analysis

All analysis was performed in program R (ver. 4.3.0; R Core Team, 2023). We

report results to a significance level of a = 0.05.
Response of pufflings to light at a coarse spatial scale

We tabulated the minimum, maximum, and best-estimate counts of pufflings seen
during the “light” and “dark” treatments each night, as well as counts of observations of
pufflings in the water, in the air, and on the beach. To control for search effort, we
calculated “estimated observation rate” (reported as birds per observer) by dividing the

best-estimate counts of pufflings during a given treatment on a given night (over the
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two-hour experimental period) by the number of observers present. We report medians
and interquartile ranges. For a more conservative approach we also compared median
estimated observation rates on the beach only (estimated count on the beach divided by
number of observers), between light and dark. This was because the night vision
binoculars worked best while looking at a solid backdrop (i.e., the beach itself) and
because our land-based search area at both beaches was standardized. The results of this
experiment were definitive in demonstrating higher numbers of pufflings at the beaches
during the “light” treatment regardless of the metric used, obviating the need for formal

statistical analysis.

Response of pufflings to light at fine spatial scales

Phototactic behaviour

In the choice experiment we tested a final sample size of N =131 puftlings. To
test whether pufflings displayed evidence for positive phototaxis or preferences for
certain light spectra over others we excluded individuals who exhibited No Response
(N = 23) since this behavioural outcome indicates no preference. For the remaining
individuals, we performed a binomial test (package “stats”, v. 4.3.0) of the light stimuli
chosen in each of the six choice combinations to determine if choices significantly
differed from hypothesized proportions of 0.5, and we report 95% confidence intervals of
the estimated true proportions. We then conducted a Fisher exact test (package “stats”, v.
4.3.0) on the number of pufflings from each combination that were “prodded” to

determine if the proportion of prodded individuals differed among combinations.
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Activity levels

To determine if scoring videos audially may have artificially biased our estimates
of time spent mobile in the “dark” treatment group (in comparison to scoring the light
videos, which was done visually), we conducted a simple linear regression of time spent
mobile scored visually as a function of time spent mobile scored audially of the 25
selected lighted videos that were scored both visually and audially. The regression
equation was statistically significant (+* = 0.985, F123 = 1478, P < 0.001); audial scores
slightly overestimated but nonetheless strongly predicted visual scores of time spent
mobile (p =0.9228, P <0.001, Appendix Figure A2.3). We converted the “dark™ data
using the regression equation and used these “converted” values in statistical comparisons
with the unmodified visual scores from the other treatment groups (see Appendix 2). Note
that the average difference between raw and converted scores of time spent mobile in the

“dark” group was a decrease of only eight seconds (maximum difference, -21 seconds).

We identified one outlier in the entire dataset: an individual exposed to warm
white LED light that spent 353 seconds mobile (a deviation from that treatment group’s
75% quartile by approximately +2.3 times the interquartile range). Because it is unclear
what caused this individual to behave so differently from the rest of the individuals
exposed to warm white LED light, we removed it from all analyses (both choice
experiment and open field test). Retention of this outlier causes a loss of statistical
significance in one out of three comparisons, but the general trends remain unchanged (to
see results with the outlier included, see Appendix 2). Because activity level data did not
meet assumptions of normality or homogeneity of variance, we used non-parametric

statistics. To test whether individuals differed in the time spent mobile across treatment
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groups, we performed a Kruskal-Wallis H test (package “stats”, v. 4.3.0) and a post hoc

Dunn test (package “FSA”, v. 0.9.4; Ogle et al. 2023) for multiple comparisons.

Results
Response of Pufflings to Light at a Coarse Spatial Scale

We calculated a best-estimate total of 136 puftlings that arrived at the beaches
(observed in the water, on the beach, and in the air combined) during the light treatment,
and only 2 pufflings during the dark treatment, over the 11 nights of the experiment.
Similar patterns emerged between the light and dark treatments when we expressed
best-estimate count data on a nightly basis (Figure 2.3A): during the light treatment the
median best-estimate count was 7.0 (IQR 4.5 — 14.5) individuals per night compared to
0.0 (IQR 0.0 — 0.0) in the dark. When numbers are compared within the same
experimental night, minimum, best estimate, and maximum counts of pufflings observed,
as well as observation rates that control for search effort, all tell a similar story: the
frequency of pufflings was consistently higher during light treatments than during dark
treatments (Appendix Tables A2.1, A2.2). When we controlled for search effort, median
estimated observation rate was 2.0 (IQR 1.2 — 6.0) birds per observer in the light and 0.0
(IQR 0.0 — 0.0) birds per observer in the dark (Figure 2.3B). Focusing only on the
standardized 50-metre-long beach search areas for which we have greatest confidence,
pufflings were observed 54 times during the light treatment, which greatly outnumbered
the dark treatment’s single observation. Controlling for search effort, a median of
0.7 birds per observer (IQR 0.4 — 2.3) was seen on the beach in the light treatment,

compared to 0.0 birds per observer (IQR 0.0 — 0.0) in the dark. Behavioural observations
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indicated that pufflings in flight generally flew at altitudes of 15 m or less, in straight
lines either along the shoreline (in both directions) or overhead going inland, and
pufflings in the water and on the beach approached the light to varying distances
(approximately 15-40 m) and then either stopped moving (to preen, rest, etc.) or

proceeded back to the water and swam away (if not captured first).

Assessment of Phototactic Behaviour and Light Preferences

Significantly more individuals responded to bright HPS light than dark
(P =0.002; 95% CI of estimated true proportion of bright HPS: 0.69-1.00; Table 2.1) in
the choice experiment. Although not statistically significant, more individuals responded
to bright HPS over dim HPS (P = 0.1; 95% CI of estimated true proportion of bright
HPS: 0.46-0.88). There was no significant preference of any light type in any other
remaining choice combination (Table 2.1). There was no statistical evidence for side bias,
as pufflings chose Choice Box 1 (N = 57) relatively equally to Choice Box 2 (N = 52;
binomial test: P = 0.7; 95% CI of estimated true proportion of Choice Box 1: 0.43-0.62).
There was no difference among choice combinations in the number of pufflings prodded

out of the acclimation box after 5 minutes (Fisher Exact Test: P = 0.6).

Assessment of Activity Levels in Different Light Types

In our open field test, there was a significant effect of light type on time spent
mobile by pufflings (Kruskal-Wallis test: H3 = 18.396, P = 0.0004). Pufflings spent more
time mobile in darkness (median time spent mobile = 120 seconds) and in HPS light

(median 111 seconds) than in cool white LED light (median 32 seconds; Dunn test:
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P =0.003 and P = 0.004, respectively; Figure 2.4). Pufflings also spent more time mobile
in darkness than in warm white LED light (median 54 seconds; Dunn test: P = 0.045).
Puftlings spent more time mobile, but only marginally, in HPS light compared to warm
white LED light (Dunn test: P = 0.050; Figure 2.4). If the statistical outlier is included
(see Methods), the difference between warm white LED and darkness is no longer

significant, although the trend remains the same (P = 0.09; see Appendix 2).
Discussion

Our results provide strong experimental evidence that light attraction behaviour is
a causal mechanism behind the stranding of Atlantic puffin fledglings (pufflings) in
coastal areas during their initial fledging flights. This evidence emerges at both coarse
and fine spatial scales. Even after controlling for search effort and size of the search area,
in our coarse-scale beach illumination experiment we found significantly more pufflings
stranded during the light treatment than during the dark treatment. Further, consistent
with a light attraction hypothesis of stranding, in our Y-maze experiments pufflings
significantly preferred light over darkness and somewhat preferred bright HPS light over
dim HPS light (although the latter was not statistically significant). Contrary to our
expectation that pufflings would prefer “cool” light spectra over “warm” light spectra
(based on results of Salamolard et al. 2001, as cited in Minatchy 2004; Rodriguez et
al. 2017b), we found no preferences when pufflings were simultaneously presented with
two different light spectra. Our open field test experiment, in which we exposed puftlings
to either darkness or one of three light types, revealed that puftlings were more active in

darkness than in any LED light, and more active in HPS light than under cool white LED
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light. Pufflings also tended to be more active in HPS light than in warm white LED light,

but this difference only bordered on statistical significance.

We are first to demonstrate a reduction in stranding numbers of an alcid through
the experimental reduction of ALAN. Our finding that more pufflings became stranded at
our two beach sites during the light treatment compared to the dark treatment is
consistent with similar studies on procellariiforms (Reed et al. 1985; Miles et al. 2010;
Rodriguez et al. 2014; Burt et al. 2024). Our results therefore provide further support for
recommendations to reduce or eliminate sources of ALAN near breeding colonies of
seabirds affected by stranding, especially where populations are already in decline
(e.g., Rodriguez et al. 2017a). However, it should be noted that the number of pufflings
stranded during our experiment, and indeed during the entire Puffin Patrol rescue
program, is small relative to the estimated total fledging cohort (e.g., in 2019 an
estimated 246,069 + 25,988 juveniles successfully fledged from the Witless Bay
Ecological Reserve and 326 were found stranded; Wilhelm et al. 2021). It is possible,
then, that navigational errors during natural dispersal movements inevitably bring a small
proportion of fledglings close to land, where they become attracted to and stranded by

nearby artificial lights (Brown et al. 2023, Chapter 1).

Previously, we expressed concern that human visual perception is more acute, and
therefore the detection of stranded birds is likely more efficient in light conditions
compared to darkness, potentially leading to a bias in detection probability (Brown et
al. 2023, Chapter 1). As such, in our coarse-scale light attraction experiment we
attempted to reduce the bias between our two treatments by: 1) using identical night

vision binoculars at each of our sites on each night of the experiment; 2) clearly
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delineating a search area of the same size (area of approximately 50 m x 15-20 m) on
both beaches that took into account the maximum visual range of the binoculars; and

3) controlling for the number of observers present at each site in our data analysis. Even
if our light treatment was still subject to bias toward elevated detection probability, it is
highly unlikely that the large difference in number of pufflings found within the beach
search areas (N = 54 in Light vs N =1 in Dark) is attributable to missing a significant
number of puftlings in the dark treatment. In fact, the single puffling we detected within
the search area during the dark treatment was on a night with very low lunar illumination
(13.3%), after the moon had already set, and during overcast and rainy conditions. That
puftlings were visible to observers even in the worst of visibility conditions suggests that
if more individuals were indeed present in the dark treatment, they would have been
detected. Additionally, by alternating each night which site received the light treatment,
we simultaneously controlled for the potential effects of date, moon phase (see

Wilhelm et al. 2021) and site on the numbers of pufflings we observed.

In addition to the stark difference in number of pufflings observed within the
delineated beach search areas in the light versus dark treatment, more individuals were
also observed swimming and flying in the light treatment (N =77 and N =78,

respectively) than in the dark treatment (V=1 and N = 1, respectively).

Support for the light attraction hypothesis of stranding in pufflings is bolstered by
the positive phototactic behaviour pufflings displayed in our choice experiment. Pufflings
chose bright HPS light significantly more often than darkness and chose bright HPS light
slightly (but insignificantly) more often than dim HPS. These results agree with those of a

similar study in which ancient murrelet chicks chose light significantly more often than
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darkness in a T-maze just after leaving their nests (Gaston et al. 1988), but interestingly
are contrary to results of a Y-maze experiment in which Cory’s shearwater fledglings
chose darkness over light (Atchoi et al. 2024). Ancient murrelet chicks leave the nest at
night under parental care on average only two days after hatching (Gaston and Shoji
2020), long before they are capable of flight. It is this lack of flight ability, combined with
breeding in mostly remote areas away from human settlement, that presumably precludes
them from stranding in areas with ALAN. That our Atlantic puffin Y-maze results are
consistent with those of ancient murrelets but not Cory’s shearwaters possibly suggests a
taxonomic difference in fine-scale behavioural responses to ALAN between the two main
seabird groups affected by light-induced stranding (i.e., alcids and procellariiforms);

however, more research is necessary to confirm this trend.

Contrary to our expectations, pufflings did not display any preferences for certain
light spectra over others when presented with a choice. We based our expectations on two
premises: first, previous studies have found that attraction behaviour and stranding
numbers of fledgling procellariiforms increase under exposure to short
wavelength-dominant (i.e., high CCT) light types like metal halide (~4500 K CCT)
compared to long wavelength-dominant (low CCT) light types like high-pressure sodium
(~2000 K CCT; Salamolard et al. 2001, as cited in Minatchy 2004; Rodriguez et
al. 2017b), although this is not always the case (e.g., shielding of long wavelength light
from radiating upward may negate the effect; Urmston et al. 2022; Atchoi et al. 2024) and
evidence is limited. Second, the procellariiform eye is quite sensitive to short
wavelengths (Reed 1986; Bowmaker et al. 1997; Hart 2004), implying a potential link

between the wavelengths of highest spectral sensitivity and those that induce the
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strongest phototactic responses. Atlantic puffins likely have similar spectral sensitivities
given the similarities in photoreceptor profiles between auks and procellariiforms (Odeen
and Hastad 2003), which is why we expected they would choose blue light over orange
and cool white over warm white LED light in our Y-maze. It is therefore unclear why
these choice combinations did not elicit differences in phototactic behaviour. Most of our
light stimuli were calibrated such that the amount of light irradiated at the peak
wavelength of each spectrum was relatively equal; we did this because the calibration of
spectra based on perceived “brightness”, although valuable, is difficult without a
complete understanding of spectral sensitivities in the species of interest. To a puftling’s
eyes our provided light options were therefore not necessarily perceived as all being of
the same “brightness”, and there may thus have been unquantified effects of perceived
brightness on the choice behaviour they exhibited in some of our choice combinations.
Another possible explanation is that the locomotory context of the birds (i.e., standing
and walking) and/or the spatial scale of the experimental apparatus are so contextually
different from flying in a three-dimensional airspace that they elicit a completely different
mode of behaviour as it relates to lighting conditions. A coarse-scale beach illumination
experiment that compares phototactic responses and stranding numbers across several
different light spectra (ideally calibrated according to perceived brightness) may provide

insight in a more realistic context (as per Rodriguez et al. 2017b).

When we measured the activity levels of pufflings exposed to darkness and
various spectra of artificial light in our open field test, they spent significantly more time
active in darkness than in cool or warm white LED light (despite the effect of

“converting” the dark treatment scores to reduce the significance of these differences),
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and significantly more time active in HPS light than in cool white LED light. It is unclear
what factors drove our results, especially in darkness. It is possible that in the HPS light
treatment the low-level noise of the associated ballast fan (unlike the LED lights which
have no ballast fan) elicited an attractive response, which has been anecdotally observed
in stranded pufflings (Harris 1982; Harris et al. 1998; reviewed in Wilhelm et al. 2013).
Conversely, it is possible that the greater proportion of cool-hued light in LED spectra
compared to HPS has a calming effect on pufflings that results in reduced activity, as blue
light does in domestic ducks (Sultana et al. 2013) and in black-headed buntings
(Emberiza melanocephala) experiencing periods of migratory restlessness (but with this
pattern reversed outside these periods; Yadav et al. 2015). A fear-based freezing response
toward some aspect of LED light could also drive the reduced activity levels we observed
in that light type, similar to that observed in some poultry lines when placed in an open
field arena (Forkman et al. 2007; Campbell et al. 2019), although our anecdotal
observations of pufflings preening themselves in the arena during bouts of immobility
would appear to contradict this hypothesis. Ultimately, the true cause of the reduced
activity levels that we observed in pufflings exposed to LED light, especially in cool
white LED light, remains a matter of conjecture. Regardless of the reason, these
differences in activity patterns may hold implications for detection probability following
stranding; for example, pufflings may be easier to find in darkness and under HPS light if
they are more mobile there, whereas comparatively less active birds under LED light may

be less noticeable, all else being equal.
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Conservation Implications

Globally, there is a concerted effort to reduce the impact of ALAN on wildlife,
which includes efforts to mitigate and prevent the stranding of various seabird species. To
date, most research has focused on procellariiforms, with comparatively little attention
paid to the Atlantic puffin. We have demonstrated experimentally that the addition of
sources of ALAN near Atlantic puffin breeding colonies has the potential to drastically
increase the number of fledglings that become stranded, which in turn would almost
certainly contribute to decreased juvenile survival. However, perhaps counter-intuitively,
we suggest that light could also be used to lure wayward puffins away from areas of high
mortality risk (i.e., towns and roads) to those of low risk (e.g., supervised remote sites) as
part of a dynamic rescue effort, and this potential application of ALAN in a conservation
context deserves further research. From fine-scale behavioural experiments, we
demonstrated that Atlantic puffin fledglings display positive phototactic behaviour in
response to all tested bulb colours, without a preference for either blue- or red-dominant
spectra. Although there may also be compounding effects of perceived brightness, this
implies that changes to street lighting from historically prevalent HPS lamps to more
energy-efficient LED, or (if specifically attempting to reduce attraction) from cool-hued
to warm-hued lamps, may not be effective in reducing strandings in Atlantic puffins and
that the reduction and shielding of ALAN sources remain the best recommendations. Our
open field test results imply that post-stranding LED light exposure may have either a
calming or startling effect on stranded puftlings, with potential implications for rescue,

rehabilitation, and even husbandry of puffins and other auks.
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Tables

Table 2.1. Quantity of pufflings that chose each of the two light options in each choice combination.

Choice combination 95% CI P No response
Light type 1 Quantity Light type 2 Quantity

Bright HPS 10 Dark 0 0.69-1.00 0.002 5

Bright HPS 14 Dim HPS 6 0.46-0.88 0.1 2

Bright HPS 10 Warm LED 11 0.26-0.70 1.0 2

Warm LED 10 Cool LED 10 0.27-0.73 1.0 2

Dim blue LED 13 Orange LED 9 0.36-0.79 0.5 2

Bright blue LED 9 Orange 6 0.32-0.84 0.6 10

Note: Individual binomial tests assessed evidence for a preference for one light type over the other in each choice combination
(excluding “no response” individuals), using 0.5 as the theoretical (null) proportion for each of the two options. We report the 95%
confidence intervals of the true proportion of “Light type 1” as a reference. We also present the number of individuals that displayed
“no response” in each combination.
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Figures
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Figure 2.1. Map of Puffin Patrol search area in Newfoundland, Canada, including all
relevant locations of research activities (Bay Bulls, Lower Pond Beach, Ragged Beach,
Saint Michaels) and the two largest Atlantic puffin breeding colonies (Gull Island, Great
Island).
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Figure 2.2. View from above the Y-maze apparatus used for our choice experiment. We
placed an individual puftling inside the acclimation box prior to the start of a behavioural
trial. The inner door was then opened, and the bird was allowed to enter and explore the
main box, choice arms, and choice boxes. An infrared camera detected when an
individual became visible at the doorway of a choice box. Note that the diagram is not to
scale.
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Figure 2.3. Number of fledgling puffins observed per night at artificially lit and dark
beaches. A) Best-estimate total counts of pufflings (in the water, on the beach, and in the
air combined) seen each night during the dark (black circle) and light (yellow circle)
treatments, 15-27 August 2022. Note that points overlap on August 26 due to zero birds
being observed during either treatment. B) Observation rates (same best-estimate counts
of pufflings observed, divided by the number of observers present) at the two beach sites
during dark and light treatments. Each data point represents the observation rate on one
experimental night at each site and points have been offset from one another to improve
readability.
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Figure 2.4. Time spent mobile by fledgling puffins when exposed to each of four light
treatment groups. Figure combines a violin plot and boxplot with overlaid individual data
points. Sample sizes: warm white LED light (N = 24), cool white LED light (N = 25),
darkness (“converted” data; N = 23, see text), and high-pressure sodium (HPS) light (N =
19). The single data point >300 seconds in the warm LED treatment (outlined in red) was
considered a statistical outlier and was not included in analysis. Individuals were
significantly less mobile when exposed to warm white LED and cool white LED than

when exposed to darkness, and significantly less mobile under cool white LED than
under HPS.
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Chapter 3

Effects of artificial light on the behaviour of Leach’s storm-petrel fledglings

A version of this chapter has been published in Ornithological Applications:

Brown, T. M., Baker, K., Wilhelm, S. I., & Burness, G. (2025). Under Cover of
Darkness: Refuge from Artificial Light at Night may Mitigate Risks to Stranded
Seabirds. Ornithological Applications, duaf018.

https://doi.org/10.1093/ornithapp/duaf018

Data are available on Dryad: https://doi.org/10.5061/dryad.47d7wm3r3
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Abstract

Artificial light at night is an anthropogenic pollutant that has wide-ranging effects
on wildlife. Fledgling seabirds of order Procellariiformes exhibit phototaxis toward
artificial lights on their first flights from the nest, causing them to become grounded in
human settlements, where they are subject to increased predation risk. Limited evidence
suggests certain light types may be less attractive than others, yet there is also evidence
for an aversion to light under certain circumstances. We investigated differences in
phototactic behaviour, activity level, and shelter-seeking behaviour of grounded Leach’s
storm-petrel Hydrobates leucorhous fledglings exposed to artificial light in three
experiments: a Y-maze choice experiment, an open field test, and a modified open field
test with a hide box provided (“Safe Haven test””). When provided with combinations of
different light types in the Y-maze, storm-petrels typically remained stationary in the
darkest parts of the apparatus (farthest from light stimuli) and exhibited no preferred
response toward one light type over another. This was consistent with results from the
open field test: individuals were less active in darkness than when exposed to two of three
light conditions (warm white light-emitting diode and high-pressure sodium). More than
half of individuals entered the hide box in light conditions, compared to none in darkness.
Considered together, our results indicate that most (but not all) Leach’s storm-petrel
fledglings exhibit photophobic behaviour after stranding, which may be part of a
behavioural strategy to avoid predation. Further, we demonstrate the utility of providing
hide boxes to protect stranded seabird fledglings in locations where lighting cannot be
eliminated or where rescue efforts are limited in spatial or temporal coverage. However,

hide boxes would have limited utility in dark locations. Hide boxes constitute a novel
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mitigation measure that merits future testing for its ability to reduce stranding-induced

mortality, especially in imperiled procellariiform species.
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Introduction

Nightscapes across our planet are increasingly subject to light pollution from
anthropogenic sources. Further, the widespread conversion to energy-efficient
light-emitting diode (LED) lighting is expected to worsen ecological impacts through a
variety of mechanisms, including an increase in the usage of short light wavelengths that
are especially disruptive to wildlife (Pawson and Bader 2014; Davies and Smyth 2018;
Jagerbrand and Spoelstra 2023). The presence of artificial light at night (ALAN) can alter
the physiology and behaviour of a growing list of animals (Sanders et al. 2021; Yang et
al. 2024). Especially in nocturnal animals, artificial light can act as a supranormal visual
stimulus that induces phototactic behaviour (movement either toward or away from light;
Rich and Longcore 2006). Positive phototaxis has been observed in many animal groups
including insects, amphibians, fish, sea turtles, migratory songbirds, and seabirds, among
others (Rich and Longcore 2006; Rodriguez et al. 2017a; Jagerbrand and Spoelstra 2023).
Phototaxis toward ALAN sources can result in mortality through a variety of mechanisms
including trauma from collision with buildings, vehicles, and other structures;
dehydration or desiccation after stranding in unfamiliar locations; and predation or
poaching of disoriented individuals (Witherington 1997; Rich and Longcore 2006;

Rodriguez et al. 2017a; Van Doren et al. 2021).

Seabirds of the order Procellariiformes are one of the most imperiled groups of
birds, with anthropogenic threats including fisheries bycatch, plastic ingestion, climate
change, and predation by introduced predators (Dias et al. 2019). In addition, fledglings
of burrow-nesting and largely nocturnal procellariiform species, such as storm-petrels and

shearwaters, are susceptible to stranding in developed coastal areas and at offshore
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industrial sites after disorientation by, and sometimes collision with, lighted structures
during their first flights from the nest (sometimes termed “fallout”; Montevecchi 2006;
Burke et al. 2012; Rodriguez et al. 2017a; Gjerdrum et al. 2021). Fledgling mortality
following stranding can be high without rescue intervention (Rodriguez et al. 2017a;

Burt et al. 2024). Even where rescue programs are implemented, many stranded
fledglings are not found as they tend to hide in concealed locations (Reed et al. 1985;
Rodriguez et al. 2017a). Although procellariiforms are generally K-selected and their
populations are therefore relatively robust against juvenile mortality, light-induced fallout
has had a significant negative effect on population growth in several species (Ainley et
al. 2001; Fontaine et al. 2011; Griesemer and Holmes 2011; Simons 1984) and adults can

also be affected (Rodriguez et al. 2017a; Burt et al. 2024).

Increasing experimental evidence suggests that reductions in ALAN near colonies
of burrow-nesting, night-fledging seabirds can decrease stranding numbers (Reed et
al. 1985; Miles et al. 2010; Rodriguez et al. 2014; Brown et al. 2024, Chapter 2; Burt et
al. 2024). At finer scales and in ground-based contexts, however, behavioural patterns are
more equivocal and vary among species. For example, in the charadriiform ancient
murrelet (Synthliboramphus antiquus), chicks orient more often toward reflected light
sources than toward darkness, yet because they nest in remote areas and go to sea before
they can fly are not prone to fallout (Gaston et al. 1988). Stranding-prone Atlantic puffin
(Order Charadriiformes) fledglings similarly orient toward light over darkness in a
Y-maze (Brown et al. 2024, Chapter 2), but stranded Cory’s shearwater (Calonectris
diomedea; Order Procellariiformes) fledglings consistently move toward darkness in a

similar experiment (Atchoi et al. 2024). The latter result may indicate a

72



context-dependent phototactic response in which behaviour toward ALAN on a broad
scale (especially in flight) differs from fine-scale responses (especially on the ground,
post-stranding). Combined with observational and tracking data of fledgling seabirds as
they encounter ALAN (e.g., Rodriguez et al. 2022), it has been suggested that
procellariiform fledglings may be attracted to artificial lights from a distance but

disoriented by them at close range (Atchoi et al. 2024).

In instances where total or near-total suppression of ALAN is not possible
(e.g., industrial sites with nocturnal operations), other mitigation measures are needed to
reduce fallout. The shielding of light from radiating upward toward birds flying overhead
has demonstrated effectiveness (Reed et al. 1985; Urmston et al. 2022). Implementation
of potentially “less attractive™ light types also has potential. Limited evidence suggests
that long wavelength-dominant (i.e., “redder”) lights (such as sodium vapour types) with
low correlated colour temperature (CCT; a relatively crude but simple and widely-used
metric of the perceived colour of a nominal white light source; Durmus 2022) may be less
attractive to fledgling procellariiforms and other wildlife than those with high-CCT, short
wavelength-dominant (i.e., “bluer”) spectra (such as many LEDs; Rodriguez et al. 2017b;
Longcore et al. 2018). Increased attraction toward blue-violet wavelengths may be
explained by an increased sensitivity to these wavelengths by the optical systems of the
affected taxa (Reed 1986; Bowmaker et al. 1997; Hart 2004; Pawson and Bader 2014;

Davies and Smyth 2018).

Contrary results, however, have been found in Y-maze experiments with Cory’s
shearwaters, which preferentially oriented toward red over blue light (Atchoi et al. 2024);

and with Atlantic puffins, which showed no differences in response between blue and
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orange light or between low- and high-CCT LED light (Brown et al. 2024, Chapter 2).
Interestingly, however, activity levels of puffin fledglings did appear to vary by light
type: birds were more active when exposed to high-pressure sodium (HPS) light
compared to LED light (Brown et al. 2024, Chapter 2). These results imply effects of
light type on behaviour beyond simple phototaxis: for example, varying activity levels
following stranding under different light types could have implications for detection
probability of individuals by rescue programs. To date, no similar research has been
conducted on activity levels under various light types of any procellariiform, despite this

group’s overwhelming representation in the list of light-affected seabirds.

Leach’s storm-petrels (Hydrobates leucorhous; Order Procellariiformes, Family
Hydrobatidae) are one of many seabird species affected by stranding. They are a small
(approximately 60 grams at fledging), long-lived (20-30+ years), colonial,
burrow-nesting species that breeds on islands in the North Atlantic and North Pacific
oceans (Pollet et al. 2021). The largest colony of this species is on Baccalieu Island in
Newfoundland and Labrador, Canada, with an estimated breeding population of
1.95 million pairs (down from an estimated 3.4-5.1 million pairs in 1984; Wilhelm et
al. 2020). Juveniles fledge on average two hours after sunset in September through
November (Collins et al. 2023), going directly to the open ocean without parental
guidance (Pollet et al. 2021). At this time, some fledglings become stranded both inland
and at offshore oil production and other industrial facilities (Miles et al. 2010;

Gjerdrum et al. 2021; Wilhelm et al. 2021; Burt et al. 2023, 2024). Leach’s storm-petrels
fledge throughout the lunar cycle but stranding increases when moon illumination is low

(Miles et al. 2010; Collins et al. 2023; Burt et al. 2024), potentially implying that
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artificial light has a greater attractive or disorienting effect on birds during nights with

lower natural light levels (Rodriguez et al. 2023).

On the Avalon Peninsula of Newfoundland and Labrador, hundreds to thousands
of Leach’s storm-petrels are found stranded each year and many likely remain unfound,
especially given the large geographic area over which strandings occur (Gjerdrum et
al. 2021; Wilhelm et al. 2021; Burt et al. 2023). High predation on grounded individuals
by herring gulls (Larus argentatus), foxes (Vulpes spp.), feral cats (Felis catus), and other
predators at “hotspot” stranding sites (Burt et al. 2024), as well as high mortality of
stranded procellariiforms from other causes even with the use of rescue programs
(Rodriguez et al. 2017a) imply the need for additional mitigation measures where lights
cannot be extinguished and where rescuers cannot be constantly present. For example, the
targeted placement and monitoring of protective hiding places at stranding “hotspots”
may be beneficial to reduce predation (Burt et al. 2024), as procellariiforms often seek

shelter in concealed locations after grounding (Reed et al. 1985; Rodriguez et al. 2017a).

In this study, we assessed post-grounding behavioural responses toward artificial
light by Leach’s storm-petrel fledglings. Our three initial objectives were to: 1) measure
phototactic behavioural responses of grounded Leach’s storm-petrel fledglings (hereafter
“storm-petrels”) to artificial lights; 2) test their preferences among various artificial light
spectra; and 3) measure their activity under various lighting conditions. Last, based on
anecdotal observations of grounded storm-petrels seeking shelter in rodent bait stations
(Burt et al. 2024), we leveraged the results from objectives 1-3 to test a fourth objective:
whether different lighting conditions would influence an individual’s propensity to seek

shelter in a hide box (termed a “Safe Haven” box). To address our first objective of

75



measuring phototactic behaviour, we used a Y-maze and hypothesized that fledglings
would exhibit differential responses toward light versus dark portions of the apparatus;
specifically, we predicted that fledglings would preferentially respond to (i.e., move
toward) light stimuli and avoid or move away from dark portions of the apparatus. We
used the same Y-maze apparatus to address our second objective of testing for light
preferences, whereby we hypothesized that phototactic responses toward artificial light
would depend on the spectra used. We predicted that when storm-petrels were exposed to
two different artificial light types, they would respond more often to those with “cooler”
hues (e.g., cool white LED; blue LED) than to those with “warmer” hues (e.g.,
high-pressure sodium; warm white LED; orange LED). We addressed objective 3 using
an open field test to measure activity levels and hypothesized that storm-petrels would
exhibit differences in activity levels among different light types, particularly when
compared with darkness. However, we could not predict directionality a priori. We used
the same open field test with an added hide box to address objective 4. Based on the
unexpected results we obtained in the above experiments, we hypothesized that
storm-petrels would interact differently with the hide box under light versus dark
conditions, with the prediction that they would seek shelter when the open field was
illuminated and not seek shelter in darkness. Objective 4 has the potential to inform

local-scale rescue efforts and conservation measures.
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Methods
Study Site and Species

Experiments were conducted with stranded storm-petrels in October 2021 and
2023 at the Quinlan Brothers seafood processing plant in Bay de Verde (48.085°N,
52.895°W), Newfoundland and Labrador, Canada. Hundreds of storm-petrels strand at
the seafood processing plant on an annual basis (Wilhelm et al. 2021; Burt et al. 2023,
2024), most of which likely originate from Baccalieu Island, approximately 7 km to the
northeast (Figure 3.1). We conducted experiments in two sheds, and housed birds in a
third shed, on the wharf between 2100 and 0430 hours on 2-11 October 2021 and

3-8 October 2023.

Animal Collection, Housing, and Release

We collected stranded storm-petrels during opportunistic walking surveys (single
“laps”) around the processing plant from approximately 2000 to 2400 hours. We
conducted experiments throughout the night between or at the same time as walking
surveys, depending on the number of field personnel available (range: 1-5). Although it is
possible that stranded storm-petrel fledglings do not represent a truly random sample of
the entire population, it is this population whose responses to artificial light were of
greatest interest to us, since we were specifically assessing post-stranding behaviour.
When individuals were found, we placed them in cardboard pet carriers, approximately
47 cm long x 25 cm wide x 30 cm tall and lined with disposable absorbent multipurpose

pads (up to 25 individuals per carrier). We kept the carriers containing rescued birds in
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darkness in the third shed (dedicated to housing birds) until experimentation and/or

release.

Prior to experimentation (described below), we removed each storm-petrel from
the group housing and placed it individually in a cardboard box (30 cm x 20 cm x 25 cm)
outdoors in a sheltered location for a minimum 10-minute rest period. Following the
phototactic behaviour experiment, we returned the bird to its cardboard box and allowed
it to rest for at least 10 minutes before proceeding with the activity level experiment. In
2023, we focused solely on objective 4, the Safe Haven test, which involved two trials
conducted in quick succession. Storm-petrels used in this experiment rested for at least
10 minutes before the first trial, but only about 5 minutes between the first and second
trials. In both years, individuals that had completed the experimental trials were placed

together in a cardboard pet carrier until release.

Choice Experiment to Measure Phototactic Behaviour

To measure phototactic responses of storm-petrels to various light spectra we used
a Y-maze, following Brown et al. (2024; Figure 2.2). Briefly, the apparatus consisted of a
dark, metal “acclimation box” (34 cm % 15 cm x 15 cm) which opened into a plastic
“main box” (40 cm x 55 cm % 22 c¢m) via a vertical sliding door. Two corrugated plastic
pipes (i.e., choice arms) connected the main box to two plastic choice boxes (36 cm x
27 cm x 18 cm), each with a 3 cm-diameter hole through which each experimental light
shone into each choice arm. We anecdotally judged relative movement and position of the
bird within the apparatus by the sound of its footsteps (or lack thereof) and determined

responses to light stimuli by placing infrared baby monitor cameras (VTech, VM5262-2;
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British Columbia, Canada) at small holes in the walls of the choice boxes. We considered
the storm-petrel to have made a response when it reached the end of a choice arm, and
any part of the body was visible on the baby monitor screen (even if it did not fully enter

a choice box); otherwise, the trial outcome was deemed “No Response”.

We used three different types of lights (high-pressure sodium [HPS] with a CCT
of 2100 K; warm white LED with a CCT of 2700 K; and cool white LED with a CCT of
5000 K) in combination with various filters to produce four stimulus combinations (for
materials and spectra of all light-filter combinations see Appendix Table A3.1 and
Figure A3.1). We randomly selected 76 stranded storm-petrel fledglings and divided them
amongst four light stimulus combinations. The combinations (with number of trials each,
in brackets) were: HPS vs darkness (N = 19); HPS vs warm white LED (N = 19); warm
white LED vs cool white LED (N = 17); and blue LED vs orange LED (N = 21). The blue
and orange LED light options were created by adding to the cool and warm white LED
options filters made of coloured acrylic and glass (Appendix Table A3.1). We tested only
one combination each night, selected randomly without replacement until all four had
been tested over the course of four nights; they were then selected again in random order

(all light combinations tested over two non-sequential nights).

We brought the storm-petrel into the choice experiment shed and placed it in the
acclimation box of the Y-maze. After two minutes, we removed the inner sliding door to
allow the bird to make a “response”. If the bird did not exit the acclimation box within
5 minutes (as discerned by a lack of audible footsteps), the experimenter gently prodded
it by hand until it entered the main box (N = 53 out of 76 storm-petrels, or 70%, were

prodded). Note that prodding was used in an attempt to elicit a response, but not all
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prodded birds responded. We removed the bird from the apparatus when it made a
response or 13 minutes after removal of the inner door, whichever came first, and
returned it to its cardboard box. The experiment was thus a maximum of 15 minutes in
duration. In most cases of “No Response,” storm-petrels sat still in the apparatus, but “No
Response” also included the few individuals that audibly wandered around inside the
apparatus without ever becoming visible on the monitor screen. Between trials, we
cleaned the entire Y-maze with 70% isopropyl alcohol and a disposable cloth and allowed
it to dry completely. We then swapped the two lights between the two choice boxes to

account for any potential side bias on part of the birds.

Measuring Activity Levels under Various Light Spectra

To address objective 3, we used an open field test to measure differences in
activity level of fledgling storm-petrels under various artificial light spectra, as described

in Brown et al. (2024, Chapter 2) (for apparatus description, see Appendix 3).

The same 76 storm-petrel fledglings used in the Y-maze were divided into four
treatment groups for trials in the open field test, where each individual was exposed to
darkness or one of three light spectra. Two individuals were removed from the final
dataset due to camera malfunction, resulting in a final sample size of N = 74. Treatments
were: darkness (N =21); HPS (N = 18); warm white (2700K) LED (N = 16); and cool
white (5000K) LED (N = 19). We did not measure activity in response to blue or orange
light to ensure adequate sample sizes in the light treatments that most closely resemble
actual light spectra used in human settlements and at industrial sites. Median illuminance

at floor level in the arena was 23 — 26 lux and did not differ significantly across the three
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light treatments (Brown et al. 2024, Chapter 2). Each night, we tested two light types in
the open field test (chosen randomly), and they were never the same as the two light types
used in the Y-maze on the same night. From the remaining light options, the initial
treatment each night was chosen randomly, followed by the second treatment, and these

were alternated for the rest of the night.

Prior to each open field trial, we started a video recording (with audio) and placed
the storm-petrel just inside the access door of the arena. Unfortunately, a thermal imaging
camera was not available for this experiment. After 10 minutes, we stopped recording,
removed the storm-petrel from the arena, and replaced it in its cardboard holding box. We
did not clean the floor of the arena between trials unless a storm-petrel defecated during
trial, in which case the affected area was cleaned with 70% isopropyl alcohol and allowed
to dry before the next trial. We completed as many trials as possible each night (median:
11 trials; range: 3-13 trials per night).

We scored open field test videos in a random order. We used the behavioural
scoring software JWatcher (Version 1.0, Macquarie University and University of
California, Los Angeles) to code two levels of behaviour for each 10-minute trial:
“mobile”, which included walking, running, or flying, and “immobile” whenever birds
were stationary. The software automatically calculated the total amount of time each

storm-petrel spent mobile and immobile.

For storm-petrels in the “dark™ treatment group, only audio data were discernible.
Storm-petrels were audible when they walked on the polycarbonate floor of the arena,
which allowed us to hear and score their movement. As such, rather than viewing the file,

we instead listened to the audio file and coded “mobile” behaviours when we heard the
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bird walking or flying, and “immobile” when we heard the bird stop moving. Scratching
(clawing at the arena floor with the feet) could also occasionally be heard but was not
scored as “mobile” behaviour on its own. To determine whether the time spent mobile in
the dark treatment could be accurately scored by listening to the audio alone, we selected
a random subset of 10 videos from the three lighted conditions (HPS, warm white LED,
cool white LED) that had already been scored visually. We listened to all 10 of these
videos in random order and scored them audially in the same way that we scored the dark
videos. A single observer (K.B.) did all visual and audial scoring. We then performed a
linear regression and used the resulting equation (y = 0.7x + 56) to convert the Dark

treatment data for use in later analyses (see Appendix 3).

Safe Haven Test

We used the same polycarbonate arena for the Safe Haven test as the open field
test; however, we removed the roof and overlaying blackout curtain. To address objective
4, we placed an empty black plastic rodent bait station (approximately 29 cm x 25 cm X
15 cm; Bell Laboratories Protecta Evo Express; Wisconsin, USA) inside the arena (see
Appendix Figure A3.2). We hereafter refer to this bait station as the “Safe Haven box”

(for further description, see Appendix 3).

This experiment consisted of two treatments: light and dark. The light treatment
used a cool white 5000 K LED bulb as in the previous experiments, hung approximately
160 cm above the centre of the arena floor. In the dark treatment, all light sources in the
experiment arena were extinguished and windows in the shed were covered. To record the

behaviour of individuals in the arena, we used a thermal imaging camera (Teledyne FLIR
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C5; Oregon, USA) affixed to a tripod and positioned such that it could record the entire

arena floor.

Between 3-8 October 2023, we tested 14 storm-petrels in a paired design, such
that each individual experienced one light trial and one dark trial (light trials, N = 14;
dark trials, N = 14). We chose randomly whether the first bird experienced light or dark
first and alternated the first treatment experienced by each bird thereafter, to obtain a
roughly equal number of individuals that experienced light first (N = 6) versus dark first
(N = 8). After each 10-minute trial, we removed the storm-petrel from the arena (or from
the Safe Haven box, when applicable), placed it back into the cardboard holding box, and
allowed it to rest for 5 minutes until the arena was ready for the second trial (for details,

see Appendix 3).

Statistical Analyses

All analyses were performed in R (ver. 4.3.0; R Core Team 2023) and we report

results to the nearest significance level.

To test whether storm-petrels displayed phototactic responses toward light
(objective 1), we conducted an exact two-tailed binomial test through the basic stats R
package (v. 4.3.0; R Core Team 2023) on the combined number of storm-petrels that
exhibited “No Response” compared to the combined number of storm-petrels that
responded to one of the light options, in three stimulus combinations: HPS vs warm white
LED, warm white LED vs cool white LED, and blue LED vs orange LED. To test for
preferential phototactic responses toward certain light spectra over others (objective 2),

we conducted exact two-tailed binomial tests on the numbers of storm-petrels in each
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stimulus combination that responded to each of the two provided light options. We tested
against a hypothesized proportion of 0.5 and report 95% confidence intervals of the

estimated true proportions.

To quantify differences in activity level under exposure to the four light
treatments (objective 3), we first converted the “dark™ data according to a regression
equation of the relationship between auditory versus visual-based scoring and used these
“converted” values in comparisons with the unmodified visual scores from the other
treatment groups (see Appendix 3; Appendix Figure A3.3). We then tested for
homogeneity of variance in time spent mobile across treatments using a Levene Test with
car package v. 3.1-2 (Fox and Weisberg 2019). We also tested for normality by
conducting a Shapiro-Wilk test on the residuals of a standard ANOVA of time spent
mobile across treatments, from the stats package v. 4.3.0 (R Core Team 2023). Variance
differed significantly across treatments (F = 7.5594; df = 3 and 70; P < 0.001), but there
was no evidence for deviation from normality (W = 0.984, P = 0.5). We therefore used a
Welch’s one-way ANOVA to determine if the time spent mobile differed significantly
among treatment groups, followed by a pairwise post-hoc Games-Howell test since it
does not assume homogeneity of variance or equal sample sizes, using rstatix package v.

0.7.2 (Kassambara 2023).

Lastly, we tested whether individual storm-petrel fledglings differed in their
probability to enter the Safe Haven box depending on the light treatment used (light or
dark; objective 4) by conducting a classical version of McNemar’s chi-squared test for

paired data (Pembury Smith and Ruxton 2020).
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Results
Choice Experiment to Measure Phototactic Behaviour

Sixty-three percent, i.e. 48 of the 76 storm-petrels in all stimulus combinations
combined displayed “No Response” (Appendix Table A3.2). Considering only the three
combinations in which there were two light options provided (i.e., excluding HPS vs
dark), 38 individuals exhibited “No Response” while 19 responded to one of the light
options (total N =57 individuals). There was a significant preference by storm-petrels to
exhibit “No Response” rather than choosing one of the provided light options (binomial

test P <0.05; 95% CI of estimated true proportion of “No Response”: 0.53, 0.79).

The following results include all four stimulus combinations but exclude from
further consideration the 48 individuals that made “No Response”. Of the remaining
28 individuals that responded to one of the two provided options, 43% (N =12
individuals) were prodded out of the acclimation box into the main box after 5 minutes of
inactivity, while 57% (N = 16 individuals) voluntarily left the acclimation box before
making their response (Appendix Table A3.2). We found no significant response toward
any one light type in our stimulus combinations (Table 3.1). There was also no statistical
evidence for side bias, as 15 storm-petrels chose Box 1 and 13 storm-petrels chose Box 2

(binomial test P = 0.9; 95% CI of estimated true proportion of Box 1: 0.34, 0.72).

Measuring Activity Levels under Various Light Spectra

The time that storm-petrels spent mobile differed significantly among light
treatments (Welch’s one-way ANOVA F3 3028 = 9.306, P < 0.001). Specifically, we found

that on average, individuals spent significantly less time mobile in Darkness (tmobile = 84
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sec) than in warm white LED light (tmobile = 210 sec) and in HPS light (tmobile = 172 sec; P
<0.01 and P <0.05, respectively; Figure 3.2). None of the other light treatments differed
significantly from each other in time spent mobile. No individuals spent less than

56 seconds mobile in the dark group, as the conversion we applied to tmobile in that group

used a linear equation with intercept y = 56 (see Appendix Figure A3.3).

Safe Haven Test

Storm-petrels were significantly more likely to enter the Safe Haven box in light
conditions than in the dark (classical McNemar’s test y*(1) = 6.125, P < 0.05). In the
dark, none of the 14 individuals entered the Safe Haven box. In contrast, when exposed to
the Light treatment, eight of the same 14 storm-petrels entered the Safe Haven box while

six did not enter.

Discussion

We expected that storm-petrels, which are prone to light-induced grounding,
would display evidence of positive phototaxis when tested in a laboratory setting after
becoming grounded. In contrast, most fledglings either displayed no response to light
stimuli or displayed evidence of negative phototaxis. Across our three experiments, birds
tended to remain stationary in darkness, while in light conditions they exhibited increased
movement. In the Y-maze, storm-petrels exhibited little response to the light options
provided and most remained relatively immobile in both the dark acclimation box and,
after being prodded out of the acclimation box, in the (also relatively dark) main box of

the apparatus. Further, although there were no significant responses displayed in any
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stimulus combination, numerically more birds moved toward darkness in the only
combination that had it as an option (HPS vs darkness; chosen by three and six
storm-petrels, respectively). The apparent photophobic behaviour of the majority of
storm-petrels in the Y-maze choice experiment was consistent with the lower activity
levels they exhibited in darkness in our open field test, and with their increased
probability to enter hide boxes in light compared to dark conditions. Specifically, our
Safe Haven Test results provide evidence that the purpose of increased activity levels in
light conditions was to seek out a dark place to hide. However, that 29% (22 of 76) of
grounded storm-petrels chose a light option in the Y-maze and that 43% (6 of 14) chose to
remain unhidden in light conditions of the Safe Haven test together indicate substantial

variation in post-stranding phototactic behaviour that merits further attention.

Our findings are consistent with those of Atchoi et al. (2023, 2024), who found
evidence for photophobic behaviour in fallout-susceptible Cory’s shearwater chicks and
fledglings (but not adults), when they were exposed to light in controlled experimental
apparatuses. Anecdotally, seabird fledglings are sometimes found in dark and concealed
locations after grounding, implying negative phototaxis (Reed et al. 1985; Rodrigues et
al. 2012; Burt et al. 2024). Our results also concur with the photophobia exhibited by
adult burrow-nesting procellariiforms (including Leach’s storm-petrels) in the form of
reduced attendance levels at their breeding colonies and arrival from foraging trips later
at night, when light is at naturally high levels (Watanuki 1986; Riou and Hamer 2008;
Silva et al. 2011) or artificially introduced (Syposz et al. 2021a; Austad et al. 2023). In
these cases, photophobia may be part of a behavioural strategy to reduce predation risk,

although there are invariably at least small numbers of individuals that are active even
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under higher illumination levels (Watanuki 1986; Riou and Hamer 2008; Silva et

al. 2011; Syposz et al. 2021a; Austad et al. 2023; Middlemiss et al. 2025).

Instead of attraction toward ALAN being the sole mechanism driving
procellariiform strandings, lights may attract birds from a distance and then cause
disorientation at close range, as evidenced in part by the highly tortuous flights of
fledglings as they navigate over brightly illuminated areas in comparison with dark areas
(Rodriguez et al. 2022). Negative phototaxis by fledgling procellariiforms in Y-maze
apparatus (where light stimuli are presented at very close range) has been interpreted as
birds attempting to avoid the disorientating stimulus (Atchoi et al. 2024). Alternatively,
but not mutually exclusively, once birds are grounded and more vulnerable to predation,
they may become negatively phototactic and seek the safety of darkness. Our experiment
cannot distinguish these competing hypotheses; future studies might seek to test them by
introducing artificial visual, auditory, or even olfactory predator cues into an open field or
Y-maze experiment to determine if photophobic behaviour is increased in the presence of

a perceived predator.

Our prediction that storm-petrel fledglings would be positively phototactic in our
Y-maze choice experiment (hypothesis 1) was based on the observations that fledglings
of this and other burrow-nesting seabird species are found grounded each year in
anthropogenically developed areas, presumably due to light attraction (Rodriguez et
al. 2017a; Wilhelm et al. 2021; Burt et al. 2023), and that fallout increases with increased
ALAN (e.g., Miles et al. 2010; Brown et al. 2024, Chapter 2; Burt et al. 2024). Instead,
we found no evidence for positive phototaxis, as the majority of storm-petrels chose not

to respond to the provided light stimuli. In contrast to fledgling procellariiforms,
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fledglings of burrow-nesting charadriiforms display positive phototaxis on the ground
(specifically those in the family Alcidae; Gaston et al. 1988; Brown et al. 2024,
Chapter 2). It is unclear why the two groups differ despite their shared tendencies to
develop in burrows, fledge nocturnally and become grounded by ALAN. It has been
suggested that in burrow-nesting procellariiforms the visual system is not fully developed
at the time of fledging (itself due to a lack of light exposure in the burrow throughout
development; Mitkus et al. 2018), which may contribute to the disorientation they
experience in response to ALAN encountered on their first flights from the nest

(Atchoi et al. 2020); presumably, the same would be true of burrow-nesting
charadriiforms. In general, burrow-nesting charadriiforms also share with
procellariiforms the same rod and cone photoreceptors and their associated spectral
sensitivities (Reed 1986; Ebrey and Koutalos 2001; Odeen and Héstad 2003). However,
still little is known about variation in ocular anatomy, physiology, and development
across stranding-prone seabird species and how they may contribute to observed

differences in phototactic behaviour.

When provided with different light spectra in a Y-maze, we expected storm-petrels
to preferentially respond to short wavelength-dominant spectra (e.g., cool white LED and
blue LED) over those that are long wavelength-dominant (e.g., warm white LED and
orange LED), based on increased numbers of stranded individuals in the presence of short
wavelength-dominant light (hypothesis 2) (Salamolard et al. 2001, as cited in
Minatchy 2004; Rodriguez et al. 2017b). Our current results demonstrating no differences
in response by storm-petrels to different light types agree with those of our previous

Y-maze experiment with Atlantic puffin fledglings (Brown et al. 2024, Chapter 2), but
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differ from those of Cory’s shearwaters, in which both fledglings and adults oriented
more toward red than blue light (Atchoi et al. 2024). This behaviour was speculated to be
an adaptation for Cory’s shearwaters to avoid disorientation (Atchoi et al. 2024), since
procellariiforms may be especially sensitive to and disoriented by blue-rich light

(Hart 2004; Rodriguez et al. 2017b; Syposz et al. 2021a). In comparison, few storm-petrel
fledglings responded to either blue or orange light in our Y-maze, with 86% (18 out of
21) exhibiting “No Response” in that combination. This suggests either a tendency to
remain in the dark, or an aversion to both types of spectra in storm-petrels. Alternatively,
storm-petrels may have perceived differences in brightness among our provided light
options, which led to unquantified effects on the behavioural responses (or lack thereof)
they exhibited in our experiments. We calibrated most of our light stimuli such that the
amount of light irradiated at the peak wavelength of each spectrum was relatively equal
(Appendix Figure A3.1), but this does not mean that all spectra were perceived as equally
bright. Nevertheless, we did this because the calibration of spectra based on perceived
“brightness” is difficult without a complete understanding of the spectral sensitivities and

ocular physiology in the species of interest.

In our open field test, storm-petrels spent significantly less time mobile in
darkness than when exposed to either warm white LED or HPS light, supporting our third
hypothesis that activity levels would differ across light treatments. This was true in spite
of the conversion applied to scores from the dark group, which inflated them such that
comparisons with other groups were even more conservative (see Appendix 3). This
suggests that storm-petrels are particularly stimulated by spectra rich in long-wavelength

(i.e., “reddish”), but not short wavelength (i.e., “bluish™), light. We did not find any
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differences in activity levels among the three light treatments (HPS, warm white LED, or
cool white LED). These results are in direct contrast with those of Atlantic puftin
fledglings, which are highly active in darkness, as well as HPS light and less active in
both warm and cool white LED light (Brown et al. 2024, Chapter 2). To our knowledge,
activity levels in response to artificial light have not been quantified in any other seabird
species. Low activity levels of storm-petrels in darkness could imply either a calming or
startling effect from the lack of light; the mechanism underlying this behavioural pattern
remains unexplained. Nonetheless, these results hold implications for detection
probability of stranded birds by rescuers whereby mobile individuals are presumably

more conspicuous than stationary ones, all else being equal.

As grounded fledglings are vulnerable to increased predation risk (Rodriguez et
al. 2017a; Burt et al. 2024), we tested the propensity of storm-petrel fledglings to enter a
provided dark hiding place under light versus darkness (hypothesis 4). We found that
more than half of individuals entered in light conditions, compared to none in the dark.
This clearly demonstrates the value of placing Safe Haven boxes (in this case empty
rodent bait stations) in lit areas to provide stranded storm-petrels with protection until
rescue, as had previously been suggested by Burt et al. (2024). Additionally, anecdotal
preliminary trials revealed that birds never entered the Safe Haven box when its doors
were oriented away from the wall of the open field apparatus, so this needs to be
considered when deploying them. Storm-petrels also do not appear to leave Safe Haven
boxes on their own and thus still require rescue intervention in the hours following
grounding. During initial deployments of Safe Haven boxes at our study site (beginning

April 2021; Burt et al. 2024), we noted up to 11 individuals sheltering inside a single box
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after a single night (T.M.B. and S.I.W., pers. obs.), demonstrating their effectiveness in a
field setting. Safe Haven boxes therefore provide an effective and inexpensive means to
protect at least a portion of grounded seabirds and potentially further reduce
stranding-related mortality in stranding “hotspots”, a tactic especially helpful in trying to

further conserve already declining and threatened populations affected by ALAN.

Conclusion

We found evidence for photophobic behaviour in fledgling storm-petrels that have
been grounded in areas illuminated by ALAN, despite substantial variation overall in
their behavioural responses to light. Importantly, we have also demonstrated that negative
phototaxis tends to be exhibited regardless of the spectrum of light to which birds are
exposed. Our study focused on small-scale behavioural responses to light in a
ground-based context and it does not predict phototactic behaviour of birds in flight or
how it may relate to stranding. Furthermore, the storm-petrels used in our experiments
were already grounded and may have encountered any number of stressors prior to
capture that could have influenced their behaviour. In fact, seabird umwelt remains
largely a mystery and behavioural responses in artificial versus natural settings will
inevitably differ to some degree. Our findings nonetheless have implications for seabird
rescue programs: procellariiforms that become grounded in dark areas will likely remain
there, as evidenced by their low activity levels and lack of hiding response
(i.e., remaining exposed in the open field) in experimentally dark conditions. This
contrasts with procellariiform fledglings grounded in light areas, which likely exhibit

high activity levels and seek out dark hiding places (as also observed anecdotally in
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previous studies). Given that individuals become stranded in large numbers in lighted
areas and rescue efforts are typically focused there, our results emphasize the need to also
search more concealed dark locations where stranded birds may remain hidden for hours
or days following stranding. Our results also confirm the utility of an additional
mitigation measure not previously tested in the global effort to reduce mortality of
seabirds grounded by artificial light at night. As it is not always possible to extinguish
ALAN, especially in industrial settings where human safety during nocturnal operations
is a priority, deploying Safe Haven boxes in illuminated stranding “hotspots” takes
advantage of the negatively phototactic behaviour displayed by stranded fledglings. This
will assist in the safe rescue of fledglings and provide an additional measure to help

conserve seabird populations affected by ALAN.
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Tables

Table 3.1. Number of storm-petrels that responded to each of the two light options in
each stimulus combination (in parentheses, column 1) or exhibited no response for one
light type over the other (“No Response”). Total responses to both light options combined
is provided. We also report the 95% confidence intervals of the true proportion of
individuals that chose the first light type named in the combination, and the p-value of the
exact two-tailed binomial test on the quantities that responded to each light option.

Stimulus Combination 95% CI P-value Ezgégonses II\{Issponse
HPS (3) vs dark (6) 0.07,0.70 0.5 9 10

HPS (5) vs warm white (3) 0.24,0.91 0.7 8 11

Warm white (4) vs cool white (4)  0.16, 0.84 1.0 8 9

Blue (2) vs orange (1) 0.09, 0.99 1.0 3 18
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Figure 3.1. Leach’s storm-petrel colony location (Baccalieu Island) and study location
(Bay de Verde) with reference to the capital city (St. John’s) of the province of
Newfoundland and Labrador, Canada.
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Figure 3.2. Fledgling storm-petrels were significantly less mobile in the Dark than when
exposed to warm white LED or high-pressure sodium (HPS). There were no other
significant differences. Figure shows a boxplot of time spent mobile (in seconds) by
individuals exposed to one of four light treatment groups. Note that, because of the
conversion applied to dark data (see text), data points of birds that truly spent zero or
near-zero time mobile have been artificially inflated and statistical comparisons are
therefore more conservative.
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Concealment and light levels affect detection probability of stranded seabirds: a

study with 3D puffin decoys
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Abstract

Fledglings of burrow-nesting seabirds are vulnerable to disorientation by artificial
light at night (ALAN) and grounding in coastal human settlements, where most
individuals presumably perish if not rescued. Many affected species are already
threatened, such that ALAN-induced grounding represents an additional risk to
population persistence. Opportunistic rescue programs have collected extensive data
instrumental to studying the phenomenon, yet accurate estimates of the effects of
stranding on seabird populations remain elusive due to several levels of uncertainty, such
as the number of stranded seabirds estimated to remain undiscovered by rescuers. One
species subjected to stranding is the Atlantic puffin (Fratercula arctica). We
hypothesized that the detection probability of puffin fledglings by the Puffin Patrol rescue
program, operating in Newfoundland, Canada, is affected by search effort, light level, and
concealment level. We deployed realistic puffin decoys in locations of varying light and
concealment levels throughout two sites that are searched nightly by rescuers and
measured the amount of time and search effort required until each decoy was found. We
also measured the total search effort to which each site was subjected on each night and
found that each additional minute of search effort increased detection rate by 0.6%. Up to
100% more search effort was required to find a decoy placed in concealed conditions
(35.5 min) than one in the open (17.5 min), and 78% more search effort was required to
find a decoy in darkness (32.0 min) compared to illuminated conditions (18.0 min). In
combination with recent advances in our knowledge of seabird post-stranding behaviour,

these insights may be used to train rescuers in more effective search techniques and to
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estimate correction factors to account for the number of stranded seabirds overlooked by
rescue programs. Application of such correction factors will hopefully result in better

estimation of mortality rates and their resultant effects on populations.
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Introduction

The presence of artificial light at night (ALAN) has been linked to the
dysregulation of biological systems in myriad species (Rich and Longcore 2006;
Gaston et al. 2021; Jagerbrand and Spoelstra 2023), and between 1992 and 2017 (the
most recent timespan over which it was estimated) its emittance increased by at least 49%
globally (Sanchez de Miguel et al. 2021). Furthermore, the increasing adoption of
energy-efficient light-emitting diode (LED) lights, which emit a relatively higher
proportion of blue light compared to historically prevalent incandescent light types, is
poised to worsen the effects of ALAN on wildlife due to a greater sensitivity in many
animal taxa to that part of the visible spectrum (Pawson and Bader 2014; Longcore et
al. 2018). One way in which ALAN affects animal behaviour specifically is by causing
disorientation and disruption of natural movement patterns, leading to exhaustion,
collision with anthropogenic structures, stranding, and/or predation (Rich and

Longcore 2006; Rodriguez et al. 2017a; Marangoni et al. 2022; Fabian et al. 2024).

More than 50 seabird species worldwide are affected by nocturnal stranding (or
“grounding”) in artificially-illuminated spaces. Most of them are burrow-nesting seabirds
of order Procellariiformes, but Atlantic puffins of order Charadriiformes are also
impacted (Rodriguez et al. 2017a; Wilhelm et al. 2021; Brown et al. 2024, Chapter 2).
Puffins strand in human settlements near their colonies in Scotland (island of Hirta;
Harris 1982), Iceland (island of Heimaey; E. Hansen, pers. comm., South Iceland Nature
Research Centre, 31 August 2024), Denmark (various of the Faroe islands; S. Hammer,
pers. comm., Faroese Environment Agency, 28 August 2024; B. Porter, pers. comm.,

Cardiff University, 9 September 2024), and Canada (island of Newfoundland; Wilhelm et

100



al. 2013), with ALAN identified as the likely causal factor (Rodriguez et al. 2017a;
Brown et al. 2024, Chapter 2). Across species, fledglings on maiden voyages from their
nests appear to be most susceptible to becoming stranded, likely due to their inexperience
in flight and navigation as well as an underdeveloped visual system (Rodriguez et

al. 2017a; Mitkus et al. 2018; Atchoi et al. 2020; Atchoi et al. 2023). Grounded fledglings
are rarely able to regain flight in anthropogenic landscapes (where they are thought to
most often become stranded) and are therefore highly susceptible to mortality by
predation, vehicle collisions, and dehydration despite generally high initial survival rates
(Telfer et al. 1987; Ainley et al. 2001; Le Corre et al. 2002; Rodriguez and

Rodriguez 2009; Miles et al. 2010; Fontaine et al. 2011). Many affected seabird species
are globally imperiled and already face a number of compounding threats (Croxall et

al. 2012; IUCN 2024), but additional mortality due to ALAN-induced grounding has been
identified as having further negative effects on population growth in at least three species

(Simons 1984; Ainley et al. 2001; Fontaine et al. 2011; Griesemer and Holmes 2011).

It is essential to basic seabird population monitoring and conservation efforts that
mortality rates of ALAN-affected fledglings (and adults) are estimated accurately. In most
locales affected by seabird strandings, there are no standardized survey programs in place
to estimate the number of birds grounded by ALAN. Instead, non-standardized nocturnal
rescue programs that rely on public participation allow for at least a crude approximation
of the magnitude of stranding-related mortality, but accurate estimation is hindered by
various levels of uncertainty, including the total number of fledglings produced by a
population, the number of fledglings that become grounded by lights, and the number of

stranded fledglings that go undiscovered or unreported (Rodriguez et al. 2017a). Rescue
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programs universally find more birds in illuminated compared to dark areas (Rodriguez et
al. 2017a), but it is unclear to what extent this pattern is driven by seabird versus rescuer
behaviour. For example, procellariiform fledglings are known to seek shelter and prefer
dark spaces following stranding (Reed et al. 1985; Rodriguez et al. 2017a; Brown et

al. 2025, Chapter 3). If rescuers are biased toward searching or more efficient at finding
birds in illuminated areas, or both (Brown et al. 2023, Chapter 1), then a considerable
proportion of stranded individuals may remain undiscovered. In comparison, stranded
fledglings that continue to move toward light after stranding, such as puffins (Brown et
al. 2024, Chapter 2), are probably less subject to potential light level-related biases in
rescuer search efficiency. In either case, however, an estimation of seabird detection
probability across light as well as concealment levels would be useful in the global effort

to accurately quantify ALAN-related seabird stranding and mortality rates.

In the province of Newfoundland and Labrador, Canada, the Witless Bay
Ecological Reserve protects a group of islands hosting close to 400,000 breeding pairs of
Atlantic Puffins, the largest breeding concentration of the species in North America
(Lowther et al. 2020; Iles et al. 2025). In August of each year, fledgling puffins (hereafter
“pufflings”) leave their nests for the first time and several hundred are found stranded
along an approximate 15-km section of coastline near the reserve annually (Wilhelm et
al. 2013, 2021). In comparing population estimates and observed reproductive success to
the numbers of stranded pufflings, and in a band-recapture study, it has been estimated
that a minimum of 0.2% of puffin fledglings are affected by stranding (Wilhelm et

al. 2021).
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Since 2004, the volunteer-based “Puffin Patrol” rescue program has conducted
nightly searches for stranded pufflings along the affected section of coastline and has
identified several distinct “hotspots” where stranded pufflings are reliably found. These
hotspots are generally well-illuminated areas of human infrastructure along the coastline,
within approximately 3 km of the main puffin colonies in the reserve (Wilhelm et
al. 2021; Brown et al. 2024, Chapter 2). Volunteers (especially those with children) eager
to find a puffling are often informed by organizers of the reliability of these hotspots;
also, volunteers who have found pufflings at these hotspots previously are presumably
more likely to search there; both of these circumstances may thus drive a bias toward
increased search effort and increased numbers of pufflings found in those areas (T.M.B.,

pers. obs.; Brown et al. 2023, Chapter 1).

To our knowledge, no study to date has attempted to estimate the effects of either
intrinsic or extrinsic factors on variation in seabird detection probability. We
hypothesized that three extrinsic factors affect detection probability of stranded puftlings
by the Puftin Patrol: illumination level, concealment level, and search effort. To eliminate
potential biases in detection probability caused by mobility, behaviour, and variation in
body size of live birds, and to control for the possible effects of predation and number of
puffins available to be found, we used realistically-sized and -coloured 3D-printed
puffling decoys for this experiment. We placed decoys in dark, dimly illuminated, and
brightly illuminated locations which also varied in level of concealment, throughout two
hotspots visited regularly by rescue volunteers. By monitoring the sites in real time, every
evening for 12 nights, we were able to measure search effort as well as the time to

detection of each decoy at each site with relatively high precision. We predicted that
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detection would increase with illumination level, decrease with concealment level, and
increase with search effort; and that more search effort would be required to find decoys
in low illumination or high concealment. We used three different analyses to assess the
effects of our three chosen covariates: first, we compared proportions of decoys found
across illumination and concealment levels; next, we assessed the effects of illumination,
concealment, and search effort on detection rate (the likelihood of a detection event at a
particular point in time); and lastly, we compared the amount of search effort required to
find decoys in each level of illumination and concealment. To visualize the point of
diminishing returns on search effort, we also modeled the relationship between search

effort expended and proportion of decoys found.

Methods
Ethical Note

All procedures were performed in accordance with Trent University’s Research
Ethics Board guidelines under protocol #28055. We created an informed consent
agreement which was approved by the Trent University Research Ethics Board before the
experiment (see Appendix 4). As part of the stipulations of the protocol, we as
Experimenters were not in contact with study participants during the signup process and
we were not privy to their identities or information. When volunteers arrived at the Puffin
Patrol headquarters in Bay Bulls (47.315178°N, 52.813887°W) at the beginning of their
search shift at 22:00 on the nights of this experiment, program organizers read to them a
short script requesting their participation in this experiment and administered a consent

agreement to those who consented to participate (Appendix 4). A total of N = 55
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agreements were signed by Puffin Patrol volunteers who chose to participate in the study
(i.e., to collect decoys) and who are hereafter referred to as anonymous “Participants” in
those contexts pertaining to decoy detection specifically. Otherwise, we refer to
volunteers more generally because in the field it was not always possible to guess, and we
as the Experimenters were not permitted to ask, a volunteer’s participatory status in this
experiment. Puffin Patrol organizers showed volunteers a sample decoy to familiarize
them with its appearance, and specifically asked volunteers who decided not to
participate to leave decoys in place whenever they encountered them. Participants were
not told how many decoys would be deployed, so as not to influence their search effort.
Participants who participated on two or more nights of the experiment were not required
to sign new consent agreements. As such, any repeat Participants are not necessarily
accounted for in the N = 55 consent agreements collected and it is therefore unknown
exactly how many Participants were involved in this experiment. All volunteers
(Participants and non-Participants alike) searched for real puffins and were counted
toward metrics of search effort in this experiment, but only Participants were responsible
for collecting decoys. Personal information of Participants was kept separate from any

experimental data to maintain anonymity.

Materials

We printed 60 life-size, three-dimensional (3D) puffin fledgling decoys following
an initial 3D file design (by SaviMade; savimade.ca) created using photographs and
measurements of live Atlantic Puffin fledglings (see Appendix 4). Each decoy was 18 cm

tall x 10.5 cm wide x 23 cm from beak tip to tail tip and was painted to mimic real
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pufflings (Figure 4.1). Although we only needed 20 decoys for our experiment, we

created 60 decoys in total to account for potential loss, damage, and theft.

Study Sites

We conducted our experiment on 12 nights between 6-27 August 2023, at two sites
in Witless Bay, Newfoundland and Labrador, Canada: a small commercial building that
included a convenience store (hereafter “convenience store”; 47.279272°N,
52.831533°W) and the BGI crab plant (hereafter “crab plant”; 47.279404°N,
52.823854°W; Figure 4.2; Table 4.1). We chose these sites as they are considered to be
stranding “hotspots” where rescue volunteers can reliably find stranded pufflings, and as
such they are two of the most heavily searched areas. We conducted the experiment on
the properties surrounding each of the two buildings and delineated the boundaries of the
total area to ensure that the area searched for the experiment at each site was
approximately equal (approximately 5330 m?; Figure 4.2): the search area of the
convenience store site was 5265 m? (total area = 5709 m? minus the area occupied by the
building on site; the search area at the crab plant was only accessible on two sides of the

building and was estimated at 5396 m? (Figure 4.2).

Location Selection

We subjectively selected 15 illuminated locations (including both dimly and
brightly illuminated locations) and 15 dark locations at each of the two sites for the
placement of puffling decoys (60 locations total) and marked their coordinates with a

GPS unit (Garmin GPSMAP 64s or 64sx; Olathe, KS, USA; Table A4.1). After the
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experiment was complete (on 28 August 2023; a relatively clear night with the moon
91% illuminated; moongiant.com) we measured light levels at all 60 locations with a
spectrometer (SRI-2000 Spectral Light Meter; Allied Scientific Pro; Gatineau, Quebec,
Canada) and with an app (“Lux”; Doggo Apps) on a cell phone (Samsung Galaxy S22;
Samsung Electronics Co., Ltd.; Suwon-si, South Korea). The spectrometer could not
detect illuminance readings below 10 lux (e.g., approximately the illuminance perceived
by the human eye during civil twilight; AMS 2025) and therefore was not precise enough
to quantify real differences between dark and dimly illuminated locations; nor would it
have been sensitive enough to detect differences in illuminance between nights of high
and low ambient (i.e., lunar) light. As such, we opted to use qualitative categories of light
level in statistical analysis and include spectrometer and cell phone app readings of
illuminance in Table A4.1 for information purposes only. Although we acknowledge that
the use of spectrometer-quantified differences in illuminance among the three light levels
in our analysis would be ideal, the inclusion of these measurements would not change the
results, which are nonetheless based on subjective human perception of light level (as are
units of lux). It was not possible to equalize the number of “dim” and “bright”
illuminated locations between the two sites due to differences in site lighting and layouts,
but we accounted for this by stratifying by site in our analysis (see Statistical Analysis,

below).

To mimic true stranding behaviour of live pufflings, at least in terms of where they
are found by rescuers, we only selected locations on the ground (i.e., never on top of
objects) and selected locations that varied in levels of illumination and concealment

which reflected the variation observed across real stranding locations (Table A4.1).
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Across locations we varied the level of concealment on a scale based on an imaginary
cube of 1 m? surrounding the decoy’s precise location, not including the ground: e.g., if
the decoy was concealed by a wall or other object to within 1 m on only one side, the
decoy received a concealment score of 1 (Figure 4.3). We chose locations that typically
ranged from 0-3 (median 1, N = 60), with a singular location (and four deployments
thereof) of concealment score 4 which we omitted from final analysis (Table 4.1;

Table A4.1). Due to the heterogeneity of the two sites in terms of topography, obstacles,
and business activities it was not possible to perfectly equalize the number of locations
with each level of concealment between the two sites, although the best effort was made

to do so.

Experimental Procedure

Each night, we (the two “Experimenters”: T.M.B. and L.V.H.) deployed 20 decoys,
10 at each site. Of the ten decoys at each site, five were placed in dark locations and five
in illuminated locations (dim and bright combined; separated during analysis). Because
there were 30 possible locations at each site, we randomly determined which ten
locations we would use at each site on each night of the experiment, sampling without
replacement over three-day intervals. That is, all locations at each site were used over a
three-day period before randomly re-sampling. Because the experiment spanned 12 nights
and we deployed 20 decoys per night, we used each location four times (total of 240
deployments). Despite using each individual decoy location four times throughout the
experiment, we treated each deployment as an independent sub-sample for two primary

reasons. First, precision of deployment location varied by up to several metres due to
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imperfect GPS locational accuracy and intra- and inter-Experimenter variability in decoy
placement (when this variation resulted in a decoy receiving a different category of light
or concealment level than intended, we omitted this particular deployment from
subsequent analysis; see Statistical Analysis, below, and Table 4.1). Second, the use of
each deployment location was randomized over three-day intervals without replacement.
This was important because most Participants were tourists/visitors who would have
searched for decoys on a single night only or, if on more than one night, would have
searched on consecutive nights. As a result, most Participants would have encountered a

decoy at a specific deployment location only once.

Between 2130-2200 hours on each night of the experiment, the two Experimenters
(one stationed at each of the two sites) deployed the 10 decoys allocated to that site in
time for the experiment to begin at approximately 2200 hours (range in start time
2143-2159 hours). The experiment began whenever the last decoy was deployed at each
site; as such, the start time was allowed to vary slightly between sites (median variation
in start time between the two sites on the same night was 6 minutes; maximum 12
minutes). The start time of 2200 hours was chosen to coincide both with complete
darkness (sunset time varied from 2027 to 1951 hours in the experimental period) and
with the beginning of the second “shift” of Puffin Patrol volunteers (2200-2400 hours).
To reduce any potential bias in the direction of decoy placement and resulting differences
in visibility, we randomly assigned to each decoy on each night one of the four main
cardinal directions (north, east, south, and west), toward which it would be faced. During
deployment, Experimenters used GPS units both to locate the designated locations where

decoys were to be placed and to ensure the decoys faced their assigned cardinal
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directions. Following decoy deployment, Experimenters stationed themselves at a
designated location in each site that was chosen to maximize the visibility of site

entrances/exits and minimize potential effects on decoy detection by Participants.

As an index of search effort for each site on each night, Experimenters recorded
when and how many volunteers arrived and departed from each site. Volunteers were
only considered to be present at the site if they were seen wearing reflective vests (issued
by the Puffin Patrol) and searching on foot within the site boundary; people in cars within
the site boundary were not counted and those not wearing reflective vests were not
counted. Arrival time of volunteers was recorded as the time at which they were first seen
on foot within the site boundary. Because all volunteers were included in estimates of
search effort, this metric is thus inflated as compared with the search effort of Participants
alone, but in a way that is consistent across both sites and across all illumination and
concealment levels. We assumed that search effort of Participants alone (which was
unquantified in this study) and search effort by volunteers in general (which is reported in
this study) were highly correlated. Note also that we were not concerned about
equivalency in search effort among different group sizes; we assumed that, e.g., two
volunteers searching for 10 minutes was equivalent to 10 volunteers searching for two

minutes (i.e., both equal 20 search-minutes).

If volunteers arrived or were already present at the site during decoy deployment,
they were excluded from search effort metrics for that particular site and were asked by
the deploying Experimenter to refrain from collecting decoys at that site. However, these
volunteers were allowed to collect decoys at the other site and were counted toward

search effort at the other site. We quantified search effort for each site on each
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experimental night in units of “search-minutes” (i.e., one search-minute is equivalent to
one volunteer searching for one minute). For example, if there were no volunteers present
for 80 minutes of the experiment (0 x 80 = 0), then five volunteers were present for 10
minutes (5 x 10 = 50), and then two volunteers were present for 30 minutes (2 x 30 = 60),
the search effort calculated for that site on that night would be 0 + 50 + 60 = 110

search-minutes.

Experimenters recorded the time at which each decoy was found. Experimenters
had planned to also record the time and number of real pufflings found by volunteers, so
that this potential source of distraction from search effort expended on decoy detection
could be accounted for in analysis, but because of mass chick mortality at the colony in
2023 there were few pufflings grounded overall and zero pufflings found grounded at
either of the two experiment sites on our experimental nights. Occasionally, Participants
collected multiple decoys while out of view of the Experimenter, and it was only possible
to assign a single “time found” to all these decoys, which was the time that they were
given to the Experimenter. In the one instance when a decoy was collected from one site
and brought to the Experimenter at the other site, the assigned “time found” was the time
that the Participants departed the original site; although not perfect, this decoy’s “time
found” would presumably not be much less accurate than that of a decoy given to the
Experimenter after Participants found it while out of view (see above). The experiment
ended at a given site when all decoys at that site were found, or when all volunteers had
returned to Puffin Patrol headquarters to sign out, or at 2400 hours, whichever occurred
first (median experiment duration, 117.5 minutes; range 22-132 minutes). Experimenters

collected any undetected decoys at the end of each night.

111



Statistical Analysis

Due to external circumstances beyond our control (i.e., lighting changes at the
businesses we used as our study sites) and miscommunication among Experimenters,
there were ten deployments in which light levels at deployed decoys differed from their
original allocations, four deployments (all at the same location) with concealment score
of four, and two deployments wherein decoys were accidentally placed on top of objects,
all of which were omitted from final analysis (Table 4.1). We also removed from analysis
two deployments in which the decoy was stolen and one deployment in which the decoy
location was accidentally revealed to volunteers by the Experimenter. In total there were
thus 19 deployments, distributed across all 12 nights of experiments, which hereafter
have been excluded from analysis (Table 4.1), leaving a final sample size of N = 221
deployments. Of these, 110 were in darkness and 111 were in light (38 in dim light; 73 in
bright light); in terms of concealment level, 80 deployments were in concealment = 0, 76
deployments in concealment = 1, 36 deployments in concealment = 2, and 29
deployments in concealment = 3. All statistical analyses were conducted in program R
(ver. 4.3.0; R Core Team 2023), and we report results with exact P-values (o = 0.05 was

used to denote statistical significance).

Proportions of decoys found in each level of illumination and concealment

First, we calculated the percentages of decoys found in each of the three light
levels (dark, dim, and bright) and separately in each of the four concealment levels (0, 1,

2, 3). We then conducted Chi-square tests for homogeneity to determine if the
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proportions of detected versus undetected decoys differed among levels of each of these

two variables (without controlling for or holding constant any other factors).

Decoy detection rate relative to levels of illumination, concealment, and search effort

For the purpose of this analysis, detection rate was calculated relative to regular
elapsed time, which included time spans in which there were no volunteers present. We
conducted this analysis to understand, on an average night when the Puffin Patrol is
operational, how our variables of interest affect the detection rate of decoys. This allowed
us to estimate how long (in elapsed time) real pufflings may await rescue (visualized as
persistence probability over time) across different levels of illumination, concealment,
and search effort, with the effect of each covariate assessed while adjusting for those of
the others. We first determined the “fate” of each deployed decoy as either detected (“17)
or undetected (“0”). We then calculated the “fate time” of each decoy as the number of
minutes that elapsed until it was found, using the time at which all decoys had been
deployed at a given site as the reference start time. If the decoy remained undetected until
the end of the experiment, its “fate time” was the duration of the experiment (in minutes).
Any decoys that remained undetected at the end of an experiment with a duration <120
minutes (no less than 116 minutes) were “censored”; our analysis contained 22 such
censored observations. Censored individuals were dropped from the model as having
persisted at the time that they became censored, and thus did not affect estimates of

persistence probability or detection rate beyond that time.

We tested for effects of light level (ordinal: dark [0], dim [1], or bright [2]; at the

level of the individual decoy location), concealment level (ordinal: 0, 1, 2, or 3; at the
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level of the individual decoy location), and search effort (continuous, numeric: in
search-minutes; at the level of each site on each night) on “detection rate” using Cox
proportional hazards (CPH) models (Cox 1972) with the survival (v. 3.6-4;

Therneau 2024) and survminer (v. 0.4.9; Kassambara et al. 2021) packages. “Detection
rate” was defined as the likelihood of a detection event occurring at a particular point in
time and was encoded by the CPH model incorporating both the “fates” and “fate times”
of decoys. We calculated the magnitude of difference in detection rate between individual
levels of a variable using the hazard ratio (“HR”) provided in the CPH model output. An
HR >1 indicated that the variable level in question increased detection rate from the
reference level by a factor of the HR minus one. An HR <1, meanwhile, indicated that the
variable level in question decreased detection rate from the reference level by a factor of
one minus the HR. For example, an HR of 1.45 for variable level 1 would indicate that
detection rate was increased by (1.45 - 1 = 0.45) 45% for that variable level relative to the
reference level (e.g., 0), and an HR of 0.45 for variable level 1 would indicate that
detection rate was decreased by (1 - 0.45 = 0.55) 55% for that variable level relative to

the reference level (e.g., 0).

We tested for differences in search effort between the two sites using a Wilcoxon
rank-sum test (package stats, v. 4.3.0; R Core Team 2023) since variances were not
homogeneous. Search effort differed significantly between sites (W = 31.5, P =0.02) and
was approximately twice as high at the crab plant (median 99 search-minutes per night;
total 1277 search-minutes across all 12 nights) than at the convenience store (median 44.5
search-minutes per night; total 676 search-minutes across all 12 nights; Table 4.1). We

accounted for these differences between the two sites in our CPH model both by testing
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for the effect of search effort directly, as a covariate, and by stratifying the data according
to site (convenience store and crab plant) using the strata() function. Stratification
allowed the baseline hazard functions to differ between sites while still assuming a

common effect of the chosen covariates.

We tested the proportional hazards assumption using the cox.zph() function
(package survival, v. 3.6-4) and found no violations (light level y%, = 0.14, P = 0.93;
concealment % = 2.06, P = 0.56; search effort ¥?1 = 0.05, P = 0.83; global y% = 2.27,

P = 0.89). We additionally checked for multicollinearity by calculating variance inflation
factors using the vif() function in package car (v. 3.1-2; Fox and Weisberg 2019) and
detected no collinearity among our three covariates (light level, concealment, and search
effort), as their GVIFL*@*dM) yalues were all between 1.00-1.02, where GVIF(xd0) = 1
signifies zero collinearity and GVIFY* @) > 2 24 indicates potentially problematic

multicollinearity.

For visualization and description purposes only, we modeled persistence
probability of decoys relative to each level of our three covariates of interest (light level,
concealment level, and search effort). Persistence probability is the probability of decoys
remaining undiscovered over time, whereby a high persistence probability generally
indicates a low detection rate (i.e., it took longer for Participants to find the decoys) and
vice versa. Because search effort was a continuous variable measured in search-minutes,
we created three arbitrary bins (i.e., categories) for better visualization. These bins of
search effort were “low” (<60 search-minutes), “medium” (61-120 search-minutes), and
“high” (=121 search-minutes). Across persistence probability models for all three

covariates of interest, we modeled only the main effect, with no random effects, stratified
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variables, or determinants of significance, again because these models were created for
visualization purposes of the main effects only. It is important to note that the main way
in which modeled persistence probabilities visually reflect significant differences in
detection rate is in the absence of model intersections and overlaps; lack of differences in
detection rate are visualized as intersecting and overlapping persistence probability
models throughout the duration of the experiment. Confidence intervals should therefore

be interpreted with caution.

Differences in search effort required to find decoys across illumination and concealment

levels

We assessed whether the amount of search effort required to find an individual
decoy (y) differed among our three light levels (x) or, separately, among our four
concealment levels (x). Because search effort data were severely non-normal, we
compared medians using non-parametric statistics. Specifically, we performed two
separate Kruskal-Wallis H tests (package “stats”, v. 4.3.0) and subsequent post hoc Dunn
tests (package “FSA”, v. 0.9.4; Ogle et al. 2023) for multiple comparisons. Note that
concealment level was not controlled for or held constant in the comparisons among light

levels, or vice versa.

Relationship between search effort and proportion of decoys found each night

In our final analysis, we wanted to explore the shape of the relationship between
search effort and proportion of decoys found, so that we could estimate the point of

diminishing returns. First, we omitted all undetected decoys (N = 58), leaving a sample
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size of N = 163 found decoys for further analysis. We then calculated for each decoy: (1)
the search effort (in search-minutes) expended to find it; and (2) the cumulative
proportion of decoys found that it represented on a per-site, per-night basis. We modeled
the relationship between search effort and proportion of decoys found using a
quasibinomial generalized additive mixed model (GAMM) with logit link function,
coding “site” as a random effect, using the gamm function in package mgcv (v. 1.9-1;
Wood 2023). The model was then visualized using the functions gratia (v. 0.10.0;

Simpson 2024) and ggplot2 (v. 3.5.1; Wickham 2016).

Results

Note that there were zero real pufflings found at either of the two experimental

sites on any of the experimental nights.

Proportions of Decoys Found in Each Level of Illumination and Concealment

Of 221 deployed decoys, 163 (74%) were found by Participants. Seventy-three
decoys were found at the convenience store out of 110 deployed (66% detected), versus
90 found out of 111 deployed at the crab plant (81% detected). Separated according to
light level, Participants found 66% (N = 73 of 110) of decoys deployed in “dark”
locations, 76% (N = 29 of 38) of decoys in “dim” locations, and 84% (N = 61 of 73) of
decoys in “bright” locations (Table 4.2); these differences were statistically significant
(x%2, 221 = 6.86, P = 0.03). When “dim” and “bright” deployments were considered

together as simply “illuminated” locations, 81% of decoys were found (N = 90 of 111,
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Table 4.2), suggesting that even when there is some light, close to 20% of decoys still

remain undetected after two hours.

Separated according to concealment level, Participants found 80% (N = 64 of 80) of
decoys placed in the open (concealment score = 0), and this did not differ from when
decoys were concealed on one, two, or three sides (%, 221 = 5.33, P = 0.15; Table 4.3).
When deployments with concealment scores of 1-3 are considered together as simply

“concealed” locations, 70% of decoys were found (N = 99 of 141; Table 4.3).

Decoy Detection Rate Relative to Levels of Illumination, Concealment, and Search Effort

According to our Cox proportional hazards model, search effort and concealment
level each had significant effects on detection rate (the likelihood of a detection event
occurring at a particular point in time) while adjusting for the effects of the other
covariates. For each additional minute spent searching by one person (i.e., one
“search-minute”) at a given site on a given night, detection rate increased by 0.6%
(coefficient = 0.006; SE = 0.002; P < 0.001; hazard ratio = 1.006; 95% CI = 1.003, 1.009;
Table 4.4). Note that for the concealment and illumination level covariates, the CPH
model only provides comparisons for each level compared to the reference level
(i.e., reference levels are concealment = 0 and light level = dark, respectively), and
therefore does not compute pairwise comparisons among all levels (Table 4.4).
Concealment played a significant role in predicting detection rate, but only up to a
concealment score of two. Decoys concealed on one side (concealment score = 1) had a
detection rate 40% lower than those placed in the open (concealment score = 0)

(coefficient = -0.506; SE = 0.201; P = 0.012; hazard ratio = 0.603; 95% CI = 0.406,
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0.894; Table 4.4) and the detection rate of decoys concealed on two sides (concealment
score = 2) was 57% lower than those placed in the open (coefficient = -0.852;

SE =0.268; P = 0.001; hazard ratio = 0.427; 95% CI = 0.253, 0.721; Table 4.4).
Interestingly, concealment on three sides (concealment score = 3) did not result in any
significant reduction in detection rate compared to decoys placed in the open (P = 0.134;
Table 4.4). Detection rate was higher, but not statistically significant, in brightly
illuminated conditions compared to darkness (coefficient = 0.321; SE = 0.188; P = 0.087,
hazard ratio = 1.378; 95% CI = 0.954, 1.991; Table 4.4) and detection rate did not differ

between darkness and dimly illuminated locations (P = 0.167; Table 4.4).

To visualize differences in detection rate among levels of each parameter, we
modeled persistence probability. As was the case in our formal detection rate analysis
(i.e., Cox proportional hazards model, above), decoys deployed in bright light trended
toward having a lower probability of persistence (i.e., were more easily found) over the
course of the experiment than those in the dark, but models intersected several times
during the first half of the experiment (Figure 4.4). Meanwhile, puffling decoys in dim
light had intermediate persistence probability. Our models demonstrated that if a decoy
had not been found within approximately 90 minutes from the beginning of the

experiment, it was unlikely to be found, irrespective of lighting conditions (Figure 4.4).

Persistence probability decreased steadily but irregularly across the four
concealment levels, with several equivalence points (i.e., model crossovers) in the first 40
minutes of the experiment (Figure 4.5). After 90 minutes, few of the remaining decoys

were found and persistence probability leveled off at approximately 0.2 for decoys in the
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open and those concealed on three sides, approximately 0.3 for decoys concealed on one

side, and approximately 0.4 for decoys concealed on two sides.

Persistence probabilities decreased over time but did not vary among decoys
subjected to different levels of search effort (Figure 4.6). Although detection rate
increased by 0.6% per minute of expended search effort, the only visible trend in the
plotted persistence probabilities was that persistence was higher when a site was

subjected to low search effort, compared to medium or high (Figure 4.6).

Differences in Search Effort Required to Find Decoys across Illumination and

Concealment Levels

There was a significant effect of light level on the amount of search effort required
to find each individual decoy (Kruskal-Wallis test: H, = 12.621, P = 0.002, Figure 4.7).
Seventy-eight percent more search effort was required to find a decoy placed in darkness
(median search effort = 32 search-minutes) than in dim illumination (median 18
search-minutes) or bright illumination (median 18 search-minutes; Dunn test: P = 0.010
and P = 0.007, respectively; Figure 4.7). There was no difference in search effort required

to find a decoy between dim and bright illumination (P = 0.541).

There was also a significant effect of concealment level on the amount of search
effort required to find decoys (Kruskal-Wallis test: Hz = 20.702, P = 0.001; Figure 4.8).
More search effort was required when decoys were concealed on one side (median search
effort = 32.5 search-minutes), two sides (median 35.5 search-minutes), and three sides
(median 26 search-minutes) than when they were placed in the open (median 17.5

search-minutes; Dunn test: P = 0.001, 0.003, and 0.030, respectively; Figure 4.8). There
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were no significant differences in the amount of search effort required to find decoys
among concealment levels 1, 2, or 3. It should be noted that in these comparisons we did

not control for or hold constant light level.

Relationship Between Search Effort and Proportion of Decoys Found each Night

The goal of visualizing the relationship between search effort and the proportion of
decoys found each night was to identify the threshold at which approximately 90% of
decoys were detected. The following results were obtained after omitting all undetected
decoys and pooling the results of the proportions of decoys found at each site,
irrespective of illumination and concealment levels. Our quasibinomial GAMM was
significant in predicting the highly non-linear positive relationship between search effort
and proportion of decoys found (effective degrees of freedom = 3.431, F = 56.350,

P < 0.001, adjusted R? = 0.601; Figure 4.9). Proportions of decoys found increased
steeply until approximately x = 75 search-minutes, at which point the slope levels off just
above y = 0.9 proportion found (Figure 4.9). That is, after an expenditure of
approximately 75 search-minutes of search effort, it is estimated that Participants would
have found approximately 90% of the decoys (assuming a denominator of approximately
10 decoys available to be found at each site, as in our experiment). The intercept of the
relationship did not significantly differ from zero (estimate = 0.245, SE = 0.165,

T =1.484, P = 0.140).
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Discussion

Our study, as far as we know, is the first to estimate variation in detection
probability of stranded seabirds by rescue program volunteers. By placing 3D-printed
decoys throughout two puffin stranding “hotspots” over 12 nights and measuring search
effort and detection times, we found support for our hypothesis that detection probability
of stranded pufflings by the Puffin Patrol is affected by all three factors studied: namely,
light level, concealment level, and search effort. Most of the decoys deployed at a given
site on a given night were detected with the expenditure of at least 75 search-minutes of
search effort, regardless of light and concealment levels. In the conditions that we
expected the highest detection probability of puffin decoys (i.e., in open areas and under
bright illumination), approximately 10-15% of decoys still remained undetected by

Participants.

Our Cox proportional hazards regression of detection rate offered insights into how
light level, concealment level, and search effort affect detection rate and resulting
persistence probability across an average late shift of the Puffin Patrol, with all its natural
gaps in search effort. It gave us a first glimpse at how long a real puffling may actually
wait to be rescued in real life, an insight we could not have gleaned by quantifying search
effort alone. The results of our various analyses combined provide intriguing and nuanced
insights regarding Puffin Patrol volunteers’ search patterns across the various levels of

illumination and concealment.
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Effects of Illumination Level on Decoy Detection Probability

Increased light levels resulted in higher proportions of decoys detected (Table 4.2).
However, the rate at which decoys were detected (i.e., the likelihood of a detection event
occurring at a particular point in time) did not vary significantly with illumination level
(Table 4.4, although the difference between darkness and bright light approached
significance, P = 0.087). This lack of difference in detection rate among illumination
levels was surprising given that an individual needed to expend almost twice as much
search effort to find a decoy in darkness (median 32 search-minutes) than in either of the
two illuminated conditions (median 18 search-minutes) (Figure 4.7). Our calculated
detection rates and the resulting inverse persistence probabilities of decoys placed in the
three different light levels point to a lack of effect of illumination on puffling detection
over the duration of an average late shift (2200-2400 hours) of the Puffin Patrol. The lack
of difference in detection rate among decoys in different levels of illumination can be
visualized as overlapping lines in modeled persistence probability over the duration of the
experiment (Figure 4.4). Trends were similar across all three light levels in the first 20
minutes of the experiment, after which time decoys in bright locations had lower
persistence probability (i.e., higher detection rates); this was reflected in the trend toward
significance in detection rate differences between decoys in darkness versus bright
illumination (Table 4.4). Trends in modeled persistence probability continued to be
similar between darkness and dim illumination until approximately 60 minutes of the
experiment had elapsed, reflecting the lack of difference in detection rate between the

two groups (Figure 4.4).
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Effects of Concealment Level on Decoy Detection Probability

The relationship between concealment level and detection probability was more
complex, but in general concealment on any number of sides decreased detection
probability compared to placing decoys in the open (Table 4.3). Significantly more search
effort was required to find decoys concealed on at least one side compared to
unconcealed ones (Figure 4.8). Yet, surprisingly, decoys concealed on three sides were
detected in a similar proportion (Table 4.3) and rate (Table 4.4) to those placed in the
open, and slightly (not significantly) less search effort was required to find decoys
concealed on three sides than those concealed on one or two sides (Figure 4.8). These
results suggest that volunteers were preferentially or perhaps initially searching locations
that were open and those of high concealment before searching locations with low and
intermediate concealment. It may also be that decoys in the open were found first only by
virtue of their conspicuousness, and then volunteers quickly began searching highly
concealed locations, perhaps under the impression that puffins hide after grounding.
Modeled persistence probabilities of decoys in each concealment level also reflect this:
for approximately the first 30 minutes of the experiment (and also approximately the last
75 minutes), persistence of decoys concealed on three sides closely mirrored that of
decoys placed in the open (Figure 4.5). However, to truly quantify search effort across the
various light and concealment levels, a systematic tracking study of rescuer search effort

would be required.
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Implications for Live Birds and Rescue Programs

Using actual volunteers from the Puffin Patrol rescue program, our results
demonstrate that rescuers show differences in detecting stranded seabirds across
illumination and concealment levels. This finding of differential detection probability is
important in the effort to increase the effectiveness of rescue programs, particularly in the
context of post-stranding behaviour in response to light, which can vary widely across
affected taxa. For example, fledgling puffins (Charadriiformes) ground at higher rates in
light areas than dark ones and preferentially move toward light even after becoming
stranded (Brown et al. 2024, Chapter 2). In contrast, Procellariiforms also become
stranded at higher rates when illumination is higher (Rodriguez et al. 2014; Burt et
al. 2024) but, once grounded, individuals remain within or move toward dark areas and
even preferentially hide in concealed locations when given the opportunity (Reed et
al. 1985; Rodriguez et al. 2017a; Atchoi et al. 2024; Burt et al. 2024; Brown et al. 2025,
Chapter 3). Therefore, seabird rescue efforts should employ different strategies for
maximizing detection rate between e.g. charadriiforms and the much more
widely-affected procellariiforms, with greater focus in the latter case on searching dark
and concealed locations. From our results, it would appear that Puffin Patrol rescuers
employ relatively effective strategies for finding decoys in illuminated and open
conditions, which is where we would expect most stranded puffins to be (Brown et
al. 2024, Chapter 2). Puffin Patrol rescuers are also relatively effective at searching
highly concealed, but not intermediately concealed or dark locations. This implies that
they might not be quite as effective in finding stranded procellariiforms as they were at

finding pufflings. That said, volunteers (many of whom have never rescued seabirds

125



before) may unknowingly be using a relatively effective intermediate search strategy that
balances search effort across illumination and concealment levels: after all, our model
demonstrated they were able to find approximately 90% of decoys scattered over
approximately a half hectare (1.3 acres) area within a 75 minute total search-effort
interval (Figure 4.9). It is also important to note that this measure of search effort is
actually inflated by the inclusion of non-Participant search effort; the amount of
Participant-only search effort required to find 90% of decoys would be less than 75

search-minutes.

When considering living birds, the time until detection is arguably just as important
as the proportion of individuals found, considering time is likely the main difference
between a seabird found alive and one found deceased (e.g., Rodriguez et al. 2014) or not
found at all (e.g., Podolsky et al. 1998). Despite the fact that our decoys were detected in
statistically similar proportions across concealment levels (Table 4.3), when decoys were
placed in locations of intermediate concealment (i.e., concealment level 2), the rate at
which they were detected was approximately half that of those placed in the open
(Table 4.4: hazard ratio = 0.427). Further, the search effort required to find decoys of
intermediate concealment (median = 35.5 search-minutes) was up to double that of those
placed in the open (median = 17.5 search-minutes; Figure 4.8). This means that stranded
birds that have managed to only partially conceal themselves may face greater predation
risk than those in more fully concealed locations not only because they are more exposed,
but also because volunteers are less efficient at finding them (Table 4.4; Figure 4.8).
Rapid response times are important in ensuring high survival rates: significantly more

stranded seabirds are found during nocturnal surveys (Rodriguez et al. 2014; Burt et
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al. 2024), and a higher proportion of them are found alive (Rodriguez et al. 2014),
compared to when surveys are conducted the next morning. Podolsky et al. (1998)
calculated that rapid removal of seabirds (in this case carcasses thereof) by scavengers
could cause daily surveys to underestimate counts of stranded individuals by at least
17%. Similarly, over a one-month period during peak fledging of Leach’s storm-petrels,
Burt et al. (2024) estimated that a minimum of 300 individuals perished due to predation
at one stranding “hotspot” in Newfoundland based on counts of the body parts left
behind, with an unknown number of individuals completely removed from the site,
despite a routine of almost daily morning surveys. Clearly, high detection rates are
essential in maximizing the survival of stranded seabirds, and our study offers insights on

where efficiency may be lacking.

Across species and rescue programs, the proportion of stranded seabirds found dead
or dying ranges from 3-43% (Rodriguez et al. 2017a; Wilhelm et al. 2021). These values
may mistakenly be taken at face value as the true range in mortality rates of stranded
seabirds, yet they do not include the individuals that remain undetected, which probably
suffer mortality rates approaching 100% given their extreme difficulty in regaining flight
and reorienting themselves back to the ocean (Rodriguez et al. 2017a). Our data suggest
that despite their best efforts, volunteers will overlook >30% of stranded individuals in
dark and intermediately-concealed locations and >10% of stranded individuals even in
bright and open locations (Tables 4.2 and 4.3). These estimates are based on relatively
small sites that were searched relatively intensely every single night and using decoys
representing a relatively large body size (Atlantic puffin fledglings on average weigh

approximately 250 g; Wilhelm et al. 2021). We expect the proportion of undetected
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individuals to only increase in cases where the area to be searched is larger or has less
search coverage, or when the target species is smaller, such as in the ~50 gram Leach’s
storm-petrel (Wilhelm et al. 2021). In fact, smaller body sizes are linked to lower
detection probability in carcass detection studies (Barrientos et al. 2018). Potentially
making detection even more difficult, Leach’s storm-petrels, and possibly other
procellariiform seabirds, tend to move very little in darkness after becoming stranded
(Brown et al. 2025, Chapter 3), as opposed to puffins which are highly active in the
absence of light (Brown et al. 2024, Chapter 2). Further study of detection probabilities of
ideally live stranded seabirds that includes interactive effects of body size, activity level,
light level, and concealment level will be helpful in the development of accurate

stranding data correction factors.

Study Limitations and Future Directions

Our study has several limitations in its estimation of detection probability of
stranded pufflings (and of seabirds more generally). Our primary sources of error
included a lack of experimental control over the study sites (including the number and
timing of volunteers entering and exiting the sites) and the inability of Experimenters to
know which or exactly how many volunteers were participating in the experiment. These
sources of error have several implications. Firstly, we could not determine whether the
number of Participants nor their expended search effort was correlated with those of
volunteers in general. We assumed that the two were highly correlated. However, if this
assumption proved to be false, our conclusions regarding the effects of search effort on

seabird detection probability would be weakened. At best, we could conclude that even
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with noise introduced into the data we found trends toward increased detection
probability with increased search effort. Regardless, we expect that our metrics of search
effort were inflated to some unknown degree because they included efforts of volunteers
not responsible for detecting decoys. In future, it would be ideal to quantify the exact
numbers of volunteers and Participants each night, and calculate their degree of
correlation. Even better, a more tightly controlled experiment would include only
Participants searching the experimental sites, rather than having to assume or calculate
the proportionality of search effort between experiment Participants and volunteers in

general.

We were also limited in our ability to draw specific and precise conclusions
regarding the effects of illumination level on decoy detection probability. Due to a lack of
precision in the instruments we used to measure illuminance at the level of each decoy,
we could not with confidence use our quantified values of illumination level (in lux) in
our analysis but instead relied upon qualitative categories. Nonetheless, we expect that
because the unit of “lux” (which characterizes illuminance) is based upon the perception
of brightness by the human eye, we expect that quantified measures of illuminance would

only provide higher resolution confirmation of the trends we observed.

Our study used stationary plastic decoys to represent living birds. As such, our
experiment did not take account of the many additional parameters that may affect
detection of living birds, the majority of which survive stranding (Rodriguez et al. 2017a)
and likely move away from their original stranding locations (Telfer et al. 1987;
Rodriguez et al. 2017a; S.1.W. and T.M.B., pers. obs.). These parameters should thus be

estimated and incorporated into seabird stranding data correction factors: namely, spatial
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fallout patterns, post-stranding movement patterns, and predation rates of live stranded
seabirds; persistence and reporting rates of carcasses; and rescuer search patterns. For
example, spatial fallout patterns could be better discerned by radio- or GPS-tagging
fledglings before they depart the colony and tracking their movements (e.g., Rodriguez et
al. 2022), or by conducting standardized searches across all light and dark areas in the
potential fallout zone (as suggested in Brown et al. 2023, Chapter 1). The fates of
individuals that remain undetected by rescuers are also largely unknown but could be
studied by tracking movements and predation of stranded seabirds using cameras
mounted at stranding hotspots, thermal imaging drones, or radio-frequency tags and
handheld receivers. Carcass persistence and reporting rates could be quantified by
deploying already-deceased puffin fledglings (or individuals of other species, in areas
where they are affected) across the stranding-affected area(s) during the stranding period,
and their persistence in the environment and reporting rate by rescuers quantified over
time (Podolsky et al. 1998; Barrientos et al. 2018). Alternatively, carcass persistence and
reporting rates could be quantified by leaving in place and monitoring individuals found
deceased in the course of regular stranding rescue or survey operations (as by Santos et
al. 2016). Lastly, rescuer search patterns, which may be biased toward illuminated areas
(Brown et al. 2023, Chapter 1; this study), could be tracked across the entire search area
using individual GPS units and subsequent characterization of the light levels and
calculation of proportions of time spent searching in each sector of the search area. A
useful additional factor to explore in such a study would be the actual level of
equivalence between, for example, a group of two volunteers searching for 10 minutes

and a group of 10 volunteers searching for two minutes. In our experiment we treated all
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search-minutes as equal, but in reality, a large number of volunteers (assuming they enter
a site at the same time and location) can only cover so much search area in a short time,
compared with the area that may be covered by fewer people over a longer time. An
evaluation of the differences in effectiveness across different group sizes and search
times in seabird detection probability would be valuable to rescue programs in their

efforts to improve rescue efficiency.

Conclusion

Using our approximations of detection probability calculated using
randomly-placed, stationary, plastic decoys, we estimate that at least 10% of stranded
pufflings go undetected by Puffin Patrol rescuers at hotspot stranding sites. While it has
not been estimated how many pufflings become stranded at these hotspots specifically, in
total across the entire Puffin Patrol search area volunteers recover an average of 359
living pufflings per year (range 13-759; Wilhelm et al. 2021). As such, at a conservative
10% miss rate, we would expect approximately 36 pufflings (range 1-76) to remain
undetected each year. In areas of fallout zones that receive lower search effort, in
locations that are dark and intermediately concealed, and in smaller-bodied seabirds, the
proportion of undetected individuals may actually be much higher. Our study offers a
first step in the development of correction factors for rescue program stranding data to
estimate the numbers of birds that remain undetected. This will allow for more accurate
estimations of mortality rates of stranded seabirds and for understanding the broader
effects of ALAN-induced fallout on populations. Without accurate estimates of the

proportion of seabirds that remain undetected following grounding, mortality may be
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severely underestimated (Rodriguez et al. 2017a), with potentially grave consequences

especially for those seabird populations already in decline.
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Tables

Table 4.1. Characteristics of each of the two sites where puffling decoys were deployed.

Characteristic Convenience Store Crab plant
Area (m?) 5265 5396
[llumination Levels (N locations) (N locations)

Dark 15 15

Dim 9 1

Bright 6 14
Concealment Levels

0 17 6

1 7 12

2 4 6

3 3 5

42 0 1
Search effort (search-min) (search-min)

Median, nightly 44.5 99

Range, nightly 5,115 42,240

Total 676 1277
Omitted deployments® 10 9
Deployments used in analysis 110 111

aWe omitted the location with concealment score of 4 from further analysis (see also ®, below)
PFor descriptions of omitted deployments, see Statistical Analysis.

133



Table 4.2. Number of decoys deployed and found in each light level, along with
calculated percentage of decoys found.

Dark Dim Bright Total
Deployed 110 38 73 221
Found 73 (66%) 29 (76%) 61 (84%) 163 (74%)
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Table 4.3. Total numbers of decoys deployed and found, along with calculated
percentage of decoys found, according to each concealment level.

Concealment Level

0 1 2 3 Total
Deployed 80 76 36 29 221
Found 64 (80%) 54 (71%) 22 (61%) 23 (79%) 163 (74%)
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Table 4.4. Results of a Cox proportional hazards model of decoy persistence based on light level, concealment level, and search effort
as fixed effects, with data stratified by site. The hazard ratio (“HR”) refers to the magnitude of change in detection rate from the
reference level of each parameter (light level = dark; concealment = 0) to the parameter level indicated in column 1, whereby a hazard
ratio >1 indicates an increase in detection rate from the reference value by a factor of HR-1 and a hazard ratio <1 indicates a decrease
in detection rate from the reference value by a factor of 1-HR. HR =1 or 95% confidence intervals overlapping with 1.00 would
indicate no difference in detection rate.

Hazard Ratio

Parameter (level) Coefficient (Exponentiated Standard Erro.r of P-value 95% Confidence

) Coefficient Interval

Coefficient)

Light Level (Dim) 0.326 1.386 0.236 0.167 0.873, 2.201
Light Level (Bright) 0.321 1.378 0.188 0.087 0.954, 1.991
Concealment (1) -0.506 0.603 0.201 0.012 0.406, 0.894
Concealment (2) -0.852 0.427 0.268 0.001 0.253, 0.721
Concealment (3) -0.376 0.686 0.251 0.134 0.420, 1.122
Search Effort 0.006 1.006 0.002 <0.001 1.003, 1.009
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Figures

Figure 4.1. A) Several puffling decoys all assembled, painted, and ready to be deployed.
B) A living puftling, used as a visual reference for the creation of puffling decoys.
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Figure 4.2. Satellite imagery (courtesy of Google Earth) of the two sites used in this
experiment, with associated white perimeters demarcating the boundaries used for decoy
deployment. A) Convenience store (note the black box, denoting the area of the building
which was excluded from area calculations). B) Crab plant.
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Figure 4.3. A) Example of a "dim" illuminated location with concealment score of 0 at
the convenience store site. A puffling decoy is indicated by white arrow. B) Example of a
“bright” location with concealment score of 1 (indicated by black arrow) at the crab plant
site (note that a decoy is not present in picture).
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Figure 4.4. Light level persistence curves, depicting main effects for visualization
purposes only. Persistence probability of decoys (as a proportion of 1.00) over the
duration of the experiment (in minutes) deployed in three different light level conditions:
darkness, dim illumination, and bright illumination. Persistence probability is the
probability of decoys remaining undiscovered over time, whereby a high persistence
probability indicates a low detection rate over time. Censored individuals are indicated on
the figure by “+”, which in these cases were deployed decoys that persisted the entire
experiment, but the experiment duration was slightly less than 120 minutes (N = 22
occasions). Shaded areas represent 95% confidence intervals.
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Figure 4.5. Concealment level persistence curves, depicting main effects for visualization
purposes only. Persistence probability of decoys (as a proportion of 1.00) over the
duration of the experiment (in minutes) deployed in four different concealment levels:
completely unconcealed (score of 0), and concealed on one, two, and three sides. See
Figure 4.4 for an explanation of persistence probability and details of censored
individuals. Confidence intervals overlapped across concealment levels and were
removed for readability.
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Figure 4.6. Search effort persistence curves, depicting main effects for visualization
purposes only. Persistence probability of decoys (as a proportion of 1.00) over the
duration of the experiment (in minutes) when exposed to different levels of search effort.
Search effort was statistically analyzed as a continuous variable, but for visualization
purposes we created three bins: low (<60 search-minutes; N = 101), medium (61-120
search-minutes; N = 83), and high (>121 minutes; N = 37) search effort. See Figure 4.4
for an explanation of persistence probability and details of censored individuals. Shaded
areas represent 95% confidence intervals.
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Figure 4.7. Amounts of search effort (in search-minutes) required to find each decoy
(represented by individual data points) under each of three light levels (represented by
one of three boxplots): dark (median = 32 search-minutes; N = 73), dim (median = 18
search-minutes; N = 29), and bright (median = 18 search-minutes; N = 61). Search effort
required to find decoys in darkness was significantly higher than under dim or bright
illumination; there was no difference between dim and bright.
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Figure 4.8. Amounts of search effort (in search-minutes) required to find each decoy
(represented by individual data points) under each of four concealment levels
(represented by one of four boxplots): those unconcealed in the open (median = 17.5
search-minutes; N = 64), concealed on one side (median = 32.5 search-minutes; N = 54),
concealed on two sides (median = 35.5 search-minutes; N = 22), and concealed on three
sides (median = 26 search-minutes; N = 23). Search effort required to find decoys was
significantly less when decoys were placed in the open than when they were concealed on
one, two, and three sides.
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Figure 4.9. Increased search effort resulted in higher proportions of decoys found until
approximately 75 minutes of search effort had been expended, at which point the slope
levels off just above y = 0.9. Individual data points represent the cumulative proportion of
decoys found (y) at a given site on a given night, with the expenditure of x search-minutes
of search effort. Trendline depicts generalized additive mixed model of the relationship,
with associated 95% confidence intervals (shaded areas).

145



Chapter 5

General Discussion

My research examined aspects of seabird and rescuer behaviour that contribute to
patterns of fallout observed by rescue programs: namely, that more stranded seabird
fledglings are found in illuminated compared to dark areas. Specifically, | investigated
behavioural responses to artificial light by fledglings of two stranding-prone seabird
species, Atlantic puffin and Leach’s storm-petrel, with particular focus on quantifying
phototactic behaviour both during (in puffins only) and after stranding (both species). I
observed differences between the two species mainly in that puffin fledglings are largely
photopositive, while storm-petrel fledglings appear to be mainly photonegative. Both
species exhibited differences in activity levels among light types, but in nearly inverse
patterns from each other, with implications for detectability by rescuers across varying
artificial lightscapes. Lastly, I investigated factors that contribute to variation in detection
probability of stranded puffins by rescuers using 3D-printed puffin decoys and found
nuanced effects of illumination level, concealment level, and search effort. Collectively,
these three studies highlight the various contributions of both seabird and rescuer
behaviour to the patterns of fallout historically observed by rescue programs and offer

avenues for further investigation and mitigation of ALAN-related strandings.

Chapter summaries

In Chapter 2, | examined effects of artificial light on Atlantic puffin fledgling
behaviour by: 1) alternately illuminating two beaches near a breeding colony and

quantifying the corresponding differences in fledgling stranding numbers between light
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and dark treatments; 2) offering various two-choice combinations of different light types
and darkness to stranded fledglings in a Y-maze and measuring phototactic behaviour;
and 3) measuring activity levels of stranded fledglings in an open field test, when
individuals were exposed to various types of artificial light. I found significantly more
pufflings stranded on beaches when | experimentally illuminated them, compared to
when they were dark, which supports the light attraction hypothesis to explain annual
fledgling strandings. Further, pufflings were positively phototactic in the Y-maze choice
experiment but displayed no significant preferences for any one light type over any other.
In the open field test, individuals were highly active under high-pressure sodium light and
in darkness, and less active under the two tested hues of LED light. Positive phototaxis
exhibited by pufflings in the Y-maze is similar to that of other charadriiform chicks
(Gaston et al. 1988), but opposite to the negative phototaxis of procellariiform fledglings
(Atchoi et al. 2024; Brown et al. 2025, Chapter 3), in similar Y-maze cue preference
experiments. Pufflings also appear to differ from procellariiforms in that the latter have
demonstrated some level of preference for cool-hued over warm-hued light (Salamolard
et al. 2001, as cited in Minatchy 2004; Rodriguez et al. 2017b; but contrary to Brown et
al. 2025, Chapter 3) whereas we found no preferences among light spectra in puffins.
Taken together, my results suggest that pufflings become stranded due to light attraction,
and that after stranding they continue to exhibit positive phototaxis. Differences |
observed in activity levels under different light types may hold implications for detection
probability by rescuers, whereby more mobile pufflings (e.g., under high-pressure sodium
streetlights) might be detected more easily than less mobile ones (e.g., under LED

streetlights), all else being equal.
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In Chapter 3, | examined effects of artificial light on the behaviour of a
procellariiform seabird impacted by ALAN-induced grounding: the Leach’s storm-petrel.
| began by replicating my Y-maze choice experiment and open field test using stranded
fledglings of this species to measure their phototactic behaviour and activity levels in
response to several different artificial light spectra. I also placed storm-petrel fledglings
in a modified version of the open field test with a Safe Haven hide box provided, to
quantify differences in their propensity to conceal themselves in light versus dark

conditions.

In the Y-maze, most storm-petrel fledglings remained in the darker portions of the
apparatus where they were initially placed, rather than move toward any of the provided
light types or even toward darkness; there were thus no significant preferences among the
light spectra tested. Fledglings were significantly more active when exposed to warm
white LED light and high-pressure sodium light than when exposed to darkness, which
we hypothesized was the result of negative phototaxis and possibly an instinct to escape
the illuminated area, especially in response to warm-hued light. This hypothesis was
supported when we found that more than half of tested individuals concealed themselves
in the provided Safe Haven box under LED light, but none of the same birds did so in
darkness. The predominant behaviour of Leach’s storm-petrel fledglings to remain in the
darker portions of the Y-maze, combined with low activity in dark conditions and a
propensity to conceal themselves rather than remain in the open field under light
conditions, all point to an aversion to artificial light in this species after becoming
stranded. Up to now, negative phototaxis has been anecdotally reported in grounded

Leach’s storm-petrels and other procellariiforms (Reed et al. 1985; Rodriguez et
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al. 2017a; Atchoi et al. 2024; Burt et al. 2024), but my results provide the first
experimental confirmation of the behaviour under tightly controlled conditions. Previous
work has demonstrated that more procellariiform fledglings become stranded when
artificial illumination is more intense (Rodriguez et al. 2014; Burt et al. 2024); my
findings further suggest that procellariiform rescuers should ensure that dark and
concealed locations within illuminated stranding hotspots are adequately searched, in

order to maximize recoveries.

In Chapter 4, | explored various factors that may influence the detection
probability of Atlantic puffin fledglings by Puffin Patrol rescuers. I did so by deploying
3D-printed puffin decoys in locations of varying concealment and light levels throughout
two “hotspot” stranding locations that were searched nightly, and by quantifying both the
amount of time that elapsed and the amount of search effort that was expended until each

decoy was found.

Greater search effort resulted in higher decoy detection rates, and approximately
75 minutes of collective search effort was needed to detect approximately 90% of the
deployed decoys. Significantly more decoys were detected in illuminated conditions
compared to darkness, and median search effort required to find a decoy in darkness was
almost double that required to find a decoy in either dim or bright light. However,
detection rate of decoys over time did not differ among the three light levels, likely
because they were detected at similar rates at the beginning of the experiment (perhaps as
all the decoys placed in the open — both light and dark — were found first; see below).
There were no significant differences among concealment levels in the proportion of

decoys found. However, detection rate over time differed between decoys placed in the
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open and those concealed on one or two sides (but not 3 sides, Table 4.4), and median
search effort to find a decoy concealed on any number of sides (1-3) was significantly
higher than to find one placed in the open (Figure 4.8). Together, these results suggest
that Participants may have searched in open and highly concealed (concealment

level = 3) areas before searching in areas of low and intermediate concealment
(concealment level = 1 and 2, respectively), but more research that includes

spatiotemporal tracking of search effort would be needed to confirm this.

Overall, my results indicate that Puffin Patrol rescuers, who are mostly naive to
the practice of nocturnal seabird detection and rescue, are relatively effective in the
detection of stranded puffin fledglings, which are expected to stay in or move toward
illuminated locations after stranding (Brown et al. 2024, Chapter 2). However, rescuers
may be slightly less effective in finding stranded seabirds that preferentially stay in or
move toward dark and/or intermediately concealed locations after stranding, as many
procellariiform fledglings do (Reed et al. 1985; Rodriguez et al. 2017a; Atchoi et
al. 2024; Burt et al. 2024; Brown et al. 2025, Chapter 3). Based on my results, | suggest
at least 10% of puffin fledglings remain undetected by Puffin Patrol rescuers at hotspot
stranding locations, with probably a higher proportion that remain undetected outside of
hotspots, which are searched less intensely. Additional study of post-stranding behaviour,
rescuer search patterns, carcass detection probability, and carcass removal rates (as in
e.g., Podolsky et al. 1998; Santos et al. 2016; Barrientos et al. 2018) will be essential to
develop a more accurate estimate of the number of undetected fledglings, which may then

be used to estimate population-level impacts of ALAN-induced seabird fallout.
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Synthesis

Prior to my research, relatively little was known about post-stranding seabird
behaviour and its implications for rescue programs. There was also much that remained
unknown regarding the exact environmental and anthropogenic predictors of
ALAN-induced seabird fallout and why, for example, stranding appears to be most
prevalent in fledglings specifically of burrow-nesting procellariiforms and
charadriiforms. Concurrent with my research (beginning in 2019) and the publication of
three chapters of this thesis (Chapter 1 published in 2023, Chapter 2 in 2024, and
Chapter 3 in 2025), research on seabird fallout accelerated and diversified rapidly and
continues to do so. As such, to better contextualize the contributions of my thesis and its
overall place in the literature, the following synthesis is presented approximately

chronologically.

As far back as the first anecdotal literature report of a procellariiform becoming
grounded on a ship (Ridgway 1885), and even decades later with the first reports of large
numbers of individuals becoming grounded in artificially illuminated areas on land
(Hadley 1961, as cited in Reed et al. 1985; Swales 1965; Sincock and Swedberg 1969;
Imber 1975 and citations therein), procellariiform strandings were assumed to be caused
by artificial light via a mechanism of attraction. This assumption existed despite a
complete absence at the time of experimental tests of the light attraction hypothesis. In
the 1980s, the effect of the illuminated moon to decrease fallout numbers was confirmed,
as was the effectiveness of shielding lights, lending evidence to the light attraction
hypothesis (Reed et al. 1985; Telfer et al. 1987). However, it was unclear whether the

lunar effect observed was primarily to suppress fledging itself or to suppress attraction
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toward artificial light after fledging (Reed et al. 1985). Further, Reed et al. (1985) made
the surprising observation that stranded fledglings seek out dark hiding places after
stranding in an apparent behavioural switch from light attraction. Around the same time
that these effects of variation in moonlight and artificial light shielding were quantified in
procellariiform fallout on Hawai‘i (Reed et al. 1985; Telfer et al. 1987), the first report of
charadriiform (Atlantic puffin) strandings was published from Europe, again with light
attraction as the presumed cause (Harris 1982). A potential role of noise attraction was
also suggested in this instance but was never investigated. The first-ever cue preference
test that evaluated behavioural responses to artificial light in a seabird was also conducted
in the 1980s and found that ancient murrelet chicks preferentially oriented to light over
darkness (Gaston et al. 1988). This study was prescient as it suggested that juveniles of at
least one alcid species display positive phototaxis during “fledging” (the chicks of this

species go to sea at night only a couple days after hatching).

The first of many volunteer-based seabird rescue programs was implemented in
1978 for downed Newell’s shearwater fledglings in Hawai‘i (Telfer et al. 1987), and
models later showed that without such rescue interventions, mortality from
ALAN-induced grounding likely would have contributed to significant declines in this
population (Ainley et al. 2001). Salamolard et al. (2001, as cited in Minatchy 2004)
claimed in a non-publicly available report that experiments with Barau’s petrels revealed
a greater attraction toward blue-rich compared to yellow- or red-rich light, while Hart’s
(2004) characterization of ocular spectral sensitivities in another species of stranding-
prone procellariiform (the wedge-tailed shearwater) revealed a potential mechanism for

this in the form of increased sensitivity to short, blue-violet wavelengths.
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In the 2010s, the global negative ecological effects of ALAN on ecosystems were
becoming more widely recognized and research efforts on the subject were increasing
(Gaston et al. 2012; Gaston et al. 2013; Pawson and Bader 2014; Davies and
Smyth 2018). Experimental studies during this decade demonstrated that fallout numbers
of some seabird species could be reduced by large-scale reductions to light emissions
(despite constraints on experimental design; Miles et al. 2010) or by changing the type of
light used, with the greatest reductions seemingly obtained by changing from blue-rich
(e.g., metal halide) to orange-rich (e.g., high-pressure sodium) lights (although this study
did not employ a “dark™ control; Rodriguez et al. 2017b). At this time, practitioners also
tracked fledglings’ first flights from the nest with GPS data-loggers and mapped their
fallout locations relative to artificial light emittance (Rodriguez et al. 2015). Others
focused on quantifying the effects of factors besides light on stranding numbers and
found clear effects of wind and varying effects of fog (Wilhelm et al. 2013; Syposz et
al. 2018). Still others investigated ocular development in fledglings of one affected
procellariiform and found that it was not nearly so advanced upon fledging as the
olfactory system (Mitkus et al. 2018). Indeed, olfaction was found to be a key component
of navigation and foraging in many procellariiforms (Nevitt 2008; Dell’ Ariccia and
Bonadonna 2013; Gagliardo et al. 2013). In 2017, Rodriguez et al.(a) published a review
on ALAN-induced seabird fallout in which they summarized the species affected, the
locations at which strandings occur, the estimated proportions of fledgling cohorts
affected and mortality rates of stranded birds. Further, the authors summarized evidence
for ALAN-induced attraction and disorientation (both were discussed as co-occurring to

cause fallout) and proposed future directions of research including better quantification of
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the number of stranded fledglings that remain undiscovered by rescuers. This is

approximately where the literature stood when | began my PhD in 2019.

It is important to note that the above discussion is not meant to be an exhaustive
account of all the developments in seabird stranding research; numerous researchers not
mentioned also contributed in various ways to the immense growth in our collective
understanding of seabird strandings over the last several decades. However, in general, |
have described the main sequence of findings that led to the early conceptualization of
my dissertation. Initially, | sought to conduct a meta-analysis of the importance of factors
in addition to ALAN that may contribute to seabird strandings. However, | soon
discovered there were relatively few empirical, experimental, systematically-collected
data to work with. For example, most locational fallout data had been collected
opportunistically by volunteers; there had as yet been no fully controlled experimental
tests of the light attraction hypothesis itself; other potential hypotheses for stranding were
as yet untested; stranding-prone charadriiforms (namely Atlantic puffins) were little
studied in their behavioural responses to artificial light; adults of the various affected
species were understudied in the reason(s) why they generally become stranded in
smaller numbers than fledglings (Rodriguez et al. 2017a; but see Rodriguez and
Rodriguez 2009); evidence for a difference in the attractive potential of different light
types remained equivocal; and environmental effects on stranding rates had only been
studied in few cases (excepting moon phase/illumination), with mixed results (Wilhelm et

al. 2013; Rodriguez et al. 2014; Syposz et al. 2018).

| therefore sought to build upon the work of Rodriguez et al. (2017a) and to

encourage a diversification of research efforts within the field to directly address some of
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the above issues by publishing Chapter 1 as a review paper in 2023. Therein, | proposed
direct experimental tests of the light attraction hypothesis through the controlled (and
ideally randomized) use of light and dark treatments and measurement of resulting fallout
(proposed in Brown et al. 2023, Chapter 1; addressed in Brown et al. 2024, Chapter 2). |
also suggested that, given the generally small proportions of the fledgling cohort that
appear to be affected by fallout in most species (Rodriguez et al. 2017a), individual
fledglings may be randomly dispersing from their colonies and only become attracted or
disoriented by ALAN at close range (proposed in Brown et al. 2023, Chapter 1). And
lastly, | proposed some ways in which the research could go forward: for example, by
conducting systematic searches for stranded birds with substantially reduced spatial and
temporal biases in search effort; by testing alternative hypotheses for stranding

(e.g., olfactory attraction, noise attraction, magnetoreceptive disruption); by further
studying the species and demographics (e.g., adults) that are not as susceptible to fallout;
by confirming the effects (and ideally also the mechanisms of the effects) of
environmental factors on stranding, including whether moon phase influences stranding
rates by way of influencing fledging rates; and by testing behavioural responses to
artificial light in stranding-prone species ex situ, for example in cue preference tests or
other closed experimental apparatuses (proposed in Brown et al. 2023, Chapter 1,

addressed in Brown et al. 2024, 2025, Chapters 2 and 3).

Directly in response to my published review (Brown et al. 2023, Chapter 1), in
which I suggested that greater lunar illumination may reduce stranding numbers by
suppressing fledging, Rodriguez et al. (2023) demonstrated using a long-term dataset that

the effect of increased moonlight on fallout rates actually appears to be in reducing the
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attractive or disorienting effect of ALAN on fledgling seabirds. Further confirmation of
this effect was found and published by Collins et al. (2023), who tracked fledging dates
of stranding-prone Leach’s storm-petrels using radio frequency identification (RFID) and
found that they fledged throughout the lunar cycle. My review (Brown et al. 2023,
Chapter 1) has also been cited by several other works, including those which measured
the effect on the behaviour of procellariiform chicks of repeated exposure to artificial
light (Atchoi et al. 2023), and preferential phototaxis toward different light colours by
both fledgling and adult procellariiforms of the same species (Atchoi et al. 2024), in
closed experimental apparatuses. Directly in line with my review’s recommendation to
further study adult procellariiform behaviour toward artificial light (Brown et al. 2023,
Chapter 1), Middlemiss et al. (2025) shone various intensities and colours of lights in a
fairy prion colony during the breeding season and offered confirmation on previous
reports of differences in behavioural responses toward different light types (Salamolard et

al. 2001, as cited in Minatchy 2004; Rodriguez et al. 2017b).

My experiments on the behavioural responses of Atlantic puffin fledglings to
artificial light at two different spatial scales (Brown et al. 2024, Chapter 2) included one
of the first and few direct in situ tests of the light attraction hypothesis (i.e., by
systematically testing for effects of light versus darkness on fallout numbers) in any
stranding-prone seabird (after Burt et al. 2024; and after the more logistically-constrained
experiment by Miles et al. 2010). My ex situ cue preference test using a Y-maze was the
second to be conducted in a charadriiform (after Gaston et al. 1988) and the second
conducted in any stranding-prone species (after Atchoi et al. 2024). Lastly, my open field

test, which quantified activity levels of stranded puffin fledglings across light spectra and
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darkness, was the first of its kind to be conducted with any seabird species. My results
(Brown et al. 2024, Chapter 2) have the potential to affect coastal development policy in
any region affected by puffin strandings. Simply, | demonstrated that eliminating or
reducing ALAN wherever possible remains the only evidence-based strategy to reduce
strandings. These results may also be used by puffin rescue programs to improve the

efficiency of their search strategies.

Results from my experiments on stranded Leach’s storm-petrel fledglings also
have the potential to influence future research and policy in locations where this and
other procellariiforms become grounded. In agreement with observations of Reed et
al. (1985) and experimental results of Atchoi et al. (2023, 2024), | found evidence for
photophobia in grounded procellariiform fledglings (Brown et al. 2025, Chapter 3).
Evidence for photophobia allowed me to test and confirm the utility of a novel mitigation
measure against stranding-induced mortality: that of hide boxes (repurposed rodent bait
stations; Brown et al. 2025, Chapter 3), which storm-petrels were already anecdotally
observed to use as shelters at hotspot stranding sites (Burt et al. 2024). If hide boxes were
to be employed at all the major procellariiform stranding hotspots around the world,
especially where endangered and declining species are affected, there is potential to
dramatically increase survival after stranding by reducing predation rates of grounded

birds.

Rodriguez et al. (2017a) called for better estimates of the number of stranded
seabirds that remain undiscovered by rescue groups, which would then help inform
estimates of total stranding-related mortality and its overall effect on populations. In my

review (Brown et al. 2023, Chapter 1) | further suggested that the probability of rescuers
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detecting stranded seabirds is likely higher in illuminated compared to dark locations. In
Chapter 4, | used 3D-printed decoys to quantify relative variation in detection probability
of Atlantic puffin fledglings by rescuers across light and concealment levels at two puffin
stranding hotspots. Although this chapter has not yet been published, to my knowledge it
was the first-ever study to measure detection probability of any bird species using decoys.
My results demonstrate that there are indeed negative impacts on detection probability of
lower light levels and intermediate concealment levels (Chapter 4). My results also allow
conservation practitioners to estimate a crude rate of at minimum 10% of individuals that
remain undiscovered by seabird rescue programs that operate in similar contexts

(Chapter 4).

Research on seabird fallout continues to develop at a rapid pace and to diversify
into topics highlighted in my review, which was exactly the goal of its publication
(Brown et al. 2023, Chapter 1). Many research projects aimed at disentangling and
quantifying various environmental and anthropogenic effects on fallout rates, as well as
studies that further investigate behavioural responses to light and other stimuli across
species and demographics, are currently in progress. For example, | suggested olfactory
attraction should be considered a valid and testable alternative hypothesis to light
attraction in causing strandings (Brown et al. 2023, Chapter 1). Results of a recent, as yet
unpublished experiment by Burt et al. suggest avoidance of light and ambivalence toward
scent (i.e., no evidence of olfactory attraction) in adult Leach’s storm-petrels at their
colony on Gull Island, Newfoundland (T. Burt, unpubl. data). At a separate colony (Outer
Island, Nova Scotia), experimental evidence suggests that adults and possibly juveniles of

this species are susceptible to collisions with illuminated vertical surfaces, and that white
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vertical surfaces induce higher collision rates than black ones (Rutherford 2025). In my
review | also called for additional experimentation testing for light attraction behaviour
which employs (fully) dark controls (Brown et al. 2023, Chapter 1), which were absent
from previous studies (Reed et al. 1985; Miles et al. 2010; Rodriguez et al. 2017b). A
study currently in progress, which directly tests the light attraction hypothesis with proper
dark controls, has found higher collision rates of adult and fledgling Leach’s storm-
petrels with a boat as it passed by Baccalieu Island with its lights on, compared to when
they were off (P. Doiron, unpubl. data; Elliot 2025). Evidently, in the few years since |
began my PhD, our collective knowledge base of seabird behavioural responses to light
has grown substantially, and research efforts continue to home in on understanding those
more nuanced aspects of fallout that will hopefully allow for targeted mitigation efforts in

the near future.

Future directions

In spite of all the aforementioned recent developments in research on seabird
fallout, there remain several areas that deserve further attention, many of them
highlighted already by Rodriguez et al. (2017a), Rodriguez et al. (2019), Brown et
al. (2023, Chapter 1), and throughout Chapters 2-4. Firstly, there have been few attempts
to either quantify or reduce bias in search effort of opportunistic seabird rescue programs.
Friswold et al. (2020) conducted surveys along a defined transect that varied in streetlight
density using standardized methodology to quantify spatial patterns in procellariiform
fallout across several years. The authors found the highest number of stranded individuals

in an area that was only of intermediate streetlight density, but which was relatively close
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to the largest local colony. Such efforts are much more valuable to understanding actual
seabird fallout patterns than opportunistic rescue data. Predation and carcass persistence
rates of stranded seabirds are also largely unknown but, in combination, further
quantifications thereof would represent significant progress in attempts to quantify the
number of seabirds that remain undetected by rescuers. The estimated numbers of
seabirds that remain undetected by rescuers may then be used to develop correction
factors applied to opportunistically-collected rescue data to more accurately estimate total
fallout. Detection probability likely varies significantly among species (e.g., dependent
on body size, colouration, behaviour) and locations (e.g., dependent on the geographic
extent of fallout, presence of obstructions to search efforts), and none of this variation has

yet been quantified for any stranding-prone species.

In situ experiments testing the light attraction hypothesis using controlled light
and dark treatments and standardized search effort in a defined area (as in my illuminated
beach experiment; Chapter 2) are imperative in confirming the effect of light on seabird
stranding behaviour. However, a logical next extension of this line of investigation would
be to continue measuring fallout in situ in response to different light types and hues, as
did Rodriguez et al. (2017b) with short-tailed shearwaters. Theirs has been the only in
situ experimental test of the effect of light type on fallout but because their tested lights
varied in emittance, this should be controlled for in future experiments. Such experiments
should target species representative of the various taxonomic families affected by
stranding (e.g., shearwaters and petrels Procellariidae, northern storm-petrels
Hydrobatidae, and puffins Alcidae), since perception and interpretation of light likely

differ across taxa to some extent.

160



Lastly, it is obvious that artificial light at night is here to stay and will only
continue to increase in emittance, necessitating creative solutions to mitigate seabird
fallout and its resultant mortality whenever or wherever ALAN cannot be fully
eliminated. In Chapter 2, | suggested that designated safe (i.e., predator-free) illuminated
areas with dedicated rescuers be employed near towns affected by puffin strandings and
tested in their capacity to lure wayward puffins away from the more dangerous potential
stranding locations (e.g., roads, parking lots, yards, industrial sites). This strategy is not
likely to work for procellariiforms, however, due to their propensity to become stranded
in locations sometimes quite distant from their natal colonies. For this reason, in Chapter
3, | proposed the more widespread development and testing of hide boxes in their
capacity to effectively reduce predation rates of downed procellariiforms at stranding
hotspots. Given the positive phototaxis displayed by Atlantic puffins after stranding
(Chapter 2), these hide boxes could also potentially be adapted for use by this species
with the installation of internal lighting that lures individuals inside and thereby increases
usage rates. Going forward in this ever-brightening world, practitioners intimately
familiar with the ecological, anthropogenic, and biological/behavioural contexts in which
strandings of other seabird species occur will need to continue to think creatively about
how fallout can be mitigated or mortality reduced, potentially by harnessing what we
already know about the affected species’ responses to various stimuli including light,

noise, and intraspecific social cues.
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Conclusion

There were several key findings of my PhD research that advance our
understanding of seabird behavioural responses to light and the resulting implications for
rescue programs. First, | experimentally confirmed that Atlantic puffin fledglings come to
land in much larger numbers in response to light versus dark conditions, supporting the
light attraction hypothesis for stranding in this species. Second, | found interspecific
differences in post-stranding behaviour between Atlantic puffin and Leach’s storm-petrel
fledglings that have implications for where they would be expected to go and how they
would be expected to behave following stranding in situ. For example, | expect puffin
fledglings would remain in or move toward illuminated areas and would be more active
(and therefore possibly easier to detect) under high-pressure sodium compared to
light-emitting diode streetlights, in comparison to Leach’s storm-petrel fledglings which 1
expect would stay in or move toward dark and concealed areas. Lastly, | discovered that
volunteer seabird rescuers were more skilled at finding puffin decoys in illuminated and
open locations, as well as in highly concealed locations, compared to dark or
intermediately concealed locations. When these findings are considered in the context of
real puffin fledglings’ post-stranding behaviour, | expect that rescuers are reasonably
efficient at finding living puffins, but detection probabilities of living stranded birds have
yet to be quantified in any species. In contrast, considering storm-petrels’ small size and
propensity to stay in or move toward dark and concealed locations after stranding, my
detection probability experiment suggests that rescuers would be somewhat less skilled in
finding living storm-petrels; again, this needs to be confirmed experimentally.

Considered together, my results provide considerable insight into behavioural responses
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toward artificial light of seabirds both during and after stranding, as well as implications

thereof for rescue programs.
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Appendices

Appendix — Chapter 2
Methods
Conversion of “dark” treatment activity levels

To determine if we should “convert” the audial scores of time spent mobile by
pufflings in the “dark” treatment (X) to estimated scores of time spent mobile had been
scored visually (y), we calculated 95% confidence intervals of the slope and intercept
estimates (that is, 0.92 and 2.30, respectively). We decided a priori that if either the slope
estimate’s 95% confidence intervals did not contain 1.00 or if the intercept estimate’s
95% confidence intervals did not contain 0.00, we would convert the “dark™ data using y
= 2.3 + 0.92x; otherwise, we would use the raw “dark” data for analysis. The 95%
confidence interval of the slope was [0.87, 0.97] and that of the intercept was [-5.29,
9.95]. The slope estimate’s 95% confidence intervals therefore did not contain 1.00, so

we converted the “dark™ data for analysis.
Results
Assessment of activity levels in different light types when outlier is included

The following results were obtained when the individual identified as an outlier
(in the warm white LED light treatment of the open field test; spent 353 seconds mobile)
was retained in our analysis. There was a significant effect of light type on time spent
mobile by pufflings (Kruskal-Wallis test: H3 = 17.184, P <0.001); post-hoc testing
revealed that pufflings spent more time mobile in darkness (median time spent

mobile = 120 seconds) and in HPS light (median 111 seconds) than in cool white LED
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light (median 32 seconds; P = 0.004 for both comparisons). Pufflings also tended to
spend more time mobile in darkness and in HPS light than in warm white LED light
(median 56 seconds; P =0.09 and P = 0.10, respectively), but these differences failed to

reach significance.
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Tables

Table A2.1. Minimum (“Min”), best-estimate (“Est”’), and maximum (“Max’’) counts of
puftlings observed at the two beaches during Dark and Light treatments over the course
of 11 experimental nights, accompanied by percent moon illumination on each night

(“% Moon”) and qualitative observations of weather conditions at the sites.

Night % Moon Weather Dark Light
Min Est Max Min Est Max

1 85 Clear 0 0 0 10 14 23
2 76 Cloud & fog 0 0 0 34 44 52
3 47 Cloud & rain 1 1 1 11 12 17
4 38 Drizzle! 0 0 0 27 28 30
5 29 Clear 0 0 0 14 15 19
6 20 Clear 0 0 0 6 6 6
7 13 Cloud & rain 1 1 2 5 5 5
8 8 Cloud & wind 0 0 0 4 4 4
9 3 Cloud 0 0 0 6 7 8
10 1 Cloud & wind 0 0 0 0 0 0
11 0 Clear 0 0 0 1 1 1

Note: All counts for both treatments were conducted over the same experimental duration each night (two
hours). Percent moon illumination data were collected from moongiant.com. Weather conditions were not
recorded at the sites on night 4; conditions on this night were obtained from Environment and Climate

Change Canada (climate.weather.gc.ca).

"Weather data obtained from Environment and Climate Change Canada for St. John’s International Airport

(47.618611°N, 52.752500°W), located 38-40 km from the two beach sites used in this experiment.
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Table A2.2. Minimum (“Min”), best-estimate (“Est”), and maximum (“Max’)
“observation rates” (pufflings seen, divided by number of observers) at the beaches
during Dark and Light treatments over the course of 11 experimental nights. All
observation rates for both treatments apply to a two-hour experimental duration.

Night Dark Light

Min Est Max Min Est Max
1 0 0 0 5 7 11.5
2 0 0 0 11.3 14.7 17.3
3 0.5 0.5 0.5 3.7 4 5.7
4 0 0 0 9 9.3 10
5 0 0 0 4.7 5 6.3
6 0 0 0 2 2 2
7 0.5 0.5 1 1.7 1.7 1.7
8 0 0 0 0.8 0.8 0.8
9 0 0 0 1.5 1.75 2
10 0 0 0 0 0 0
11 0 0 0 0.5 0.5 0.5
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Table A2.3. Materials used to create each of the eight light options used in the choice
experiment, including the specific lightbulbs used, whether a neutral-density filter or
diffuser were used, and any other materials used.

Light option Lightbulb NDF? Diffuser® Other

Dim HPS 2100 K HPS®Y none yes none

Bright HPS 2100 K HPS?  yes yes none

Cool white LED 5000 K LED®  yes yes none

Warm white 2700 K LED' yes yes none

LED

Bright blue 5000 K LED® none none ePlastics #2424 dark

LED blue acrylic; cobalt
glass

Dim blue LED 5000 K LED®  yes yes ePlastics #2424 dark
blue acrylic; cobalt
glass

Orange LED 2700 K LED' yes yes ePlastics #2422 amber

orange acrylic

Darkness none none none light hole covered

A variable neutral density filter (NDF) consisted of two pieces of polyvinyl alcohol-iodine polarizing film,
overlapping at varying degrees of polarization depending on the light option.

PDiffuser consisted of one piece of parchment paper.

“Incident light only (i.e., crossover light from Bright HPS on other choice box).

dHigh pressure sodium; Light EnerG, 400 Watt

°Light-emitting diode; Philips, SW / 40W-equivalent Daylight LED

fLight-emitting diode; Philips, SW / 40W-equivalent Soft White LED
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Figures
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Figure A2.1. Spectrum of the 6390 K, 30,000 lumen LED light apparatus used on two
beach sites to test the responses of pufflings to light at a coarse spatial scale. Note that the
y-axis has been normalized to arbitrary units with a maximum of 1.0.

188



0.005 0.005
A) Dim HPS B) Bright HPS
0.004 0.004 1
0.003 0.003
0.002 0.002
0.001 0.001
0.000 0.000 1
400 500 600 700 400 500 600 700
0.005 0.005
C) Cool white LED D) Warm white LED
0.004 0.004
0.003 0.003 1
0.002 0.002 1
< 0.001 0.0011
=
NC
‘E 0.000 0.000 1
o 400 500 600 700 400 500 600 700
©
= 0.0125 % A 01005
< E) Bright blue LED F) Orange LED
g 00100 0.004
8
®
£ 0.0075 0.003-
0.0050 0.002
0.0025 0.001
0.0000 0.000
400 500 600 700 400 500 600 700
0.005 0.005
G) Dim blue LED H) Darkness
0.004 0.004
0.003 0.003
0.002 0.002
0.001 0.001
0.000 A 0.000
400 500 600 700 400 500 600 700

Wavelength (nm)

Figure A2.2. Spectra of all light options used in the choice experiment: A) Dim HPS; B)
Bright HPS; C) Cool white (5000 K) LED light; D) Warm white (2700 K) LED light; E)
Bright blue LED light; F) Orange LED light; G) Dim blue LED light; and H) Darkness.
Irradiance is as measured by a spectrometer with its sensor placed at the entrance of the
“choice arm”, inside the “main box” of the Y-maze. * = note the change in y-axis scale.
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Figure A2.3. Comparison of time spent mobile by 25 pufflings in a 600 second trial in 25
lighted videos (including HPS, warm white LED, and cool white LED), as scored by
watching the video (y-axis) versus listening to the video (x-axis). Note that there are two
overlapping points around (0, 0).

190



Appendix — Chapter 3
Methods
Measuring activity levels under various light spectra

The 1-m3 cube-shaped open field test arena was constructed from polycarbonate
panels, with the floor left unattached for easy removal. We created a 20 cm x 20 cm grid
composed of 25 squares (in a 5 x 5 squares arrangement) on the floor, cut an access door
into the lower part of one wall of the arena for easy insertion and removal of
storm-petrels from the apparatus, and cut two small holes in the ceiling: one for the light
source and one for the camera (Activeon, CCA10W, Activeon Inc.; San Diego, CA,
USA). We placed an opaque blackout curtain over the whole arena to prevent any

ambient light from entering.
Safe haven test

The Safe Haven box has two small openings (approximately 6 cm in diameter)
through which storm-petrels can enter; one on each of the two short sides. We placed the
Safe Haven box against the middle of the wall opposite the arena’s access door, with its
two openings oriented along the wall. Inside the Safe Haven box, a ramp angles upward
from each opening until dropping off to the interior floor of the box, such that after an

individual goes over the ramp, it has difficulty escaping the box.

In each trial, we started the video camera, placed each storm-petrel just inside the
access door of the arena, and started a timer. At the end of each 10-minute trial, we noted
whether the storm-petrel was inside the Safe Haven box and, if it was not, we later used
the thermal imaging video footage to verify that the bird had not entered the Safe Haven
box during the experiment (note that there were zero occurrences of this). The floor of the
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arena was not cleaned between trials unless a storm-petrel defecated during its trial. If a
storm-petrel entered the Safe Haven box, we cleaned the entire Safe Haven box with 70%

isopropyl alcohol and allowed it to dry before the next trial.
Statistical Analysis

Measuring activity levels under various light spectra

To determine if scoring videos using auditory information may have artificially
increased or decreased our estimates of time spent mobile in darkness (in comparison to
scoring the light videos, which was done visually), we conducted a simple linear
regression of time spent mobile scored visually (y) as a function of time spent mobile
scored audially (x) of the 10 selected lighted videos that were scored both visually and
using auditory information (package “stats”, v. 4.3.0; R Core Team 2023). The regression
equation was statistically significant (r? = 0.823; Fq, s = 37.12; P < 0.001), and auditory
scores predicted visual scores (B = 0.6980; P < 0.001; Appendix Figure A3.3). We
converted the “dark” data using the regression equation and used these “converted”
values in subsequent statistical comparisons with the unmodified visual scores from the
other treatment groups. We decided to score only “dark” videos using auditory
information (rather than scoring all videos this way) because: 1) we reasoned that visual
scoring is both more accurate (i.e., truer to the correct value) and more precise
(i.e., repeatable) than auditory scoring, and is therefore preferable when three of our four
treatments can be scored visually; 2) the noise associated with the high-pressure sodium
light’s ballast fan would have made auditory scoring of those videos difficult and
therefore introduce another source of scoring bias; and 3) extra care was taken during the

dark treatment specifically to ensure that noises similar in quality to those of storm-petrel
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footsteps were reduced to an absolute minimum to increase the accuracy of those auditory

Scores.
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Tables

Table A3.1. Materials used to create each of the six light options used in the choice
experiment, including the specific lightbulbs used, whether a neutral-density filter or
diffuser were used, and any other materials used.

Light option Lightbulb NDF? Diffuser® Other

HPS 2100 K HPS®  yes yes none

Warm white 2700 K LED? yes yes none

LED

Cool white LED 5000 K LED®  yes yes none

Blue LED 5000 K LED® none none ePlastics #2424 dark
blue acrylic; cobalt
glass

Orange LED 2700 K LED? yes yes ePlastics #2422 amber

orange acrylic
Darkness none none none light hole covered

A variable neutral density filter (NDF) consisted of two pieces of polyvinyl alcohol-iodine polarizing film,
overlapping at varying degrees of polarization depending on the light option.

PDiffuser consisted of one piece of parchment paper.

High-pressure sodium; Light EnerG, 400 Watt

dLight-emitting diode; Philips, 5W / 40W-equivalent Soft White LED

€Light-emitting diode; Philips, 5W / 40W-equivalent Daylight LED
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Table A3.2. Contingency table comparing the number of storm-petrels that required
prodding out of the acclimation box after 5 minutes of inactivity with the number of
individuals that eventually made a response, or not, in the Y-maze choice experiment. The
total experimental sample size was N =76

Prodded
Yes No Total
Yes 12 16 28
Responded No 41 7 43
Total 53 23 76
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Figure A3.1. Spectra of all light options used in the choice experiment: A) High-pressure
sodium; B) Darkness; C) Warm white (2700 K) LED light; D) Cool white (5000 K) LED
light; E) Blue LED light; and F) Orange LED light. Irradiance is as measured by a
spectrometer with its sensor placed at the entrance of the “choice arm”, inside the “main
box” of the Y-maze. * = note the difference in y-axis scale compared to the other spectra.
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Access door

Figure A3.2. A) Floor layout of the Safe Haven test arena, including Safe Haven box and
storm-petrel. Note the access door at the bottom of the picture, through which storm-
petrels were placed inside the arena. Each floor grid square is 20 cm % 20 cm. B)
Orientation of the Safe Haven box such that the openings were both along the wall of the
arena.
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Figure A3.3. Comparison of time spent mobile by 10 randomly selected Leach’s storm-
petrels, each tested in a 600-second trial under either high-pressure sodium, warm white
LED, or cool white LED light, as scored by watching the video (y-axis) versus listening
to the audio (x-axis). Gray area represents 95% confidence limits.
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Appendix — Chapter 4
Methods
Ethical Note

Pre-experiment script to be read to volunteers

“This year, the Puffin Patrol is working with a PhD student at Trent University
named Taylor Brown. Taylor is studying puffins and why they get stranded here in
coastal Newfoundland. She is running an experiment with our help, and we are
wondering if you would like to participate in it. It is completely optional. Taylor has put
some fake, plastic puffins like this [show them the puffin model] in random places where
you will be searching for real puffins. If you want to participate in this experiment, all
you have to do is sign this consent form and bring back to us any plastic puffins that you
find while you are out looking for real ones. Alternatively, you can give the plastic
puffins to Taylor or her assistant Lucy, who will be present in the area with vests on that
say their names. Your name and signature on the form will be kept separate from any data
you help collect, so you will stay totally anonymous. If you sign the consent form but

change your mind about participating, just let us know by the end of the night.”

Consent Agreement

The formal consent agreement for this study is on file with Trent University’s

Research Ethics Board under protocol #28055.
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Materials

Decoys were constructed of black polylactic acid plastic using a filament-based
3D printer (Creality CR10S; Shenzhen, China). Right and left legs were designed and
printed separately, then inserted and glued into sockets in the main body of the decoy. We
spray-painted decoy undersides white in a pattern similar to that of real pufflings (Krylon
Fusion All-In-One Paint and Primer in Gloss Dover White; Sherwin-Williams;
Cleveland, OH, USA) and used black permanent marker to write a unique identifying

number (1-60) on the underside of the tail.
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Tables

Table A4.1. All decoy locations at both of the experimental sites, including their
coordinates (easting and northing), illuminance (lux), qualitative light level, and
concealment level. Note that the spectrometer used to measure illuminance was not
capable of detecting <10 lux, so both “dim” and “dark” locations register as 0 lux (except
location B06, the only “dim” location for which we received a spectrometer reading).
“Spec” refers to the spectrometer measurement and “App” refers to that of the phone app
(“Lux™).

Site | Location | Easting | Northing INluminance Light Concealment
(lux) Level Level
Spec App
Store | BO1 361486 | 5237789 | 0 2 Dim 0
Store | B02 361477 | 5237808 | 30 19 Bright 2
Store | BO3 361513 | 5237828 | 0 3 Dim 3
Store | B04 361493 | 5237810 | 0 4 Dim 0
Store | BOS 361514 | 5237838 | 14 8 Bright 0
Store | B06 361510 | 5237822 |9 5 Dim 0
Store | BO7 361501 | 5237834 | 0 3 Dim 0
Store | BO8 361496 | 5237826 | 29 20 Bright 1
Store | B09 361487 | 5237814 | 0 1 Dim 0
Store | B10 361476 | 5237831 |19 12 Bright 0
Store | B11 361477 | 5237816 | 13 8 Bright 0
Store | B12 361509 | 5237832 | 14 8 Bright 1
Store | B13 361507 | 5237823 | 0 4 Dim 0
Store | B14 361477 | 5237798 | 0 1 Dim 0
Store | B15 361480 | 5237824 | 0 3 Dim 2
Store | B16 361483 | 5237818 | 0 1 Dark 2
Store | B17 361508 | 5237769 | 0 0 Dark 0
Store | B18 361500 | 5237765 | 0 1 Dark 0
Store | B19 361483 | 5237767 | 0 0 Dark 1
Store | B20 361494 | 5237748 | 0 0 Dark 0
Store | B21 361494 | 5237745 | 0 0 Dark 2
Store | B22 361525 | 5237811 | O 0 Dark 0
Store | B23 361502 | 5237755 | 0 0 Dark 0
Store | B24 361504 | 5237781 | 0 3 Dark 0
Store | B25 361513 | 5237810 | 0 0 Dark 1
Store | B26 361479 | 5237784 | 0 0 Dark 1
Store | B27 361530 | 5237826 | 0 0 Dark 1
Store | B28 361492 | 5237834 | 0 0 Dark 1
Store | B29 361499 | 5237814 | 0 1 Dark 3
Store | B30 361480 | 5237842 | 0 0 Dark 3
Plant | CO1 362100 | 5237785 | 10 6 Bright 1
Plant | C0O2 362111 | 5237797 | 13 6 Bright 2
Plant | C0O3 362099 | 5237802 | 66 43 Bright 0

201




Plant | C04 362112 | 5237803 | 16 10 Bright 0
Plant | CO5 362118 | 5237800 | 0 1 Dim 1
Plant | C06 362120 | 5237832 | 32 19 Bright 0
Plant | C07 362116 | 5237838 | 46 35 Bright 1
Plant | CO8 362095 | 5237839 | 24 13 Bright 0
Plant | C09 362112 | 5237845 | 35 21 Bright 3
Plant | C10 362110 | 5237852 | 21 12 Bright 0
Plant | Cl1 362096 | 5237856 | 21 9 Bright 1
Plant | C12 362066 | 5237866 | 10 6 Bright 1
Plant | C13 362063 | 5237850 | 38 22 Bright 3
Plant | C14 362042 | 5237845 | 42 34 Bright 1
Plant | C15 362079 | 5237764 | 10 5 Bright 3
Plant | C16 362069 | 5237736 | 0 0 Dark 1
Plant | C17 362131 | 5237804 | 0 0 Dark 1
Plant | C18 362136 | 5237819 | 0 0 Dark 0
Plant | C19 362131 | 5237831 | 0 0 Dark 3
Plant | C20 362122 | 5237862 | 0 1 Dark 1
Plant | C21 362090 | 5237861 | 0 3 Dark 1
Plant | C22 362089 | 5237878 | 0 1 Dark 2
Plant | C23 362082 | 5237862 | 0 0 Dark 3
Plant | C24 362084 | 5237855 | 0 1 Dark 1
Plant | C25 362047 | 5237845 | 0 0 Dark 2
Plant | C26 362035 | 5237841 | 0 0 Dark 1
Plant | C27 362040 | 5237842 | 0 0 Dark 2
Plant | C28 362109 | 5237869 | 0 0 Dark 2
Plant | C29 362093 | 5237825 | 0 0 Dark 2
Plant | C30 362090 | 5237779 | 0 0 Dark 4
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You are free to:

Share — copy and redistribute the material in any medium or format for any
purpose, even commercially.

Adapt — remix, transform, and build upon the material for any purpose, even
commercially.

The licensor cannot revoke these freedoms as long as you follow the license
terms.

Under the following terms:

Attribution — You must give appropriate credit, provide a link to the license,
and indicate if changes were made . You may do so in any reasonable manner,

but not in any way that suggests the licensor endorses you or your use.

No additional restrictions — You may not apply legal terms or technological
measures that legally restrict others from doing anything the license permits.

Notices:

You do not have to comply with the license for elements of the material in the public
domain or where your use is permitted by an applicable exception or limitation .

No warranties are given. The license may not give you all of the permissions necessary for
your intended use. For example, other rights such as publicity, privacy, or moral rights
may limit how you use the material.
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