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Abstract  13 

The use of artificial light at night and its ecological consequences are increasing around 14 

the world. Light pollution can lead to massive mortality episodes for nocturnally active 15 

petrels, one of the most threatened avian groups. Some fledglings can be attracted or 16 

disoriented by artificial light on their first flights. Studies testing the effect of artificial 17 

light characteristics on attractiveness to seabirds have not provided conclusive results 18 

and there is some urgency as some endangered petrel species experience high light-19 

induced mortality. We designed a field experiment to test the effect of three common 20 

outdoor lighting systems with different light spectra (high pressure sodium, metal halide 21 

and light emitting diode) on the number and the body condition of grounded fledglings 22 

of the short-tailed shearwater Ardenna tenuirostris. A total of 235 birds were grounded 23 

during 99 experimental hours (33 hours for each treatment). 47% of birds were 24 

grounded when metal halide lights were on, while light emitting diode and high 25 

pressure sodium lights showed lower percentages of attraction (29% and 24%). Metal 26 

halide multiplied the mortality risk by a factor of 1.6 and 1.9 respectively in comparison 27 

with light emitting diode and high pressure sodium lights. No differences in body 28 

condition were detected among the birds grounded by the different lighting systems. We 29 

recommend the adoption of high pressure sodium lights into petrel-friendly lighting 30 

designs together with other light mitigation measures such as light attenuation, lateral 31 

shielding to reduce spill and appropriate orientation. 32 

Keywords: artificial light, fledging, illumination, light pollution, mortality, seabird  33 
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1. Introduction 34 

The increasing use of artificial light at night is causing a loss of the natural 35 

nightscapes worldwide (Falchi et al., 2016). Light pollution is an emerging threat to 36 

biodiversity conservation by disrupting circadian rhythms, affecting natural behaviours, 37 

reproduction, animal movement or endocrine systems, and finally, influencing the 38 

ecosystem functioning by cascading effects (Gaston et al., 2014; Hölker et al., 2010; 39 

Longcore and Rich, 2004). Although marine environments are mostly free of artificial 40 

light, most coastal areas are affected by light pollution at night (Davies et al., 2014). 41 

Artificial lights along the coast can cause direct and incidental mass mortality events in 42 

endangered marine taxa, e.g. turtles or seabirds (Rich and Longcore, 2006; Rodríguez et 43 

al., 2017a). Despite the multiple effects on human health and biodiversity, artificial light 44 

is steadily proliferating in the night environment led by improvements in luminous 45 

efficiency (Kyba et al., 2014). Thus, the determination of the impact of the different 46 

artificial lighting systems on biodiversity should be a priority for developing appropriate 47 

lighting policies to enable better coastal planning and conservation practices.  48 

 Fledglings of nocturnal petrel species (including shearwaters and storm-petrels) 49 

are attracted to artificial lights during their first flights from nest-burrows to the ocean, 50 

often colliding with human structures or the ground. If they survive the collision, they 51 

are grounded in artificially lit areas and susceptible to being killed by incidental threats 52 

(vehicle collision, predation, starvation or dehydration) (Ainley et al., 2001; Le Corre et 53 

al., 2002; Rodríguez et al., 2012a; 2014). To mitigate light-induced mortality of petrels, 54 

rescue programs have been implemented in several locations around the world 55 

(Rodríguez et al., 2017a). However, pre-emptive measures, that reduce the 56 

attractiveness of artificial lighting to seabirds, would be much more effective at the 57 

population level. To our knowledge, there is no published information on whether 58 
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seabird attraction to artificial lights is related to the type of lights or individual traits of 59 

the seabirds. Here, we test the effect of three commonly used lighting systems with 60 

different light spectra (metal halide –MH, high pressure sodium –HPS– and light 61 

emitting diode –LED) on the attraction of short-tailed shearwater (Ardenna tenuirostris) 62 

fledglings, a species severely affected by light pollution (Rodríguez et al., 2014). We 63 

also test if body condition of grounded fledglings differs among lighting systems. Why 64 

petrels are attracted to lights is not entirely understood, but it may be related to food as 65 

petrels could confuse lights with natural bioluminescent prey or associate light with 66 

food during the nestling period at their nest-burrows (see Rodríguez et al., 2017a). 67 

Although short-tailed shearwater fledglings attracted by artificial lights do not seem 68 

handicapped, as their body condition is similar to those of adults (Rodríguez et al., 69 

2017b), degree of attraction to lighting systems could be mediated by body condition. 70 

Body condition at fledging is a proxy to greater likelihood of survival and recruitment 71 

in long-lived seabirds (Becker and Bradley, 2007; Maness and Anderson, 2013). Thus, 72 

attraction of birds in good condition, i.e. those with higher survival and recruitment 73 

probabilities, to a particular lighting system would worsen the impact of such light for 74 

petrel populations. Apart from lighting systems, other factors appear to play a role in the 75 

number of seabirds attracted to lights. First, birds tend to fledge early in the night (Reed 76 

et al., 1985; Rodríguez et al., 2015), and therefore, it was expected that the number of 77 

grounded birds would increase during the first nocturnal hours. Second, fledging is a 78 

synchronous process leading to high number of birds fledging around a peak date (27-79 

28 April for the short-tailed shearwater; Rodríguez et al., 2014). Third, fledging date is 80 

favoured by strong winds which give a lift to flight-inexperienced fledglings (Rodríguez 81 

et al., 2014; Skira, 1991). Fourth, the number of grounded birds is reduced during full 82 

moon nights (Le Corre et al., 2002; Rodríguez and Rodríguez, 2009; Telfer et al., 1987). 83 
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Fifth, the number of attracted birds in a year is related to the number of fledglings 84 

produced by the population in that particular year, i.e. the higher breeding success the 85 

higher the numbers of grounded birds (Day et al., 2003; Rodríguez et al., 2012b). 86 

 87 

2. Material and methods 88 

 89 

Our study was conducted on Phillip Island, south-eastern Australia, where 90 

natural night skyscapes unpolluted by artificial lights are available adjacent to short-91 

tailed shearwater breeding colonies (Figure 1a). Phillip Island is relatively low with a 92 

maximum altitude about 112 m above sea level. It holds around 543,000 breeding pairs 93 

of short-tailed shearwaters (Harris et al., 1980), which is more than 1% of its global 94 

breeding population (BirdLife International, 2017), mainly distributed along the south 95 

coast (Figure 1a). The short-tailed shearwater nests in dense colonies generally in sandy 96 

soils. Adults start migration before their chicks fledge and consequently fledglings 97 

depart the colony in the absence of their parents. Fledglings try to reach the ocean on 98 

their first flights.   99 

Our experiment was conducted in the overflow car park at Phillip Island Nature 100 

Parks on the Summerland Peninsula (-38.505942ºS, 145.149486ºE), which is a 13,000 101 

m2 grassed area surrounded by some unlit buildings and short-tailed shearwater colonies 102 

(Fig 1b). At the experiment site, masts held the three types of lamps (MH, HPS and 103 

LED) at the same height and orientation at each mast. Five masts of 3-5 m high 104 

supported the lamps used during the experiment (Figure 1b,c). The three light types 105 

employed in our study are commonly used in outdoor facilities (e.g. car parks, sport 106 

stadiums and industrial areas) and they emit different spectra (Figure 2a; Table 1). MH 107 
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and HPS bulbs emit light in 360 degrees in every direction, and for this reason they 108 

were housed in similar luminaries. In contrast, LED emits light in one direction. 109 

To assess the potential attraction of shearwater fledglings to the three lighting 110 

types, we designed an experiment in which every treatment (light type) was replicated 111 

every night. We lit the area at night during the fledging period and counted the number 112 

of grounded birds on the lit field. The experiment was repeated over three fledging 113 

seasons (2014: 22 April-4 May; 2015: 19 April-5 May; 2016: 26-29 April). To account 114 

for the high variability in number of groundings from night to night, we turned on each 115 

lighting type for one hour in a random order each night. The same type of light (MH, 116 

HPS and LED) was on in the five masts during each experimental hour. We also had a 117 

period of 15-minutes in darkness between treatments to avoid potential attractive effects 118 

of the previous treatment on the birds. First light-treatment was turned on 45-60 minutes 119 

after sunset. We ran the experiments in the first hours of darkness (three experimental 120 

hours in total plus two 15-minutes gaps) as they coincide with the peak of fledging time 121 

(Reed et al., 1985; Rodríguez et al., 2015). By randomly sequencing the three 122 

treatments, we controlled for any changes in hourly fledgling rate through the night.  123 

Grounded birds were collected and kept in boxes. Each individual was marked 124 

with a permanent marker pen on the toe webbing for identification and released in the 125 

closest colony at the end of each experimental night. Recaptured birds (five birds) were 126 

not included in the analyses. In 2015, body mass (g) and four biometric variables (wing, 127 

tarsus, bill length and bill length) were measured from grounded birds in the treatments 128 

of the experiment. The biometric variables were taken using an electronic balance 129 

(nearest 5 g), a ruler (nearest 1 mm) and an electronic calliper (nearest 0.01 mm). To 130 

obtain a size indicator of the grounded birds, we ran a principal component analysis 131 

(PCA) on centered and scaled morphometric variables (wing, tarsus and bill length, and 132 
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bill depth) and the first principal component was used as a body size index (BSI). The 133 

first principal component retained 54% of variation. The four morphometric variables 134 

showed positive factor loadings (factor loadings: 0.47, 0.51, 0.49 and 0.52 for wing, 135 

tarsus, and bill length, and bill depth) and highly significant correlations to the first 136 

principal component (Figure S1). Then, we run a linear model of body mass on BSI (the 137 

first principal component). This regression showed a R2 = 0.33 and it was statistically 138 

significant (F 1, 133 = 65.2, P < 0.001). Diagnostic plots indicated that model assumptions 139 

were not violated (see Figure S2). Finally, we extracted the standardized residuals of 140 

this model and used them as a body condition index (BCI), where positive and negative 141 

values indicate that birds are heavier and lighter than the average in the population, 142 

respectively (Green, 2001; Rodríguez et al., 2012a, 2017b).  143 

To control for the confounding variables noted in the introduction, i.e. fledging 144 

time/order and wind strength, moon light and inter-annual breeding success, we added 145 

five predictors: 1) Order of light treatment (three-level factor: first, second and third). 2) 146 

Quadratic term of fledging date (continuous variable ranging from 19 April to 5 May). 147 

3) Wind speed (km/h) taken from an automated meteorological station located at Rhyll, 148 

Phillip Island, and distant 15 km from the study area (Bureau of Meteorology reference: 149 

086373). The station provides wind data every 30 minutes and we calculated the 150 

average for the two readings of each experimental hour (treatment). 4) Moon light or 151 

luminance (continuous variable) measured as the percentage of luminance at full moon 152 

at zenith at distance equal mean equatorial parallax (Austin et al., 1976). We calculated 153 

moon luminance for each 10-minute periods by using the moonlight Fortran software 154 

(Austin et al., 1976) and we assigned the maximum moon luminance to each 155 

experimental hour. 5) Year as a three-level factor to account for annual variation in 156 

breeding success.  157 
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We used generalised linear mixed models (GLMMs) with log link and Poisson 158 

error distributions to assess whether the number of grounded birds differs between light 159 

treatments (three-level factor). To control for the dependence in the number of grounded 160 

birds per light treatment in a single night, night was included as a random factor. To 161 

control for confounding variables, i.e. variables affecting the number of attracted birds 162 

(see above), we conducted GLMMs adding these predictors plus light treatment factor. 163 

To avoid over parameterization, only two predictors were included in each model (light 164 

treatment plus predictor). To assess whether body condition of grounded birds differs 165 

between lighting types, a linear model was conducted including body condition index as 166 

response variable and light treatment as a factor. Models were compared to null models, 167 

i.e. including only the intercept, using the ‘anova’ function (stats package) and 168 

assumptions were checked using diagnostic plots (Supplementary material). Statistical 169 

analyses were conducted in R version 3.3.2 (R Core Team, 2016). The function 170 

‘prcomp’ (stats package) was employed to conduct the principal component analysis 171 

(PCA). Linear models and generalised linear mixed models were conducted using the 172 

functions ‘lm’ (stats package) and ‘glmer’ (lme4 package) (Bates et al., 2015). Model 173 

assumptions of generalised linear mixed models were checked through a simulation-174 

based approach using the ‘DHARMa’ package (Hartig, 2016). 175 

 176 

3. Results 177 

 178 

 A total of 235 short-tailed shearwater fledglings were grounded during the 33 179 

experimental nights (99 hours; 33 hours for each treatment) in the three annual fledging 180 

periods. Pooling all nights, the highest number of grounded fledglings was reached 181 

when MH lights were on (χ2
2 = 19.974; P < 0.001; 110, 68 and 57 birds for MH, LED 182 
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and HPS lights, respectively). Eight out of the 235 birds were killed or subsequently 183 

euthanized after fatal collision with the ground or light-posts (4, 3 and 1 birds for MH, 184 

LED and HPS lights). The GLMM including just the light treatment was significant 185 

with regard to the null model, i.e. including only the intercept term (χ2
2 = 19.209; P < 186 

0.001; Figure 2b). Light treatment was also significant in all the GLMMs including 187 

additional variables (all P-values < 0.003; Supplementary material). In 2015, 135 188 

grounded shearwaters were captured and measured. Body condition was similar 189 

between the shearwaters grounded by the different lighting types (Figure 2c), as the 190 

model was not better than the null model (F2,132 = 1.908; P = 0.153). 191 

 192 

4. Discussion 193 

 194 

The number of grounded birds differed among light types, with MH being the 195 

light type attracting the highest number of the short-tailed shearwater fledglings. LEDs 196 

were second highest light type in causing grounded birds, although no statistical 197 

differences were apparent in comparison with HPS. Body condition of birds grounded 198 

by each lighting type was similar, indicating that attraction power of each lighting type 199 

did not depend on body condition, and more interestingly that no lighting system 200 

selectively attracted birds with higher survival and recruitment probabilities, i.e. birds in 201 

good body condition. 202 

Differences in the number of grounded birds per light type may be explained by 203 

the visual systems of shearwaters. The retina of the congeneric wedge-tailed shearwater 204 

(Ardenna pacifica) have five visual pigments with maximum absorbance at 406-566 nm 205 

(Hart, 2004). Assuming a similar visual system, short-tailed shearwater fledglings could 206 

be more sensitive to MH and LED lighting, which produce a very cool light (blue) and a 207 
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wider emission spectrum, than HPS which produces warmer light (red/orange) and low 208 

emissions under 550 nm (Table 1; Figure 2a). Thus, shearwaters are likely to perceive 209 

lights differently. Given they display an attraction response, heightened perception may 210 

lead to heightened attraction. Our results on the higher number of grounded birds by 211 

MH and LED than HPS lights, agree with the possibility that MH and LED lights are 212 

appreciably brighter for shearwaters than HPS lights, thus increasing the attraction 213 

response. 214 

Our results agree with other studies on other taxa in which HPS lights affect 215 

behaviour less than MH or LED lights, e.g. bats (Stone et al., 2015) or invertebrates 216 

(Pawson and Bader, 2014), but contrast with those found for songbirds at off-shore 217 

platforms. Nocturnal migrating songbirds are more attracted by light with visible long-218 

wavelength radiation (red and white) than by light with less or no visible long-219 

wavelength radiation (blue and green) (Poot et al., 2008). Thus, adopting taxa-specific 220 

recommendations for the effect of artificial lights is crucial.  221 

Designing experiments to study the potential attraction of different light types to 222 

seabirds is a challenging task, due to the intrinsic seabird natural traits, the low number 223 

of colonies and the vast extensions of cities and their associated light pollution (Reed, 224 

1987, 1986; Reed et al., 1985). Reed and collaborators conducted two field experiments 225 

changing light characteristics (polarization and spectra), but failed to reduce light 226 

attraction in Newell’s shearwaters Puffinus newellii (Reed, 1987, 1986). Despite these 227 

inconclusive results, light signatures (wavelength and intensity) have been changed 228 

around nesting colonies around the world to mitigate light-induced mortality. However, 229 

these actions have been conducted without any scientific evidence and their 230 

effectiveness has not been appropriately assessed (Rodríguez et al., 2017a). Our 231 

experimental study sheds some light on the potential effect of commercially available 232 
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lighting systems, providing first-hand information for the lighting management around 233 

seabird breeding grounds. If artificial lights cannot be completely avoided, we strongly 234 

recommend that HPS lights, or filtered LED and MH lights with purpose-designed 235 

filters for lower emission spectra, should be the only external lights used in proximity to 236 

shearwater colonies. The type of light must be adopted together with other light 237 

reduction actions (KSHCP, 2017). Light should be as dim as possible to be fit the 238 

purpose, and should be correctly oriented towards the target area or object to avoid 239 

skyward light spill. Shielding and cut-off designs for luminaries can also help to avoid 240 

unnecessary light spread. Finally, turning off the lights when not required or using 241 

motion sensors to turn on/off the lights would contribute to reducing light pollution (for 242 

a complete list of light mitigation actions see KSHCP, 2017). More research is needed 243 

to further understand the role of emission spectra on the potential attraction of seabirds 244 

and the impact of seabird-friendly lighting on sympatric organisms. 245 
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Table 1. Characteristics of light systems used in the experiment. 362 

 Light Comercial reference 
Lamp 

Wattage (W) 

Color 

Temperature 

(K) 

Luminous 

Flux (Lm) 

High pressure 

sodium (HPS) 

SON-T 400W/220 E40 

1SL 
400 2000 (warm) 48000 

Metal halide 

(MH) 

MASTER HPI-T Plus 

400W/645 E40 1SL 
400 4500 (cool) 32000 

Light emitting 

diode (LED) 
VBLFL-855-4-40 200 4536 (cool) 18111 

 363 

364 
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Figure 1. (a) Phillip Island map showing distribution of breeding colonies, study site 365 

(grey circle) and light pollution levels taken from a nocturnal satellite imagery; NOAA 366 

National Geophysical Data Center; available at 367 

http://ngdc.noaa.gov/eog/viirs/download_monthly.html. (b) Map of the study area 368 

showing the light posts and the lit area. (c) Nocturnal picture showing two light-posts 369 

and the moon. 370 

   371 

http://ngdc.noaa.gov/eog/viirs/download_monthly.html
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Figure 2. Spectral composition (a) of the lighting types used (data provided by 372 

manufacturer). Vertical dashed and solid lines indicate the wavelength of maximum 373 

absorbance of visual pigment of cones and rods for Ardenna pacifica (Hart, 2004). 374 

Mean number per hour (b) and body condition (c) of short-tailed shearwater fledglings 375 

grounded by lighting types. In (b) bars show mean ± s.e. Different capital letters 376 

indicate significant differences between levels. 377 

 378 


