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1.

Introduction

The following papers have been provided at the request of the Examining
Authority in their first written questions (PD-011; Reference 1BEMS50):

= Factors influencing Manx Shearwater grounding on the west coast
of Scotland (Syposz et al., 2018)

= The effect of light pollution on orientation in Manx shearwaters
(Puffinus puffinus) (Syposz, 2020)
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(Syposz et al., 2018)
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Factors influencing Manx Shearwater grounding on
the west coast of Scotland
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Grounding of thousands of newly fledged petrels and shearwaters (family Procellari-
idae) in built-up areas due to artificial light is a global problem. Due to their anatomy
these grounded birds find it difficult to take off from built-up areas and many fall vic-
tim to predation, cars, dehydration or starvation. This research investigated a combina-
tion of several factors that may influence the number of Manx Shearwater Puffinus
puffinus groundings in a coastal village of Scotland located close to a nesting site for
this species. A model was developed that used meteorological variables and moon cycle
to predict the daily quantity of birds that were recovered on the ground. The model,
explaining 46.32% of the variance of the data, revealed how new moon and strong
onshore winds influence grounding. To a lesser extent, visibility conditions can also
have an effect on grounding probabilities. The analysis presented in this study can
improve rescue campaigns of not only Manx Shearwaters but also other species
attracted to the light pollution by predicting conditions leading to an increase in the
number of groundings. It could also inform local authorities when artificial light inten-

sity needs to be reduced.

Keywords: light pollution, moon, probability model, Puffinus puffinus, random forest classification,

Scotland, seabirds, weather condition.

Worldwide, many different species of animals are
disturbed by artificial light pollution (Gaston et al.
2013). It can increase activity during the night
(Dominoni et al. 2014), restrict or change patterns
of movement of light-avoiding species (Frank
1988, Kuijper et al. 2008), influence reproductive
phenology (Dominoni et al. 2014), disturb circa-
dian patterns (Reiter et al. 2009) and cause fatal
disorientation or attraction to the source of light
(Verheijen 1960, Le Corre et al. 2002). One
major group influenced by artificial light pollution
comprises birds that show nocturnal activity, such
as petrels and shearwaters (family Procellariidae;
Rodriguez et al. 2017). Recent studies have found
that seabirds are more likely to be encountered in
locations with high light intensity (Le Corre et al.

*Corresponding author.
Email: mssssessssessitesstinssnsn
Toer,

2002, Rodriguez & Rodriguez 2009, Rodrigues
et al. 2012, Troy et al. 2013, Rodriguez et al.
2015). Fledglings on their first flight are often
found to crash-land in the cities and towns near
their nest-sites; this phenomenon can be termed
‘erounding’ (Le Corre et al. 2002, Rodriguez et al.
2014) or ‘fallout’ (Ainley et al. 2001, Troy et al.
2011). Seabirds that land on the ground are often
unable to take off from these urban locations due
to their specialized anatomy, exemplified by legs
set far back on the body to facilitate diving. How-
ever, this ‘forward heavy’ anatomy requires a slope
or a gust of wind to be able to take off. Thus, if a
grounded bird is not helped, it may fall victim to
predation, dehydration, starvation or being hit by a
vehicle (Telfer et al. 1987).

Even though the biological bases causing sea-
birds to ground are not fully understood, several
patterns have been described across the family
Procellariidae. Adverse weather conditions and

© 2018 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Orithologists' Union.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.



moonless nights were reported to increase seabird
fallout (Phillips & Lee 1966, Imber 1975, Reed
et al. 1985, Telfer et al. 1987, Le Corre et al.
2002, Rodriguez & Rodriguez 2009, Miles et al.
2010, Rodriguez etal. 2014). A study by
Rodriguez et al. (2014) also showed that strong
winds blowing in the direction of areas of light
pollution caused more seabirds to ground.

Like other birds from the family Procellariidae,
Manx Shearwaters Puffinus puffinus encounter
problems with light pollution (Brooke 1990,
Rodriguez et al. 2008, Rodriguez & Rodriguez
2009, Miles et al. 2010). Manx Shearwaters are
listed as least concerned by IUCN with an esti-
mated population of more than 1 million individu-
als, but the majority of birds breed only on three
islands — Skomer, Skokholm and Rum (Brooke
1990). In the current study we report grounding
data collected during 6 years and investigate what
factors influenced the number of Manx Shearwater
groundings in the Scottish coastal village of Mallaig
located close to the second largest colony of Manx
Shearwaters (the Isle of Rum). A random forest
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model was developed that used meteorological
variables and moon cycle to predict the daily
quantity of birds that were encountered on the
ground. Young petrels and shearwaters are inexpe-
rienced in flying and may be blown in the direc-
tion of a source of light, e.g. a village (Rodriguez
et al. 2014). Therefore, we predict that the wind
direction coming from Rum (westerly), as well as
strong winds, causes the highest fallout. Similar
patterns may be found due to visibility conditions;
we predict that higher visibility would result in
higher fallout, as the village of Mallaig might be
seen by Manx Shearwaters from further away,
causing more birds to be attracted to the light pol-
lution. We further predict that the full moon
results in a small number of grounded birds, due
to the fact that the greater ambient light from the
moon may cause a diminution of attraction to the
artificial light (Reed et al. 1985). The random for-
est model presented allows exploration of each
environmental variable and answers which of these
has the greatest influence on the number of
grounded Manx Shearwaters.
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Figure 1. Artificial lights in the British Isles, the Isle of Rum and Mallaig. The left overview represents a night-time light map over the
British Isles and Scotland in particular with the extent of the main map on the right (white box). The main map locates the village of
Mallaig in relation to the Isle of Rum and how it accounts for a significant source of artificial light for the region. The night light is
based on the Visible Infrared Imaging Radiometer Suite (Earth Observatory, 2012, Elvidge et al. 2013).

© 2018 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.
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848 M. Syposz et al.

METHODS

Study site and Manx Shearwater
grounding data collection

Mallaig (57°0'14.57"N, 5°49'52.36"W) is located
on the west coast of the Scottish Highlands, 27 km
east of the Isle of Rum (Fig. 1). The Isle of Rum
harbours the second largest nesting site of Manx
Shearwaters in the world with an estimated 76 000
pairs (Murray et al. 2003). Small numbers are
reported to breed on the nearby island of Canna, in
the region of 1215 pairs (B. Swann, unpubl. data),
and Figg, with an estimated population of 50-150
breeding pairs (J. Chester, pers. comm.).

Manx Shearwaters from Rum leave the colony in
late August and September (Brooke 1990). A vol-
unteer-based project in Mallaig collected data
between 2009 and 2014. Every day in September,
at 22:00 h, at least one volunteer systematically
checked Mallaig’s harbour, going from Moorings
Guest House to the outer harbour and back by foot
(c. 2 km, Fig. 2) mainly in the harbour area (indi-
cated by the black line). Additionally, the local com-
munity as well as other volunteers were involved in
searches in other parts of the village. The local com-
munity is informed and reminded every year by
posters and advertisements in the local paper about
the possibility of grounded Manx Shearwaters.

When a bird was found, it was placed in a bird
bag, then transferred to a suitable box and stored
safely until the morning. The following day at
10:00 h, rescued birds were ringed and weighed.
Manx Shearwaters were then taken on a ferry and
released halfway between Mallaig and the Isle of
Skye. The birds were released far from land, to
avoid predation from Great Black-backed Gulls
Larus marinus and European Herring Gulls Larus
argentatus.

Predicting the number of grounded birds
per day

To evaluate the influence of different environmen-
tal conditions on the number of birds grounded
each night, a predictive model was developed
using moon illumination, wind conditions and visi-
bility. The total number of grounded birds
reported across all of the surveyed area in Mallaig
for a specific night was used in this analysis.

The wind, cloud cover and visibility variables for
the period in which the birds are susceptible to

grounding (month of September) were gathered for
the years 2009-14 from the Met Office weather
station located in Skye/Lusa (57°1525.2"N,
5°4832.4"W, 27.4 km north of Mallaig; Met Office
2006). The hourly data between 22:00 and 01:00 h
BST was downloaded, as most of the rescue effort
was during those hours. The wind direction was
categorized based on the 16 compass directions. For
each night, the weather was aggregated to calculate
the average wind speed and visibility; for the wind
direction, the mode for each night was extracted.
In addition to the weather data from the Met
Office, we also calculated the hourly moon illumi-
nation from the moon percentage derived from the
oce R package (Analysis of Oceanographic Data,
Kelley & Richards 2016). The value when the
moon was below the horizon for the given time
period was then set to 0, and when above the hori-
zon, weighted by the cloud cover by multiplying
the percentage of visible moon with factor propor-
tional to the cloud coverage (in oktas between 1 for
clear sky with no cloud cover and 0.5 for full cloud
cover). This hourly weighted moon illumination
variable was averaged for the time period and
added to the weather data.

To predict the number of grounded birds dur-
ing the month of September 2009 to 2014, a ran-
dom forest algorithm was developed as a
regression model, using the randomForest package
in R (4800 trees; Liaw & Wiener 2002). The num-
ber of grounded birds for each night was predicted
based on the aggregated weather data, the moon
phase and the year. A random variable was also
added as a ‘noise’ term representing the effects of
influences not included in the model. By compar-
ing the relative importance of the other variables
in the model with this predictor, we could assess
how they ‘performed’ in contrast to the ‘noise’
term. The accuracy of the model was estimated
through a correlation between the observed and
the predicted number of grounded birds. The lat-
ter was estimated from a random subset of the
data that was excluded during the tree building
iteration of the random forest (‘out of the bag’
prediction, Breiman 2001). This process, embed-
ded in the algorithm, allowed us to discard the
selection of training and test sets.

RESULTS

The number of grounded Manx Shearwaters varied
from year to year and fluctuated within the month

© 2018 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Orithologists' Union.
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Figure 2. Spatial distribution of the grounded birds in relation to measured and estimated light intensities. The harbour area (delim-
ited by a black line) contained most of the recovered birds. The road network is represented in light grey. The coordinates are in Bri-

tish National Grid panel easting and northing (metres).

(Table 1, Fig. 3a). Of the 1646 birds recorded
between 2009 and 2014 included in the model,
45.0% were grounded during September 2012.
The lowest fallout happened in 2011 with 4.6% of
the total number of observed birds. The other
years contained between 11.0% (2014) and 17.4%
(2009) of the records. Most of the birds were
found alive (92.2%) and were released success-
fully. Of the 1127 birds with known locations,
69.2% were found in the harbour area (Fig. 2, area
indicated by black line), indicating a strong aggre-
gation in that zone.

Predicting the number of grounded birds
per day

When predicting the number of grounded birds in
relation to the weather and moon cycle, the ran-
dom forest algorithm explained 46.32% of the
variance (with a mean squared residual = 197.71).
Figure 4a represents the contribution of the differ-
ent variables to the model; the year, the weighted
moon percentage, the wind direction and the visi-
bility all contributed more to the model compared

© 2018 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.
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Table 1. Summary of numbers of grounded Manx Shearwa-
ters each year between 2009 and 2014, showing the total
number of birds (‘Total’) and birds that were found dead or that
died before release due to an injury (‘Dead’). ‘Retraps’ indicate
the number of birds that were attracted to the light twice — they
were ringed in Mallaig and came back after release.

Year Total Dead Retraps
2009 287 29 0
2010 173 21 0
2011 75 9 0
2012 741 37 3
2013 189 20 0
2014 181 12 2
All years 1646 128 5

with the random noise variable. Other climatic
variables were tested (temperature, rainfall, atmo-
spheric pressure) but they did not lead to an
increase in model performance or made lower con-
tributions compared with the random variable.
Figure 4b represents the significant relation
between the observed and the predicted number
of groundings (F; 178 = 192.1, P < 0.01), although
the model tended to underestimate the number of
groundings. Figure 5 represents the partial depen-
dence plots for the different variables. These plots
confirmed the exceptional number of groundings
for 2012 and how low moon illumination and
strong westerly winds increased the probability of
groundings. To a lesser extent, both low and high
visibility conditions contributed to a higher proba-
bility of groundings.

DISCUSSION

Difference between years, caused by the excep-
tionally high number of groundings in 2012, was
the most important correlate of the variation in
number of Manx Shearwater groundings in Mal-
laig. We also showed that the new moon and
strong onshore winds were associated with an
increase in probability of groundings. To a lesser
extent, visibility conditions were also related to
grounding probabilities. Our model, however, pre-
dicted just under half of the variance (46.32%) in
the data, which might be due to other factors
influencing grounding probabilities that were con-
sidered in our model or, more likely, to the coarse
time resolution of the data.

We found that the grounding probability of
Manx Shearwaters in Mallaig is best explained by

differences between years, with a higher number
of groundings in 2012 than in other years. Unfor-
tunately, the population of Manx Shearwater on
Rum and other nearby islands lacks yearly data on
demography. However, the average productivity
from colonies in Rum did not show statistically sig-
nificant variations between 1986 and 2015 (JNCC
2016). The colony of Manx Shearwaters on Rum
is 27 km away from Mallaig, and light pollution
does not affect a high proportion of fledglings
(maximum 741 grounded fledglings out of up to
76 000 fledglings, Murray et al. 2003, Table 1).
Therefore, small variations in the number of
fledged Manx Shearwaters on Rum are unlikely to
have a strong influence on the numbers of
grounded birds in Mallaig. Although during the
fallout in 2012, moon phase and weather condi-
tions tended to increase groundings (see below),
the exceptionally high number of groundings that
year is not completely explained by these environ-
mental variables alone, as demonstrated by the
high contribution of year in the model. This indi-
cates that in addition to possible effects from pop-
ulation fluctuations, there may be other factors
that were not included in the study, such as the
concentration of food in the waters around Mallaig
or attraction by sound (as suggested in Miles et al.
2010), or other factors not measured.

This study also found that variation in the num-
ber of grounded fledglings in Mallaig was related
to the moon phase; in moonlit nights the number
of grounded birds decreased. The same pattern has
been observed by several other studies focusing on
shearwaters and petrels (Imber 1975, Reed et al.
1985, Telfer et al. 1987, Le Corre et al. 2002,
Rodriguez & Rodriguez 2009, Miles et al. 2010,
Rodriguez et al. 2014). The reason for the moon
influence was explained by the fact that a greater
ambient light from the moon may cause a diminu-
tion of attraction to artificial light (Reed et al.
1985). Nevertheless, Le Corre etal. (2002)
observed that grounded seabirds had longer wing-
spans and were lighter when the fledging period
coincided with the full moon. This suggested the
young seabirds stayed longer in their burrows
because the full moon inhibits them from fledging.
It is possible that both factors, the decreased activ-
ity of fledging, as well as the reduced attraction to
the light, causes fewer groundings during the full
moon. Further studies are needed to quantify the
influence of each of these factors.

© 2018 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Orithologists' Union.
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Figure 3. Daily distribution of the number of grounded birds (a, thick black line), wind (arrows), weighted moon illumination (b, thin
black line) and visibility conditions (b, dotted line) between 2009 and 2014. The arrows represent the direction of the wind and darker

arrows indicate stronger winds.

In addition to the influence of the moon and an
important year effect, other climatic variables
showed a strong effect when predicting the num-
ber of groundings. Onshore winds and strong
winds contributed to higher probabilities of bird
grounding. Extremes in visibility (high and low)
also moderately increased the risk of grounding.
Weather conditions can change very quickly

during the 4-h window considered in this study.
Aggregating the weather variables over the night
means that some of the fine temporal scale
changes were lost. In addition, it is difficult to
match some short-term weather patterns with a
specific bird grounding, as there may be a delay of
several hours to even a few days between the
moment when a bird was grounded and when it

© 2018 The Authors. Ibis published by John Wiley & Sons Ltd on behalf of British Ornithologists' Union.
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a. Contribution of the variables
to the model

Year

Moon percentage
Wind direction
Wind speed
Visibility

Random o

b. Relation between the predicted
and observed number of groundings

84 R?2=0519

100
|

No. of observed groundings

6000 7000 8000 9000 10000 11000 12000 10 000 0 10

Increase in node purity

30 40 50

No. of predicted groundings

Figure 4. (a) Ranked importance of the different variables in the contribution of the prediction model for the number of bird ground-
ings. (b) Correlation between the observed and predicted number of groundings.
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the fluctuations of the probability of bird grounding. On the polar plot for the wind direction (top right), the delimited area indicates the
contribution of each wind direction to grounding probability.
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was spotted and recovered (Rodriguez et al.
2012b, 2015). Similarly, there may be some delays
between a change in weather pattern and a peak
in groundings; these delayed effects are difficult to
include in the model. The quantity of grounded
birds is also influenced by the number of fledging
birds and therefore more favourable weather con-
ditions for fledging can cause higher numbers of
groundings. The other main limitation of the
model is related to multicollinearity, where some
weather variables might be correlated, causing us
to underestimate their individual effects.

The current study found a similar association
between wind direction and grounding as the study
of Rodriguez et al. (2014); the number of grounded
Short-tailed Shearwaters Ardenna tenuirosiris in
that study was higher, with winds blowing from the
colony to the artificial light pollution. It was sug-
gested that birds might be blown away from the
colony onto the roads. In other studies the breeding
colonies were situated all around the coast or inland
(Le Corre et al. 2002, Troy et al. 2011, Rodriguez
et al. 2012a) and in these conditions it would be
hard to test the effect that the wind direction has
on groundings. The location of the Manx Shearwa-
ters colony in Rum is to the west of Mallaig and the
current finding confirms that strong winds blowing
towards the source of light pollution causes the lar-
gest number of groundings. Rodriguez et al. (2014)
found that the wind speed also had a positive influ-
ence on the risk of grounding, possibly because
Short-tailed Shearwaters on flat Phillip Island,
southern Australia, needed a gust of wind to facili-
tate their first flight. In our study area, westerly
winds tended to be stronger than winds from other
directions (average of 9.2 vs. 4.6 knots), indicating
that low pressure weather systems might combine
wind speed and direction effects leading to a higher
risk of grounding. The burrows of Manx Shearwa-
ters are situated on steep mountains (Mitchell et al.
2004) that allow birds an easier take-off. Thus, it is
likely that the higher number of grounded birds
during a strong westerly wind can be explained by
inexperienced fledglings being blown in the direc-
tion of the light pollution in Mallaig.

An increase in the number of groundings can be
expected when there are adverse weather condi-
tions and cloudy, rainy nights (Phillips & Lee
1966, Telfer et al. 1987). This is possibly caused
by increased light pollution due to rain, mist and
clouds (Day et al. 2003). Nevertheless, a recent
study by Wilhelm et al. (2013) did not detect any

Grounding of Manx Shearwaters in west Scotland 853

evidence for visibility influencing the fallout of
Atlantic Puffin Fratercula arctica. This can be
explained by the fact that more birds start their
migration with clear sky conditions (Hippop &
Hilgerloh 2012). Our study confirmed both these
trends presented in research by Phillips and Lee
(1966) and Hiippop and Hilgerloh (2012), with
slight increases in predicted grounding when the
visibility was either low or high. Poor visibility was
associated with strong westerly winds that were
likely to disorientate and push the birds toward
Mallaig. This is consistent with data obtained in
this research, as it was found that visibility did not
strongly contribute to the predictive model of the
Manx Shearwater groundings.

Our study confirmed that more birds were
grounded in nights with less moonlight (Reed et al.
1985, Telfer et al. 1987, Le Corre et al. 2002,
Rodriguez & Rodriguez 2009, Miles et al. 2010,
Rodriguez et al. 2014) and in nights with strong
westerly winds (Rodriguez et al. 2014), showing
that birds may be blown from their colony in the
direction of the light pollution. Low and high visi-
bility conditions also contributed to higher ground-
ing probabilities. Thanks to these findings, rescue
campaigns could focus their efforts on nights when
the risk of groundings is highest or could inform
local authorities under which conditions light
intensity needs to be reduced.
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Shearwaters, and especially Victor Cruden, Sandy
Maclaren, the local police and Steve MacDonald and
family. We would also like to acknowledge Marine Har-
vest for their support, and the ferry company, Calado-
nian MacBrayne, who allowed us to release Manx
Shearwaters from their ferry. We thank N. Harrison, P.
Brown and S. Mowles for constructive comments on the
manuscript and Anglia Ruskin University for its support.
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ABSTRACT

Humans introduce artificial light at night (ALAN) to the landscape for many reasons - to
facilitate commuting to work, to improve their safety and to enhance the nocturnal
aesthetics of places. The resulting change in light levels distorts a cue which living
organisms use. A cue which, otherwise, has been predictable for billions of years. While
some animals adjust to or even take advantage of ALAN, other species respond
negatively, with populations suffering due to the presence of artificial light. In particular,
burrow-nesting seabirds struggle with light pollution located near to their colony, with
thousands of juvenile birds landing in lit-up areas during fledging season — termed
‘grounding’. The aim of this thesis is to investigate the behaviour of seabirds towards
light pollution and, ultimately, to understand mechanistically the processes involved in
grounding of seabirds. I explore, through observation and experimentation, the
behavioural responses of an ALAN-susceptible seabird, the Manx shearwater (Puffinus
puffinus) to artificial light. These experiments span the life-history stages of the Manx
shearwater, from the orientation of juvenile shearwaters, before and during fledging, to
the responses of breeding adults at the colony. I discover that the magnitude, but not
direction, of behavioural reactions to artificial light is consistent across these life stages.
At each life stage, reactions to ALAN appear to be related to the intensity and wavelength
of light, the latter of which implies disruption of the visual system as a root cause of
seabird grounding. Finally, in an applied study, I explore the effectiveness that updating
old sodium pressure lamps with LEDs has had on shearwater grounding in a coastal town.
Overall this thesis highlights the importance of understating the animals’ behaviour
towards light pollution at different life stages and locations, contributing to the evidence

base for mitigation measures that might be implemented in future.
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Chapter 1 — General introduction

Introduction

For most of history, nights—especially moonless nights—were dark. However in the last
150 years human urbanisation has transformed our nocturnal landscape by changing
natural light levels with illumination coming from streetlights, advertisement boards and
other lighting installations (Falchi et al., 2016). Artificial Light At Night (ALAN) has
changed the night sky globally, and two thirds of Key Biodiversity Areas are affected by
it (Garrett, Donald and Gaston, 2019). In areas polluted by light, it is estimated that more
than 60% of nocturnal invertebrates species and around 30% of nocturnal vertebrates
species could potentially be impacted (Holker et al., 2010). An extraordinary array of
physiological and behavioural changes due to light pollution has now been documented
on a variety of organisms (for general reviews of the impacts of ALAN on animals, see
Longcore and Rich, 2004; Gaston et al., 2013; Gaston and Holt, 2018; Owens and Lewis,
2018). Light pollution can affect the reproduction (Fobert, Da Silva and Swearer, 2019),
communication (Owens, Meyer-Rochow and Yang, 2018), community structure (J. F.
Wilson et al., 2018), movement (Jung and Kalko, 2010) and behaviour (Yassumoto ef al.,
2019) of many species and its effects are not limited to animals, with plants, fungi and
bacteria also thought to be impacted (Dufresne, 1987; Yang et al., 2019; Zhang et al.,

2020).

Among the numerous documented effects of light pollution on animals, its impact on
movement can result in especially profound consequences manifesting in changes in the
distribution of populations and ultimately drive species’ decline (Rodriguez et al., 2017;
Owens et al., 2020). On an individual level, ALAN can either cause positive phototaxis

(attraction/misorientation towards lights) or negative phototaxis (determent/repulsion
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Chapter 1 — General introduction

from lights). Mountain lions, spiders, bats, migratory birds and many species of insect are
among those species where individuals have been found to avoid light pollution (Beier,
1995; Nakamura and Yamashita, 1997; Summers, 1997; Kuijper et al., 2008; Cabrera-
Cruz et al., 2020). The converse phenomenon, positive phototaxis, can cause fatal
collisions or entrapment of animals in a halo of light. Many species of nocturnal insects
(review: Owens and Lewis, 2018), birds (Allen, 1880; Rodriguez et al., 2017), frogs
(Perry, Buchanan and Fisher, 2008), and turtles (Wilson et al., 2018) exhibit profound
attraction towards artificial light. The resulting restrictions and changes to animal
movement caused by ALAN are of conservation concern since they might limit dispersal,
decrease habitat connectivity and entrap animals in dangerous areas. It has therefore
become essential to understand how light pollution impacts animals’ behaviour so that
we can effectively avoid or mitigate the negative impacts of light pollution on natural
systems. With novel effects of light pollution on animals added to literature scope every
year (Berge et al., 2020; Cabrera-Cruz et al., 2020; Shier, Bird and Wang, 2020), it is

clear that a lot remains to be learnt.

How can movement be disturbed by ALAN in animals?

One way light pollution might affect the movement of animals is by disrupting their
orientation abilities (Tuxbury and Salmon, 2005; Owens and Lewis, 2018). Nocturnally
active animals are known to be able to orient using olfaction, visual landmarks,
echolocation, earth’s magnetic field or stellar objects such as stars, the moon and the
Milky Way (Emlen, 1975; Papi, 1990; Wiltschko and Wiltschko, 2005; Lohmann,
Lohmann and Endres, 2008; Warrant and Dacke, 2011; Dacke et al., 2013). Reliance on

objects emitting or reflecting light from the sky raises concern that in places where natural
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light levels at nights have been disturbed by human-made light sources, these orientation
mechanisms could be impacted (Witherington and Martin, 2000; Rodriguez et al., 2017,
Van Doren ef al., 2017). Thus, providing a potential mechanism of interference whereby
light pollution might impact individuals® fitness and/or population declines. While an
extensive literature has focused on documenting detrimental outcomes of light pollution
on many species (reviews: Longcore and Rich, 2004; Gaston and Holt, 2018), the efforts
to explain the mechanistic basis of the phenomenon are rather limited and poorly tested
and thus our ability to implement evidence-based mitigation is limited. Understanding

more precisely how ALAN affects orientation in animals is therefore crucial.

To begin to understand the mechanistic impact of ALAN on animal movement, I propose
here a simple framework in which we classify animal phototaxis into ‘primary’ responses

to artificial light and ‘secondary’ responses to artificial light.

Secondary responses to light occur when animals use light as a cue for some other piece
of previously learnt information. For example, animals may be attracted to light because
they have learnt to associate it with prey availability (positive phototaxis), or conversely
may be repulsed by it because it is associated with predation risk (negative phototaxis).
Some species of bats (e.g. Jung and Kalko, 2010), birds (e.g. Robertson et al., 2010), and
cane toads (e.g. Gonzélez-Bernal et al., 2016) facilitate their hunting by congregating in
places lit up by ALAN, leading to attraction-like behaviour. Following this attraction,
animals may exhibit further behavioural changes. For example, cane toads (Rhinella

marina) are observed to be more sedentary in lit-up areas, as the congregations of insects
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associated with increased light reduce the effort required by individuals to find food
(Gonzélez-Bernal et al., 2016). On the other hand, slow flying bats, like Rhinolophus
hipposideros, and flightless nocturnal invertebrates called weta, have been found to avoid
light (Stone et al. 2009; Farnworth et al. 2018). It has been suggested that these species
are vulnerable to predation from animals that see better in light and thus avoid lit-up areas,
including ALAN, to lower their risk of predation (Speakman 1991). Where artificial light
intersects their normal foraging grounds, this avoidance behaviour could ultimately result
in light-mediated fragmentation of their habitat, which has been linked to subsequent

declines in population size (Owens et al. 2020).

Primary responses to artificial light involve an animal’s orientation mechanism
mistakenly taking the artificial light as a directional cue. Primary responses are known in
at least two groups of animals, sea turtles and insects. Enthusiasts and researchers have
long exploited the attraction of insects towards light through the use of light traps to
collect specimens. The reaction towards light and its behavioural explanation depends on
the species (Owens and Lewis, 2018). Some flying species approach the light directly,
while others exhibit characteristic spiralling flight patterns. Some insects may sit under
the light, looking stunned, while others try to stay in the vicinity of light, flying around
it, frequently changing angular velocity and direction (Muirhead-Thompson, 2012). A
possible explanation for why insects appear to orbit around lights was suggested in the
form of the light compass theory (Baker and Sadovy, 1978; Sotthibandhu and Baker,
1979). If a flying insect maintains a constant angle towards the moon or stars, it could
have an easy point of reference for maintaining a constant heading. Since ALAN has been

introduced, lights are much closer than the celestial bodies, and if an insect maintains a
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constant angle towards a lamp, it will end up circling around it. Nocturnal bees and wasps
provide examples for such behaviour. By adjusting their wings, they ensure that the top
part of their visual field is brighter than the bottom one (Berry, Wcislo and Warrant,
2011). Conversely, those species that appear to be stunned under the light might be briefly
or invariably deprived of sight. This could be explained by their visual system being
highly sensitive towards light, causing saturation or structural degradation in their
photoreceptors in particularly high light intensities (Meyer-Rochow, Kashiwagi and
Eguchi, 2002; Honkanen et al., 2017). Even if a dazzled insect escapes into darkness, it

may be a long time before it is fully recovered (Bernhard and Ottoson, 1960).

The reasons for the attraction of marine turtles towards light have been also explored. In
this group of animals, however, only hatchlings seem to be affected by light pollution
(Salmon 2006). Young turtles hatch from a nest during the night and use brightness
(Mrosovsky, 1967; Mrosovsky and Shettleworth, 1968; van Rhijn and van Gorkom,
1983; Tuxbury and Salmon, 2005) and elevation (Limpus, 1971; Salmon et al., 1992) of
the horizon as cues directing them to safety of the sea. In developed beaches, however,
the brightness gradient is disturbed. Light pollution in coastal areas direct hatchling turtles
away from the sea and towards dangers of towns and cities (McFarlane, 1963; Salmon,
2006; Bourgeois et al., 2009). Turtles and insect are however not the only animals
affected by light pollution. Birds are well-known to strongly react with positive
phototaxis towards ALAN, but the mechanisms involved are not yet well understood.

There are some emerging patterns, however, that might assist in revealing the answer.
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Factors influencing the impact of ALAN on bird behaviour

Birds are mainly affected by ALAN during their migration, making them more
susceptible to collisions with buildings (Loss, Will and Marra, 2015), predation
(DeCandido and Allen, 2006) and changes to their stopover ecology (Lebbin et al., 2007;
Cabrera-Cruz et al., 2020). Birds that spend energy to remain airborne around light might
end up delayed for days on their migration route (Seewagen and Guglielmo, 2010) or die
due to exhaustion (Ramirez et al, 2015). Recent radar data have shown vast
congregations of migrating birds around light polluted areas (Van Doren et al., 2017,
McLaren et al., 2018; Horton et al., 2019). The extent of the attraction has been found to

be dependent on the duration, intensity and spectrum of the light.

There is no clear consensus on how the spectrum of light impacts birds’ behaviour.
Whereas Evans et al. (2007) and Zhao et al., (2020) reported that red light caused less
attraction in birds (mainly passerines) than blue and green light, Poot e al. (2008)(but see
Evans (2010) for critisism of methodology) provided evidence that red light increased the
chance of collision more than blue and green light. Many researchers have observed,
however, a consistent pattern in birds’ responses towards flashing light. Shorter light-on
pulses seem to result in smaller numbers of affected birds, suggesting that a longer dark
period allows birds to disperse away from the light polluted area (Tufts, 1928; Baldwin,
1965; Avery, Springer and Cassel, 1976; Wiese et al., 2001; Evans et al., 2007; Gehring,
Kerlinger and Manville, 2009). Likewise, higher light intensity seems to result in
increased bird congregation around lit-up areas (Verheijen, 1985; Jones and Francis,

2003).
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Grounding in Procellariiformes: current knowledge.

Among birds, seabirds, especially species from the order Procellariiformes, seem to be
particularly strongly affected by light pollution. Procellariiformes are pelagic seabirds
with a range extending across all the world’s oceans. They are mostly colonial,
predominantly breeding on offshore or oceanic islands. Most members of the order have
a ‘forward heavy’ anatomy that is adapted to life at sea but results in birds unable to walk
well on the land. Their nests are generally located on cliffs or in burrows where a steep
slope or a long runway allows them to take off again. Many species visit their nests during
the night to avoid diurnal predators (Watanuki, 1986; Keitt, Tershy and Croll, 2004; Silva

etal.,2011).

Unlike passerines, seabirds cannot easily take off once they land in a light polluted area
because of their anatomy. Buildings, cars and other structures form barriers from wind
and a long runway necessary for take-off. If a seabird is left grounded on its own, it is
vulnerable to predation by wild or domestic animals, as well as starvation, dehydration,
or it can be hit by a car. Many rescue campaigns worldwide gather volunteers and
communities to collect grounded birds. These campaigns not only release hundreds of
seabirds back to the sea, but also collect valuable data on seabird groundings (review:
Rodriguez et al., 2017). The phenomenon of seabirds’ congregations around light has a
special term called “grounding” or “fallout” (Reed, Sincock and Hailman, 1985;
Rodriguez et al., 2017). 56 out of 113 burrow-nesting species of Procellariiform seabirds
are reported to ground in light polluted areas near to their nesting site. Most of the
grounded birds are fledglings; depending on species from 68% to 99% of grounded birds

(Rodriguez et al., 2017). Juvenile birds start their migration without adult conspecifics
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during the night. The light polluted area might be on the same island as the colony (e.g.

Le Corre et al., 2002) or kilometres away from it (e.g. Syposz et al., 2018).

There is evidence that the severity of the grounding depends on several environmental
factors. First, evidence suggests that moon phase influences the magnitude of seabird
groundings. Several studies have found a strong correlation between the state of moon
and the number of grounded birds (Imber, 1975; Reed, Sincock and Hailman, 1985; Telfer
et al., 1987; Le Corre et al., 2002; Rodriguez and Rodriguez, 2009; Miles et al., 2010;
Rodriguez et al., 2014; Syposz et al., 2018), with fewer birds found during full moon and
the highest number of grounded birds found during moonless nights. Second, some
research revealed that weather conditions also play a role. Adverse weather conditions,
i.e. cloudy and rainy nights, cause higher fallout (Telfer et al, 1987), however this
relationship has not been found in other studies (Syposz et al., 2018). Rodriguez et al.
(2014) and Syposz et al. (2018) also found that wind speed and direction have an
influence on fallout, with stronger wind from the direction of a colony being associated
with a greater number of birds grounding. This was explained by the fact that
inexperienced fledglings can be blown in the direction of the light pollution. In studies
where that relationship has not been found, the colony was located on the same island as
the grounding events (Le Corre ef al., 2002; Troy, Holmes and Green, 2011; Rodriguez,

Rodriguez and Lucas, 2012), presumably making it difficult to detect a similar effect.

Besides environmental conditions like weather and moonlight, the characteristics of the

artificial light also affect the severity of seabird groundings. In particular, similar to
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collisions in other bird species, the intensity of light pollution can play an important role.
Decreasing light pollution by reducing the spill of light or by simply turning lamps off
results in a smaller fallout (Reed, Sincock and Hailman, 1985; Glass and Ryan, 2013;
Rodriguez et al., 2014), and therefore has been recommended as a mitigation measure
against seabird grounding. However, one has to be cautions as the results might be species
specific. Indeed, Miles et al. (2010) found that covering all the lights in a village
decreased the number of grounded Leach’s Storm- Petrels (Hydrobates leucorhous) but

not of Manx shearwaters (Puffinus puffinus).

In addition to light intensity, the spectrum of light can influence the severity of the fallout.
Red and yellow lights cause less grounding in Tropical Shearwaters (Puffinus bailloni)
than green and blue lights (Salamolard ef al., 2001). Changing from white broadband to
red and green lights reduced fallout of seabirds in Chile (reported in Rodriguez et al.,
2017). Covering lamps with polarizing filters, however, did not seem to have any effect
on Newell’s Shearwaters (Puffinus newelli, Reed, 1987). Finally, a recent study by
Rodriguez, Dann and Chiaradia (2017) investigated the effects of type of streetlights and
found that metal halide, light emitting diode and high-pressure sodium lights resulted in
different numbers of birds grounded. They concluded that high pressure sodium lamps
are the best to use near to nests of short-tailed shearwaters (Puffinus tenuirostris).
Completely changing the colour of artificial lights might not be the most practical way to
address the light pollution problem in cities and towns. Thus, guidelines regarding new
lights should consider practicality of their use for humans. Changing lights might be
demanding and costly, therefore strong evidence should inform such conservation

mitigation measures.
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The mechanisms of seabird grounding

Despite many reports on the patterns of grounding in Procellariiform seabirds, the sensory
mechanisms affected by light pollution are poorly understood. Understanding these
mechanisms is however essential to produce robust, effective and evidence-based
recommendations for conservation. The existing literature suggests two possible senses
that can be disturbed by artificial light pollution resulting in grounding in
Procellariiformes: light-dependent magnetoreception (proposed generally for birds:

Evans et al., 2007) and vision (Imber, 1975; Telfer et al., 1987; Rodriguez et al., 2017).

Magnetically mediated light pollution effects

Magnetoreception, the detection of the magnetic field of the earth by animals, is known
to be used by some bird species as a compass sense (Wiltschko and Wiltschko, 2005;
Mouritsen, 2018), though the anatomical location and mechanism of the putative
magnetoreceptors themselves remains controversial. The most widely supported
magnetoreception mechanism, however, involves a light-dependent sensor in birds’ eyes
(Hein et al., 2010; Hore and Mouritsen, 2016). Consequently, it is thought that birds
should fail to orientate correctly in complete darkness. High levels of light might also
render the magnetic compass ineffective, since it appears to be primed by very low light
intensities of 3 x 10 1ux — a theory supported by the observation that free flying birds are
capable of orienting towards their migratory direction even during dark moonless nights
(Cochran, Mouritsen and Wikelski, 2004). Nevertheless, it has been suggested that under
rainy and cloudy conditions, there is not enough natural light, so birds congregate around
lit up areas, seeking places where their magnetic sense works correctly

(‘Magnetoreception-seeking theory’ in Evans et al., 2007). Furthermore, the studies
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showed that under higher light intensities of monochromatic red colour the orientation of
birds becomes random, suggesting that the sensory mechanism of magnetoreception fails
to work correctly (Muheim, Bickman and Akesson, 2002). Thus, it has been proposed
that red light of broadcasting towers might oversaturate the mechanism of
magnetoreception, resulting in birds being disoriented (‘Magnetoreception disruption

theory’ in Evans et al., 2007).

Procellariiformes are not reported to congregate in areas with red light. Salamolard ez al.
(2001) found that they are attracted to blue and green rather than red light. Thus, it is
unlikely that seabirds’ magnetic sense is disturbed by light pollution resulting in their
grounding, but they might be seeking the geomagnetic engagement by arriving at lit-up
areas. Despite numerous studies, there is no evidence, however, for the use of a magnetic
compass in seabirds (Massa ef al., 1991; Benhamou ef al., 2003; Benhamou, Bonadonna
and Jouventin, 2003; Bonadonna et al., 2003, 2005; Mouritsen, 2003; Pollonara et al.,
2015; Padget et al., 2017). Past studies focused on disturbing behaviour of foraging adult
birds. A magnetic compass, however, remains a likely candidate at least for movement
control that is necessarily inherited i.e. first-time migration of a juvenile seabird without
adults (Liedvogel, Akesson and Bensch, 2011). Thus, further research should check if
young inexperienced birds are good candidates for finding evidence of magnetoreception

in seabirds.
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Visually mediated light pollution effects

A simpler explanation of birds’ reaction to the different spectra and intensities of light
would be interspecific differences in the visual perception of birds. Avian species differ
in spectral sensitivity, consequently perceiving colours with different intensities (Varela,
Palacios and Goldsmith, 1993). Thus, some species are able to perceive some spectra of
light from further away than others, which might result in greater attraction to light. These
interspecific differences could explain various reaction of birds that are either attracted to
red or blue wavelengths (Gautereaux and Belser, 1999; Evans et al., 2007). Moreover,
Salamolard et al. (2001) reported that the groundings of Tropical shearwaters (Puffinus
bailloni) are reduced in red rather than blue and green light, which is consistent with the
high likelihood that, as diving foragers, shearwaters are more sensitive to blue light (Hart,

2004).

There are several ways in which seabird vision could be affected by light pollution and
result in grounding. These potential mechanisms fit into our framework of primary and
secondary influences of light pollution on seabirds’ navigational mechanisms. Secondary
influences could result from a connection between light and food, and two mechanisms
could explain this relationship. First, some of the prey targeted by Procellariiformes is
bioluminescent, such as squids, lanternfish and lightfish (Imber, 1976). Young and
inexperienced fledglings might mistake streetlights for the light of a prey and thus be
drawn towards light pollution (Imber, 1975). This would however not explain the
behaviour in all species, like for example Manx shearwaters which do not forage at night
(Shoji et al., 2016). Second, a seabird nestling sees only light streaming in from the

burrow entrance for the first months of its life. Parents arrive via the entrance bringing a
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meal for the nestling; thus, an association between food and light coming from the
entrance could be formed (proposed in Rodriguez et al., 2017). However, if seabirds
misinterpret light as indicating food, we would expect them to crash directly into light
sources. Instead seabirds collide mainly with structures such as walls, trees, or the ground
(personal observations). Thus, it is unlikely that seabird’s orientation towards light is

caused by secondary influences.

A primary influence of light on the orientation of seabirds can be explained by artificial
lights disturbing the correct appearance of celestial objects, resulting in seabirds being
unable to use them as cues. Alternatively, seabirds could erroneously utilise the ALAN
as a navigational cue (Telfer et al., 1987). The fact that fewer grounded seabirds are
observed during full moon (Miles et al., 2010) supports this theory, as artificial light
would be less prominent relative to moonlight. It would not, however, explain the bias
towards juveniles seen in grounded seabirds (Rodriguez et al., 2017). I would like to
propose another way in which the primary influence of light could result in seabirds
grounding. Seabirds might behave like hatchling marine turtles. As described above, after
emerging from the nest, turtles crawl towards the lowest, brightest point on the horizon
(Kamrowski et al., 2014). A similar behaviour in nocturnally fledging seabirds might
normally ensure that the young fly away from land and towards the sea. Light pollution,
however, might incorrectly redirect their orientation towards the land. Even if, seabirds
leave the lit-up area, suggested mechanism would result in a bird coming back to the light
sources and circling around them. Eventually, exhausted bird might land on the ground.
This explanation is further supported by the fact that adult turtles are not attracted towards

light pollution (Silva et al., 2017). This discrepancy in behaviour towards the light in both
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groups of animals has been explained by difference in developmental stage of their eye

(Atchoi, Mitkus and Rodriguez, 2020).

As presented above, there might be many ways for light to cause misorientation or
disorientation in Procellariiformes and result in their grounding in cities and towns. The
aim of my D.Phil. thesis is to investigate the drivers of grounding behaviour in
Procellariiform seabirds, using Manx shearwaters as a model species, and to give new

insight into the influence of light pollution on their orientation.

Why is it important to understand seabird grounding?

Seabirds, as long-lived marine top predators, are used as indicators of marine condition
globally and regionally (e.g. Camphuysen, 2006; Piatt, Sydeman and Wiese, 2007;
Parsons et al., 2008). Yet, seabirds are also the most endangered group of birds on the
earth, with the order Procellariiformes having the highest proportion of threatened species
(Paleczny et al., 2015; Dias et al., 2019). Rodriguez et al. (2019) ranked the threats posed
to threatened pelagic seabirds in order of priority and ‘light pollution’ came second after
‘invasive alien species’. Other threats include climate change, habitat loss, human
exploitation, overfishing, marine pollution and bycatch (Rodriguez et al., 2019). The
wide-ranging distribution of seabirds across the world’s oceans and their extraordinary
migrations cross many jurisdictions and high seas, make it a real challenge to set correct
aims and boundaries for conservation areas. Of threats seabirds face however, light
pollution, second on the priority list, might be a relatively straightforward issue to address

as it is spatially constrained and could require simpler mitigations measures than other
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threats. Understanding the drivers of light-induced seabird groundings is therefore both
important to inform conservation mitigation and likely to provide tangible conservation

impact.

Such knowledge is urgently needed as twenty-four seabird species affected by ALAN are
threatened and there are documented reports of population declines attributed to artificial
light (Day, Cooper and Telfer, 2003; Fontaine, Gimenez and Bried, 2011; Rodriguez,
Rodriguez and Lucas, 2012). In Tenerife only, up to nine different species of seabirds are
affected by artificial light (Rodriguez and Rodriguez, 2009), while more than 30 000 birds
were rescued on the island of Haui in Hawaii over 30 years of rescue (Ainley et al., 2001).
Light pollution affects Procellariiformes in coastal areas but also at sea near boats and oil
platforms (Ryan, 1991; Wiese et al., 2001; Black, 2005; Merkel and Johansen, 2011;

Glass and Ryan, 2013; Day et al., 2015; Ronconi, Allard and Taylor, 2015).

Correctly quantifying the real threat of light pollution to seabirds is difficult, as most of
the reports are based on volunteering efforts and documenting mortality at sea has proved
to be challenging (Montevecchi, 2006; Rodriguez et al., 2017). Thus, current assessments
probably represent an underestimate. With > 40% of the world's human population living
in coastal areas (Small and Nicholls, 2003), and the ever-growing, unconstrained use of
ALAN, the threat to seabirds posed by light is very likely to expand, so it is important

that a correct understanding of the issues must guide remedial and mitigation actions.
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The Manx shearwater

My study species, the Manx shearwater (Puffinus puffinus), is a medium seabird (~400g,
Fig 1.1A) which flies thousands of kilometres every year by staying close to the sea
surface and using dynamic soaring for efficient travel (Paiva et al., 2010; Spivey,
Stansfield and Bishop, 2014; Tarroux et al., 2016; Ventura et al., 2020). Manx
shearwaters are listed as “least concern” by the [IUCN with a global population estimated
to be around 790,000 mature individuals (BirdLife International, 2018). Their breeding
grounds are distributed around the North-East Atlantic and particularly in Great-Britain
and Ireland. The biggest colony of ~317,000 breeding pairs is located on Skomer Island,
Wales (Perrins ef al., 2012), where most of the experiments reported in this thesis were
undertaken. The rest of the population is mainly congregated on three other islands in the
UK (Skokholm, Rum and Lighthouse Island in the Copeland archipelago), but there are
smaller colonies in Ireland, Iceland, France, the Canary islands and in the Azores, as well

as a few very small colonies in North America (BirdLife International, 2018).

Manx shearwaters are mainly active at sea during daylight and twilight hours (Shoji et
al., 2016), but visit their burrows only at night, possibly to avoid diurnal predators such
as the great black-backed gull (Larus marinus; Watanuki, 1986; Keitt, Tershy and Croll,
2004; Silva et al., 2011). The breeding season starts in April, when most of the birds
found in a colony are males defending their burrows (Brooke, 1990). Females, in the
meantime, having visited the colony early on, embark on a ~2-week pre-laying exodus
journey, often far out to sea (Dean, 2012), during which time they build a single large egg
(~15% of body mass). Shearwaters form long-term monogamous pairs and cooperate to

incubate an egg for ~ 51 days and then, after hatching, alternate chick feeding visits to
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the colony over next ~ 60 days (Tyson et al., 2017). The nest of a Manx shearwater is
located in a burrow, so after the chick has hatched (Fig. 1.1B) and grown over the first
few days of its life, it is left alone by its parents safely underground. In the few days
before fledging, the young go out on the surface at night to exercise their wings and
eventually fledge, starting a long-distance trans-equatorial migration. It is not well known
where juvenile and immature Manx shearwaters spend their first few years at sea, but
evidence from ringing recoveries suggest that they embark on a similar migration to
adults, flying to the Patagonian shelf along the Argentinian coast (Brooke, 1990; Guilford

et al., 2009; Freeman et al., 2013).

Fledgling Manx shearwaters, like other Procellariiformes, are reported to ground due to
light pollution near their nesting sites. Volunteers in Tenerife (Rodriguez et al., 2008),
Scotland (St. Kilda - Miles et al. (2010); Mallaig - Syposz et al. (2018)), and around the
mainland coast of Wales, near Skomer and Skokholm Islands (Anna Sutcliffe pers.

comm.) rescue young Manx shearwaters and release them back to the sea (Fig. 1.1C,D).

So far, the number of Manx shearwaters killed due to ALAN was reported as negligible
in proportion to the global population (Carboneras, Jutglar and Kirwan, 2014). Other
threats include habitat destruction, human exploitation in the form of legal harvesting (for
example, on the Faroes of 1,000-5,000 chicks per year: Thorup et al, 2014),
entanglement in fishing gear (Zydelis et al., 2009), oil spills (Votier ef al., 2005), and
other types of marine pollution (Camphuysen, Schouten and Gronert, 2010). The

introduction of invasive species has also been a problem for this species, with the most
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notable example from the Calf of Man where the whole colony, estimated to be the largest
in the world, became extinct due to an accidental introduction of rats after a shipwreck in
the 18™ century (Brooke, 1990). Therefore, despite the fact that the population of Manx
shearwaters is relatively large, and the threats are thought to be modest, like other
Procellariiformes, Manx shearwaters are inherently vulnerable owing to breeding in large
numbers on relatively few, dense colonies, which are extremely vulnerable to the
introduction of ground predators. This highlights the importance of setting necessary

precautions to ensure that the colonies remain safe havens for the species.

Figure 1.1 (A) A Manx shearwater at the colony. (B) A Manx shearwater juvenile being
weighed for research purposes. (C) A grounded Manx shearwater in Mallaig, Scotland.

(D) A volunteer releasing a rescued Manx shearwater back to the sea.
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Objectives and structure of the thesis

The aim of this thesis is to investigate how light pollution affects the orientation of
Procellariiform seabirds by combining novel experiments with observations of adult and
juvenile Manx shearwaters. It is comprised of four research chapters, all of which are
written in manuscript format and as stand-alone research papers. Each chapter contains

an introduction relevant to the set of questions it tests.

Chapter 2 presents the first experimental study of light pollution in Manx shearwaters
and investigates the influence of the duration, colour and intensity of light on the
nocturnal flight behaviour of adult Manx shearwaters by recording flying birds using a

thermal video camera.

In Chapter 3, I look for evidence of magnetoreception in juvenile Manx shearwaters.
Magnetoreception in juvenile seabirds has been proposed as a potential mechanism that
could be disturbed by light pollution (Evans et al., 2007) and thus could cause groundings
in Procellariiformes. Our study assesses the use of a magnetic compass in juvenile Manx
shearwaters by attaching a strong magnet to the birds’ head and observing their
orientation during fledging. I further test the influence of the wind and topography on

their initial orientation.

In Chapter 4, I follow on previous observations of migratory orientation of juvenile

Manx shearwaters, and undertake a study looking into their initial orientation on the
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ground. I describe a novel assay that allows observing initial orientation of seabirds and

test if the orientation is affected by various variables, including artificial light pollution.

Chapter S takes a more applied approach and investigates ten years of data on groundings
collected by citizens in a village in Scotland where numerous Manx shearwater fledglings
ground every year. The streetlights in the village recently changed from high and low
sodium pressure to LED bulbs. I investigate whether this transition changed the light
intensity around the village and whether it had an effect on the number of grounded Manx

shearwaters.

Finally, in Chapter 6 1 summarise and discuss my main findings together and their
potential applications for other fields such as conservation, and I conclude with future

directions for this work.
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ABSTRACT

With increasing evidence for effects of artificial light at night (ALAN) on the physiology
and behaviour of wild animals, conservation concerns about its effects on wildlife are
rising. One of the profound ways in which ALAN may affect animals is by influencing
their movement. Among birds, Procellariiform seabirds are often found grounded in areas
polluted by light and struggle to take to the sea again without human intervention. Hence,
understanding their general responses to different wavelengths and intensities of light is
urgently needed to inform mitigation measures. Here, we investigate how colour and

intensity of light affect the nocturnal flight behaviour of Manx shearwaters Puffinus

puffinus.

We experimentally introduced lights of different colour and intensities at a dense colony
of Manx shearwaters. The density of birds in flight above the colony in the vicinity of the
light during the ‘on’ and ‘off” phases was measured using a thermal imaging camera.
Contrary to our expectation, we observed fewer shearwaters in flight during light-on
periods, suggesting that these adult shearwaters were repelled by the light. This effect
was stronger with higher intensities and increasing duration of light-on pulses, and with

short wavelength (green and blue) compared to long wavelength (red) light.

Our findings show how some seabirds respond to different characteristics of light
pollution. Current guidelines for reducing light pollution have focused on places where
seabirds ground. Our evidence suggests that these mitigation measures should be also

implemented at breeding colonies and in their vicinity.
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INTRODUCTION

Artificial light at night (ALAN) may be installed for the purpose of warning of potential
obstructions in otherwise dark environments, for instance lighthouses, navigation buoys,
or aircraft warning lights on pylons and tall buildings. Other artificial lights provide better
visibility, entertainment, an enriched aesthetical value of structures and safety on the
streets for humans (Beyer and Ker, 2009; Kyba et al., 2018). Many artificial lights are,
however, often detrimental to humans’ health (Cho et al., 2015; Kumar et al., 2019),
negatively affects the physiology and behaviour of wildlife (Da Silva et al., 2015;
Dominoni et al., 2013; Gaston et al., 2013; Rich and Longcore, 2013), and can impact
interactions between species (Frank, 1988; Kuijper et al., 2008). The effects of light
pollution on the environment are broad, and mounting evidence indicates a wide range of

impacted species, of which many are yet to be documented.

One of the profound ways in which light pollution may affect individual animals is by
altering their movement. Effects of light pollution on animal movement can manifest
either as attraction to light (positive phototaxis) or repulsion from light (negative
phototaxis). Negative phototaxis in response to ALAN has been observed across
numerous taxa, including nocturnal bats, spiders, insects, mountain lions, and migratory
birds, with consequent costs for their health and survival when their patterns of movement
are restricted or forced to change (Beier, 1995; Nakamura and Yamashita, 1997;
Summers, 1997; Kuijper et al., 2008; Cabrera-Cruz et al., 2020). Such behavioural
alterations can exacerbate existing negative forces, such as habitat fragmentation, thus
having adverse impacts at individual and population levels and causing conservation
concern. In addition to the problem posed by repulsion from light, positive phototaxis can

also negatively impact animal populations, for example by causing fatal collisions with
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light emitting objects (e.g. streetlamps, buildings, radio towers) or entrapment in
artificially lit areas. Such areas may either lack resources or have a higher exposure to
predators (Perry, Buchanan and Fisher, 2008; Rodriguez ef al., 2017; Owens and Lewis,

2018; P. Wilson et al., 2018).

Attraction to light is especially common in birds, causing thousands of casualties annually
due to collisions with illuminated structures, including lighthouses (Squires and Hanson,
1918), broadcast towers (Ogden, 1996), wind turbines (Kerlinger et al., 2010) and
buildings in towns (Rodriguez et al., 2017). Interestingly, and of relevance to potential
mitigation measures, the extent of the attraction to ALAN has been found to vary with
the duration, intensity and spectrum of the light (Baldwin, 1965; Gautereaux and Belser,
1999; Jones and Francis, 2003; Evans et al., 2007). Lowering the intensity and duration
of light results in a decrease in number of affected birds across different study sites (Tutfts,
1928; Baldwin, 1965; Avery, Springer and Cassel, 1976; Reed, Sincock and Hailman,
1985; Verheijen, 1985; Jones and Francis, 2003; Rodriguez et al., 2014). The reaction of
birds to the wavelength of light, however, is equivocal. Studies variously recommend
either broadband white light (Gautereaux and Belser, 1999) or long wavelengths (red and
yellow, Evans et al., 2007; Salamolard et al., 2001; Zhao et al., 2020) for reducing
attraction in birds. These contrasting findings might be caused by interspecific differences
in spectral sensitivity. Thus, in order to determine which light wavelengths minimise
attraction for the relevant species, a taxon-specific approach has been recommended

(Rodriguez et al., 2017).
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Although many birds are affected by light pollution, the species most regularly found to
land in lit areas—a phenomenon known as “fallout” or “grounding”—are nocturnal
seabirds, Procellariiform in particular (Telfer et al., 1987; Troy, Holmes and Green,
2011). These birds cannot easily become airborne from a built-up area due to their
anatomy, which is adapted to life at sea (Warham, 1977). They require a slope, a gust of
wind or a long runway to take-off, but cars and buildings form a barrier, and so
groundings can often be fatal (Rodriguez et al., 2012, 2014). There has been little
investigation into the response of Procellariiformes to different wavelengths of light, and
so far our knowledge is limited to evidence for greater attraction to blue and green colours
than red and yellow in Tropical shearwaters (Puffinus bailloni; Salamolard et al., 2001).
These findings are supported by an examination of the retina of wedge-tailed shearwater
(Puffinus pacificus), which revealed physiology that indicates that they are more sensitive
to short (blue and green) wavelengths of light than to longer-wavelengths (red; Hart,
2004). Further investigation is therefore required to obtain a better understanding of the
impact of different wavelengths on Procellariiform seabirds. In addition, most studies
have focused on the effect of light pollution in urban areas where birds ground, but light
pollution also occurs at or near breeding grounds and how this may affect behaviour

remains unknown.

Here we aimed to investigate the relative effects of the duration, colour and intensity of
light on the flight behaviour of a Procellariiform seabird at the breeding colony with a
novel experiment combining light exposures of varying characteristics. We monitored
birds with thermal imaging, which allowed us to study how the flight behaviour of adult
Manx shearwaters (Puffinus puffinus) was affected by different lighting characteristics

during nocturnal visits to the colony without causing additional light disturbance. We
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counted the number of shearwaters in the field of view of the thermal camera while
varying the intensity and the spectral wavelength of light at the colony (experiment 1), or
while varying the intensity and duration of flashes of white light at the colony (experiment
2). Assuming that light affects adult shearwaters at the breeding colony in a manner
similar to those reported by studies looking at passerines and juvenile seabirds (Tufts,
1928; Baldwin, 1965; Avery, Springer and Cassel, 1976; Reed, Sincock and Hailman,
1985; Verheijen, 1985; Jones and Francis, 2003; Rodriguez et al., 2014), we expected
that more birds would be observed with increasing duration and intensity of light (positive
phototaxis). Furthermore, we expected to find a decrease in the number of birds counted
—1.e. a lower attraction — with increasing wavelength, following observations of greater
sensitivity to a lower wavelength in two closely related species (Salamolard et al., 2001;

Hart, 2004).
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METHODS

Site and species

The Manx shearwater (Puffinus puffinus) is a medium-sized seabird from the order
Procellariiformes which breeds on islands in the North Atlantic between April and
September. Similar to many other Procellariiformes, the nests of Manx shearwaters are
located in underground burrows and adults visit them only during the night, probably to
avoid predation (Watanuki, 1986; Keitt, Tershy and Croll, 2004; Silva et al., 2011). In
autumn, young birds fledge at night and this is when they are particularly susceptible to
the impacts of ALAN. Manx shearwater groundings are reported frequently close to
colonies on Tenerife (Rodriguez et al., 2008), in western Scotland (Miles et al., 2010;
Syposz et al., 2018), and around the mainland coast of southwest Wales, near large
colonies of shearwaters located on Skomer and Skokholm Islands, Pembrokeshire (Anna

Sutcliffe pers. comm.).

Skomer Island (Pembrokeshire, southwest Wales, UK., 51° 44’ N, 5° 17° W, Fig. 2.1),
where this study was undertaken, hosts the biggest colony of Manx shearwaters in the
world, of around 317,000 breeding pairs (Perrins et al., 2012). There is some
anthropogenic light from vessels and the costal developments Skm away from Skomer
Island, but there is very little anthropogenic light on the island itself, with a maximum of
~30 people staying on the island overnight. At night, staff and tourists use dim red lights

or red filters on their torches.
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Figure 2.1. Map of Skomer Island. It shows the locations of the experiment on the Neck
(right) and near to the farmhouse (the Farm, left) indicated by black dots. The area that

tourists are not allowed to access is encircled in black (OpenStreetMap®, 2020).
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Figure 2.2. Spectrum of the light sources. Wavelength-dependent intensity of the light
source employed depending on the filter in place to produce the light sources required;
namely red, green, blue, dimmed white, and bright white. The spectra were measured
using an OceanOptics USB2000+ fibre optic spectrometer, which was calibrated using
an Oriel Instruments 6035 Hg (Ar) lamp. With the filters in place, it was found that that
the central wavelength and bandwidths (Full-Width-At-Half-Maximum) when using the
filters were 450nm (18nm), 540nm (45nm), and 620nm (60nm) for the blue, green, and
red filters, respectively. The total measured signal can be integrated to get an estimate of
the radiant flux for each source. The flux for the source (bright white) was 32W, whereas
the flux was found to be 3.3W for the dimmed white, 4.3W using the red filter, 2.0W
using the green filter, and 1.4W using the blue filter. Therefore, by using the filters, the
total brightness of each light source was of the same order of magnitude, with an average

value of (2.7+£1.3) W.
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Experimental design

The experiment was undertaken over 21 days, between 14" June and 14" August 2018.
A Forward-Looking Infrared thermal camera (FLIR T620, Axsys Technologies, Rocky
Hill, Connecticut, United States) with frame rate of 18.84-20.6Hz was used to record the
flight behaviour of Manx shearwaters during the experiment. Next to the camera, a T50
Waterproof LED Torch (Icefire Lighting Ltd., Shen Zhen, China), similar to those used
regularly by the staff and visitors, was positioned and covered with gel filters (Cokin®,
Rungis, France) to achieve different colours (Fig. 2.2, Table S2.1). Due to the sensitivity
of the thermal camera, the study was undertaken only on days with no or little rain. All
work was conducted after ethical approval by Natural Resources Wales, Skomer Island

Advisory Committee and the University of Oxford’s Local Ethical Review Process.

The study consisted of two experiments designed to investigate the influence of light on
the behaviour of shearwaters. The first assessed the effect of different spectra and
intensities of light, whereas the second investigated the influence of different lighting
intervals and light intensities. For both experiments, we recorded footage of shearwaters

in flight in front of the camera throughout the experiment for later analysis.

The spectra experiment: This experiment used different spectra of light - blue, green and
red - of similar intensity (Fig. 2.2). We also used broadband white of similar intensity
(‘dimmed white’) and a tenfold more intense broadband white (‘bright white’). The
experiment was split into ‘control’ and ‘experimental’ pairs which comprised two

I-minute intervals (Fig. 2.3A). The design included the control pair, as it allowed for
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comparing the effect of different colours between each other. For control pairs, the light
was kept off for both 1-minute intervals, while for experimental pairs the light was
switched on for the first minute, then off the second. This resulted in two explanatory
variables: light (‘on’ and ‘off”) and torch setting (‘blue’, ‘green’, ‘red’, ‘dimmed white’,
‘bright white’ and ‘control’). The order in which control and experimental pairs were
arranged was selected each day using a constrained randomised design: each of the six
pairs was used 10 times over two hours, and none of the settings was repeated more than

two times in a row.

The experiment was undertaken at two locations on Skomer Island: first, near to the
farmhouse, regularly disturbed by the presence of tourists, and second, on the Neck, an
area that is not accessible to tourists (Fig. 2.1). To control for night brightness, we used a
Sky Quality Meter (SQM, Geoptik, Verona, Italy) to measure ambient light levels in
magnitudes per square arc second (mag arcs). Night brightness for each hour of the
experiment was taken to be the mean between measurements taken at the beginning and

at the end of the hour. The night brightness was then rescaled so that 0 was the mean.

The interval experiment: This experiment involved turning on two intensities of
broadband white: ‘dimmed white’ and a tenfold more intense ‘bright white’ for 1-,
10- and 20-minute intervals (Fig. 2.5A). We used a similar pairing structure for our
treatments as in the spectra experiment, in which treatment pairs comprised two
consecutive intervals of equal duration (1-, 10- or 20 minutes). In control pairs, the light
was kept off for both intervals. In experimental pairs, the light was switched on for the

first interval, and switched off for the second. This resulted in three explanatory variables:
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interval duration (1, 10, 20min), torch setting (‘dimmed white’, ‘bright white’ and
‘control’) and light (‘on” and ‘oft”). The order of experimental and control pairs was
selected every day using a constrained randomised design in R (version 1.1.456, R Core
Team 2018); each of the six combinations (setting x interval) was used once over a night.
Due to time constraints the interval experiment was limited to one location (the Neck)

and days with no moon.

Data analysis

We counted the number of birds in flight in the videos using the Motion-Based Multiple
Object Tracking module in MATLAB (R2017a, MathWorks Inc.) which tracks moving
objects in two-dimensions. The parameters were set to track objects bigger than 20 pixels
and smaller than 4000 pixels. This threshold was set to only recognise birds that were
minimum 5m away and maximum 85m away from the camera (Fig. S1.2). To validate
the method, birds were manually counted in 5-minute samples of each c.1-hour video that
was run through the software, for a total 4 hours out of the 47 hours 28 minutes of footage.

We sampled different light regimes to account for any biases.

Analyses were conducted in R (version 1.1.456, R Core Team 2018). The package
‘mgcv’ (Wood, 2011) was used to construct generalised additive models (GAMs) with
log link and negative binomial error distributions. The model assessed whether the
number of birds differed between treatments while accounting for fluctuations in the

colony attendance of shearwaters over the nights of the experiment.

66



Chapter 2 — Avoidance of adult seabirds to light pollution

The spectra experiment: We fitted a model with the following formula to the data:

Birds_count ~ Torch_Setting * Light * Location +
Torch Setting * Light * Night Brightness +

(random = Pair) + (random = Day) + s(Time)

In this model, the response continuous variable was the number of counted birds per 1
minute and the categorical explanatory variables of torch setting, on/off light a location
(the Neck/the Farm) and the continuous variable of night brightness. We included the
smoothed term (thin plate regression splines with basis dimension chosen automatically)
of time relative to midnight (‘Time’) to account for non-linear variation in bird densities
throughout the night which was unrelated to treatment (e.g. due to weather factors and
the birds’ regular circadian patterns). This variable additionally served to account for
temporal autocorrelation. Julian date (‘Day’) was included as a random term to account
for any changes caused by differences in weather between days. Additionally, a variable
“Pair” was included as a random term in the model to reflect the paired design of the
experiment. “Pair” assigned a consecutive number to each experimental and control pair.
Since our independent variable was counts of flying birds, we initially used a Poisson
error distribution, but the model showed significant overdispersion and therefore a
Negative Binomial model was used instead (sum of squares of residuals/residual degrees

of freedom, Poisson = 2.79, Negative Binomial = 1.16).

We then tested our hypotheses using post-hoc contrasts designed with the ‘emmeans’
package (Lenth et al, 2018). Specifically, we designed post-hoc test to compare the

difference in bird count between the two parts of the experimental pair (‘on’ vs. ‘off’)
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with the control pair difference (‘off” vs. ‘off”), as well as between experimental pairs. In
essence, we compared a difference in counted birds of each experimental pair (e.g. blue
light vs. light off) with a control pair (light off vs. light off) and other experimental pairs
(e.g. red light vs. light off). We also tested whether location had an effect on the difference
in experimental pairs of the same torch setting (e.g. green light vs. light off on the Neck
comparing to green light vs. light off at the Farm) and if night brightness had an effect on
the difference in experimental pairs comparing to control pairs. All the p values were

adjusted with a Tukey correction for multiple post hoc testing.

The interval experiment: We analysed the interval experiment using GAMs with a log
link and Negative Binomial error distributions. Similar to the spectra model, the Poisson
error distribution caused overdispersion in the model, so we used a Negative Binomial
distribution instead (sum of squares of residuals/residual degrees of freedom, Poisson
=3.49, Negative Binomial =1.02). This time we fitted a model with the following formula

to the data:

Mean of birds count ~ Torch_Setting * Light * Interval Time +

(random = Pair) + (random = Day) + s(Time)

In this model, the response variable was an average of counted birds per minute across
the interval. The explanatory variables were three categorical factors of torch setting,
on/off light and the interval time (Imin, 10min, 20min). Similar to the spectra experiment,
we used a smooth term of the time relative to midnight, and random terms of “pair” and

Julian date.
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The ‘emmeans’ package was used to compare differences in experimental pairs to the
control pairs in each interval time separately. In essence, we compared the difference in
the average of counted birds in each experimental pair (e.g. bright white 10min vs 10min
light off) with a control pair (e.g. 10min light off vs 10min light off). All the p values

were adjusted with a Tukey correction for multiple post hoc testing.
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RESULTS

The collection of the data resulted in 47 h 28 min of the video (17 h 30 min for the spectral
experiment and 29 h 58 min for the interval experiment). Validation of the Motion-Based
Multiple Object Tracking module showed that counts of birds performed by the module
(supervised machine learning) and those counted manually were well correlated
(Pearson’s Correlation test sample estimates 96.72% + 0.93%, t238=58.791, p < 0.001,
Fig. S2.2). Thus, we used the counts obtained through machine learning as the
experimental measurement throughout all the video sequences (including those sections
of video used as test periods for manual selection). This choice produced an objective,
reproducible and reportable method of measurement without any bias through human

intervention in selection.

The spectra experiment: Our GAM for the spectra experiment was well fitted with 92.9%
of deviance explained. Exposure to all colours except red resulted in a significantly lower
count of birds than in control (light off) periods (Table 2.1, Fig. 2.3B, Fig. 2.4). Bright
white had the strongest effect, causing a 33% (95% CI [24, 40]) reduction in counted
birds compared to the control pair (‘off’, ‘off’). Dimmed white, blue and green colours
weren’t significantly different from each other, causing a similar effect (decreases of 18%
(95% CI [8, 27]), 19.1 % [9, 28], and 19.6% [10, 28], respectively). Exposure to red light
had no significant effect on the number of flying birds and this treatment was significantly

different from all the others (Table 2.1).
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Birds reacted similarly to the light treatments both on the Neck and at the Farm (Table
2.2). For the red light treatment only, we observed an effect of the ambient brightness on
a given night on the numbers of observed shearwaters (Table 2.3): for every 1-unit
increase (representing one standard deviation), there was a 22.2 % (95% CI [6, 35])
increase in the difference between red light on and off. In other words, the effect of red
light was most evident during dark nights comparing to moonlit nights (Table 2.3). The
rescaled SQM measurement varied between -1.3 (bright night) to 1.25 (dark night). The
smoothed terms of time relative to midnight, as well as the random effects of “pair’ (paired
on/off lights) and calendar day showed significant effects on the numbers of birds
counted, implying that there was variation owing to other aspects of the birds’ seasonal

biology and daily routines, which we accounted for in our model (Table S2.2).
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Figure 2.3. (A) Visualisation of an example of treatment series of the spectra experiment.
We turned the torch on for Imin and off for 1min. Each experimental pair (‘on’, ‘off”)
has a colourful segment corresponding to one of five different settings (‘red’, ‘green’,
‘blue’, “dimmed white’ and ‘bright white”) and black segments showing the light off. Two
black segments indicate a control pair (‘off’, ‘off”). (B) Two example days of the spectra
experiment undertaken at the Farm (19" July 2018 starting at 23:40BST) and on the Neck
(23t July 2018 at 00:07BST). They show the count of birds per minute against the time.

Different colours of the dots represent various torch settings.
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Figure 2.4 The graph represents the results of post-hoc test in the spectra experiment. It
shows the coefficients of five experimental pairs when comparing the difference in light
on vs light off to the control (light off vs light off, dashed vertical line). All the colours
except red had a significant influence on bird counts, with lower numbers of birds when

the light was on. For detailed statistics, see Table 1.1.
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Table 2.1. Summary of the results of post-hoc pairwise tests of the comparison of
differences in between experimental pairs (‘on’, ’off’) and comparing to control pair
(‘off”, ‘off’). Negative coefficients indicate that bird numbers decreased in the presence
of illumination compared to control periods. Estimates taken from GAM (spectra
experiment) show log-transformed differences in counted birds. For example, bright
white caused a (0.67 — 1) * 100% = -33% decrease in counted birds when we turned on

the light compared to control pair (‘off”, ‘off”). ***P < 0.001; **P < 0.01; *P < 0.05.

Odds Std.
Comparisons Estimate Ratio Error tratio p-value
Control vs Bright white -0.396  0.673 0.06 -6.58  <0.0001 ***
Control vs Dimmed white -0.198  0.82 0.059  -3.375 0.0102 **
Control vs Blue -0.212  0.809 0.059  -3.571 0.0051 **
Control vs Green -0.218  0.804 0.058  -3.77  0.0025 **
Control vs Red 0.018 1.018 0.06 0.296  0.9997

Bright white vs Dimmed white 0.198 1.219 0.06 3.295 0.0132 **

Bright white vs Blue 0.183 1.201 0.061 3.01 0.0324 *
Bright white vs Green 0.178 1.195 0.059 299  0.0343 *
Bright white vs Red 0.414 1.513 0.061 6.735  <0.0001***
Dimmed white vs Blue -0.015 0.985 0.059  -0.246 0.9999
Dimmed white vs Green -0.02 0.98 0.058  -0.353 0.9993
Dimmed white vs Red 0.216 1.241 0.06 3.598 0.0047 **
Blue vs Green -0.006 0.994 0.059  -0.099 1

Blue vs Red 0.23 1.259 0.061 3.788  0.0023 **
Green vs Red 0.236 1.266 0.059 3986 0.0011 **

74



Chapter 2 — Avoidance of adult seabirds to light pollution

Table 2.2. Summary of the results of post-hoc tests showing the difference between the
two locations at the Neck and the Farm. Estimate represent log-transformed differences
in bird count between light on and off of experimental and control pairs compared

between two locations ***P < 0.001; **P < 0.01; *P <0.05.

Comparisons Estimate Odds Ratio s.d. tratio p-value
Control: Farm vs Neck 0.0004 1 0.082 0.005 1
Bright white: Farm vs Neck 0.238 1.269 0.087 2.746 0.0679
Dimmed white: Farm vs Neck 0.177 1.194 0.083  2.139 0.2688
Blue: Farm vs Neck 0.154 1.166 0.085 1.819 0.4539
Green: Farm vs Neck 0.107 1.113 0.081 1.32 0.7740
Red: Farm vs Neck 0.15 1.162 0.086 -1.735 0.5091

Table 2.3. Summary of the results of post-hoc tests showing the effect of the brightness
of the night on the difference in experimental pairs (‘on’ vs ‘off”) comparing to the control
pair (‘off” vs ‘off’). Estimate represent log-transformed differences in counted birds
between light on and off. It shows how red colour caused a (1 — 0.778) *100% = -22.2%
decrease in the number of flying birds for every 1 unit increase when the light was turned

on during dark nights compared to moonlit nights. ***P <0.001; **P < 0.01; *P <0.05.

Comparisons Estimate Odds Ratio s.d. tratio p-value
Control vs Bright -0.171 0.843 0.094 -1.820 0.0693
Control vs Dimmed 0.045 1.046 0.09 0.496 0.6203
Control vs Blue -0.112 0.894 0.092 -1.221 0.2224
Control vs Green -0.105 0.9 0.091 -1.149 0.2508
Control vs Red -0.251 0.778 0.096 -2.610 0.0093 **
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The interval experiment: Our GAM for the interval experiment was well fitted with
95.3% of the deviance explained. The numbers of shearwaters observed increased with
the light intensity and the duration of illumination during the 20-minute intervals (for
both the dimmed and bright light treatments), as well as the 10-minute bright light
treatment (Table 2.4, Fig. 2.5B, Fig. 2.6). There was a 46 % (95% CI [30, 58]) decrease
in counted birds when we turned on the bright white light for 20 minutes compared to the
control pair (‘off’, ‘off”), a 33 % (95% CI [13, 49]), decrease when we turned on the
dimmed light for 20 minutes, and a 27 % (95% CI [7, 42]), decrease when the bright
light was turned on for 10 minutes. The smoothed terms of time relative to midnight, as
well as the random effects of pair and calendar day showed significant effects on the

numbers of the birds counted (Table S2.2).
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Figure 2.5. (A) Visualisation of treatment series of the interval experiment. Each segment
corresponds to the colour (yellow = bright white, orange = dimmed white) and time that
the light was on (or off). In the experimental pairs, we turned the light on and off for
different lengths of time (1-, 10- and 20-minute intervals). In the control pairs we turned
the light off for two consecutive intervals (‘off’, ‘off”) (B) Two example days, 16" and
18" June 2018, of the interval experiment starting at 22:43 and 22:50BST respectively.
The graphs show the count of birds per minute against the time. Different colour bars
represent different torch settings (bright white, dimmed white and control) and two

colours of the dots represent light on (yellow) and off (black).
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Figure 2.6. The graph represents the results of post-hoc test in the interval experiment. It
shows the coefficients of six experimental pairs when comparing the difference in light
on vs light off to the control (light off vs light off, dashed line). It showed that both
20-minute treatments, as well as the 10-minute bright treatment, had a significant effect
on the number of birds, whereas the 10-minute dimmed treatment and both 1min

treatments were not. For detailed statistics, see Table 2.4.
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Table 2.4. Summary of the results of post-hoc pairwise tests for interval experiment.
Estimates taken from GAM (interval experiment) show log-transformed differences in
counted  birds. For example, 20-minute  bright  white caused a
(0.539 — 1) * 100% = -46.1% decrease in counted birds when we turned on the light

compared to 20-minute control pair (‘off’, ‘off’). ***P < 0.001; **P <0.01; *P < 0.05.

Odds
Comparisons Estimate Ratio  s.d. t ratio p-value
Imin Control vs 1min Bright -0.187 0.829 0.132 -1.415 0.1605

Imin Control vs 1min Dimmed -0.098 0.906 0.131 -0.750  0.4554
Imin Dimmed vs 1min Bright -0.089 0915 0.126 -0.710  0.4797
10min Control vs 10min Bright -0.311 0.733 0.122 -2.540 0.013*
10min Control vs 10min Dimmed -0.003 0.997 0.127 -0.026  0.9796
10min Dimmed vs 10min Bright  0.308 1.36 0.129  2.378 0.02*
20min Control vs 20min Bright -0.619 0.539 0.131 -4.712  <0.00071%*x**
20min Control vs 20min Dimmed -0.404 0.668 0.134 -3.017  0.003**

20min Dimmed vs 20min Bright  -0.215 0.807 0.135 -1.588 0.116

79



Chapter 2 - Response of adult seabirds to light pollution

DISCUSSION

Anthropogenic light impacted the nocturnal flight behaviour of Manx shearwaters at a
breeding colony, in particular there were effects due to wavelength, brightness and
duration of light. We found fewer adult Manx shearwaters in flight when the light was
turned on. This was in contrast with our a priori prediction based on the attraction of many
bird species including shearwaters to areas of light pollution (Rodriguez et al., 2017; Van
Doren et al., 2017; McLaren et al., 2018). However, our finding is not entirely
unprecedented. Analysis of radar data revealed the first evidence of birds avoiding bright
areas and light of aircrafts during their migration (Larkin et al., 1975; McLaren et al.,
2018; Cabrera-Cruz et al., 2020). Another study showed that adult Scopoli’s shearwaters
(Calonectris diomedae) might be perturbed from provisioning their chicks due to an
outdoor disco event (Cianchetti-Benedetti et al.,, 2018), although the study did not
separate the effects of disturbance from high-intensity light and sound. Thus, to our
knowledge, we provide the first experimental evidence that birds may be repelled by

artificial light.

There are two potential explanations for the decrease in the number of birds we observed:
grounding and repulsion. Grounding may have reduced the number of flying birds
recorded by our thermal camera if adult Manx shearwaters performed the same behaviour
as fledglings (Syposz et al., 2018) and landed on nearby land or water, thus decreasing
the number of flying birds in the vicinity. Supporting evidence for this hypothesis comes
from a study undertaken during foggy weather showing that adult Manx shearwaters are

more likely to hit an illuminated structure than a dark one (Guilford et al. 2019).
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Furthermore, higher intensities of ALAN are associated with a higher probability of
finding grounded birds (Glass and Ryan, 2013; Miles et al., 2010; Reed et al., 1985;
Rodriguez et al., 2014), which is consistent with the pattern found in our study. However,
while we cannot rule it out, we think grounding is unlikely to explain our results. First,
studies of Manx shearwater grounding consistently report only a small number of
grounded adults (Rodriguez et al., 2008; Miles et al., 2010; Syposz et al., 2018), in
agreement with other reports concluding that the grounding of adults is very rare among
Procellariiformes (Le Corre et al., 2002; Rodriguez and Rodriguez, 2009; Telfer et al.,
1987). Second, if our experiment had caused enough birds to ground to result in a
decrease in the number of flying birds of the magnitude we found, we would have likely
observed or heard many of birds crashing on the ground nearby. However, we did not

notice any signs of grounding during the whole experiment.

We therefore believe light repulsion (negative phototaxis) is a more likely explanation
for our results, in other words that adult Manx shearwaters avoided the light. This would
suggest contrasting responses to light from adult and young birds, which could potentially
be caused by differences in the developmental stage of the eyes of Procellariiformes.
Indeed, it has been suggested that eyes of young burrow-nesting seabirds are not fully
developed upon fledging, thus possibly resulting in attraction towards light (Atchoi,
Mitkus and Rodriguez, 2020). Avoidance of light may develop later over the birds’
lifetime and as their eyes finish their development, but the mechanisms underlying this
remain unclear. A more likely explanation is that adult seabirds avoided the light, because

it was a new, unknown stimulus near their nest, resulting in neophobia (Cocking et al.,
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2008; Garcia et al., 2019). Furthermore, our findings indicate that light avoidance in
Manx shearwaters is not site-specific, as it occurred at two sites, including one with no
human access and one regularly disturbed by human presence at night, which shows that
the birds in the latter area were not habituated to nocturnal light stimulus. Further studies
investigating the reaction of other adult Procellariiformes to light pollution would be
useful to determine whether our unexpected findings apply to other species and to unveil

the mechanisms driving negative phototaxis in adult seabirds.

Influence of light spectrum and intensity on shearwaters’ nocturnal flight

Another objective of our experiments was to identify whether Manx shearwaters respond
differently to red, green, blue, dimmed and bright broadband white colours. Based on
previous studies, we expected to find a greater impact of light with increasing intensity
and with decreasing wavelength. In accordance with our predictions, we observed greater
repulsion when using bright white light than dimmed white light, although as discussed
above the effect was measured as a repulsion rather than attraction to the light. In further
support of our predictions, we observed that the magnitude of the response was greater
when using short compared to long wavelengths, as birds were more repulsed by
green/blue than red light. We expected this interaction between brightness and
wavelength with any effect (attraction or repulsion) of light since examination of retina
of closely related species revealed that seabirds are more sensitive towards blue and green

colours than red (Hart, 2004).
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We controlled for the intensities of different colours (red, green or blue) using luminosity
(an absolute measure of light), rather than specifically for the visual sensitivity of Manx
shearwaters. Without a detailed understanding of the visual perception of Manx
shearwaters it is hard to conclude whether birds were more influenced by a specific colour
of light or if the decrease in the number of birds flying was caused by the higher perceived
intensity of the light itself. Since birds were less repulsed by red light, especially on
brighter nights, we do consider that darker nights created enough contrast for a bird to
perceive the red light and thus induce avoidance behaviour, therefore giving support to
the latter explanation. For mitigation purposes, the reason why certain lights have more
or less effect is of secondary importance, so our key result here are that dimmed white
light and red light caused less disturbance than bright white light and blue/green light
respectively. We nonetheless suggest that further research should consider the role of

background light on the perception and behaviour of animals towards the light.

Influence of the duration of light pulses on shearwaters’ nocturnal flight

Another objective of our experiments was to identify whether longer duration light
illumination would cause a stronger response from birds. We found that the longer the
light was turned on, the fewer birds appeared in the filmed area. Despite the fact that
Manx shearwaters avoided the light, our findings follow the same pattern as described in
previous research investigating the influence of the duration of light-on pulses on the
attraction of birds towards light (Tufts, 1928; Baldwin, 1965; Avery, Springer and Cassel,
1976; Wiese et al., 2001; Evans et al., 2007; Gehring, Kerlinger and Manville, 2009). We

only detected an effect of light on the number of flying Manx shearwaters when using
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pulses of 20 minutes (for both dimmed and bright light) and 10 minutes (bright light
only). In contrast, having the light on for only 1 minute in the interval experiment did not
show any effect regardless of intensity. This can initially appear to be at odds with the
significant results of our first experiment where 1-minute pulses of white light led to a
reduction in the number of flying birds. On further inspection this discrepancy is likely
due to the lower statistical power in our interval experiment, which may not have been
sufficient to detect a significant difference. Looking qualitatively at the direction of the
(non-significant) effect suggests that with a greater sample size we might have observed
an effect consistent with the spectra experiment. Therefore, we advise caution when
interpreting this result as a negative and recommend that it is repeated in future with

greater sample size to disentangle the relative effects.

Conservation implications

Our study shows that the response of Manx shearwater adults to anthropogenic light
during nocturnal colony attendance markedly differs from that of fledglings on their first
flights. Our experiments demonstrate that adults are repelled by artificial light, in contrast
to the apparent attraction of fledglings to light which causes them to ground in coastal

towns.

Decreasing light pollution by covering the upward spill of light, choosing correct lighting
or reducing the time that the light is on, have been already recommended for areas where

Procellariiformes fledglings ground (Reed, Sincock and Hailman, 1985; Rodriguez, Dann
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and Chiaradia, 2017). Our findings provide evidence for the same mitigations to be
considered at or near breeding colonies of burrow-nesting nocturnal seabirds. We show
that lights at or near the colony can result in avoidance behaviour from adult Manx
shearwaters, and attendance to the burrow might therefore be perturbed (Cianchetti-
Benedetti et al., 2018). As a result, we recommend that any unnecessary lights should be
avoided. If lights cannot be avoided, using long wavelength light, such as red-filtered
light, should be preferred to short or broadband wavelengths. Furthermore, we found
tentative evidence that a shorter light-on pulse caused less disturbance in birds and thus,
we recommend that the light in structures like lighthouses should be flashing instead of
fixed. Short wavelengths, long light-on pulses and stronger light intensity seem to have a
stronger effect on behaviour and physiology of a range of species (Baldwin, 1965; Wiese
etal.,2001; Lockley, Brainard and Czeisler, 2003; Evans et al., 2007; Gehring, Kerlinger
and Manville, 2009; Rodriguez et al., 2017; Wilson et al., 2018; Fischer, Gangloff and
Creed, 2019; Timothy, Samiala and Okrikata, 2019; Williams et al., 2019). Thus, these
guidelines are likely to be beneficial for many nocturnally active animals, but we also
recognise that a taxon-specific approach is necessary when investigating the impact of

light pollution on animals.

Finally, our unexpected finding of light avoidance behaviour in Procellariiform seabirds
is indicative that we still understand little about how light may impact animals at different
stages of life and of the annual cycle. The impact of light avoidance, unlike attraction,
might be harder to detect in animals since it may not lead to easily observable and

measurable indicators such congregation, grounding or collisions. Light avoidance by
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Procellariiformes might be a beneficial reaction in situations where lights might be
unavoidable, such as ice lights used as an essential navigation aid in the Southern Ocean
(Black, 2005). Nevertheless, light avoidance can still have negative effects by altering
and restricting animals’ movements, resulting in lower individual fitness and changes to
the distribution of populations (Beier, 1995; Nakamura and Yamashita, 1997; Summers,
1997; Kuijper et al., 2008; Cabrera-Cruz et al., 2020). We would therefore like to
encourage more research into the impact of light pollution on animals at various locales
and during different stages of life, with a special focus on those species which might avoid

light.
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SUPPLEMENTARY MATERIAL

Table S2.1 The Cokin® gel filters used during the experiment.

Torch settings Filter type
Control None
Bright white None
Dimmed white 210 +209 x 2
Blue 721 + 209
Green 139 + 298
Red 160

Figure S2.1. Two photos showing a bird 4m (A) and 2m (B) away from the camera. The
Motion-Based Multiple Object Tracking module in MATLAB (R2017a) recognised
moving objects bigger than 20 pixels and smaller than 4000 pixels. The approximate
calculations revealed that it would mean that birds were minimum 5m away and

maximum 85m away from the camera.
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Figure S2.2. The comparison between counts of birds performed by the Motion-Based
Multiple Object Tracking module in MatLab and by a researcher (the Pearson Correlation

test sample estimates was 96.72% £ 0.93%, t238=58.791, p <0.001).
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Table S2.2. Summary of the smooth and random terms of GAMs for the spectra and

interval experiments. ***P < 0.001; **P < 0.01; *P <0.05.

Smooth terms of GAMs for the

spectra exp. edf Ref.df  Chisq p-value

s(Pair) 36536 495 2031.8  <0.0001 ***
s(Calendar day) 7.89 8 11616.68 <0.0001 ***
s(Time relative to midnight) 5.937 6.22 74.94 <0.0001 ***

Smooth terms of GAMs for the

interval exp.

s(Pair) 52.272 77 267.12 <0.0001 ***
s(Calendar day) 8.691 9 4872.08  <0.0001 ***
s(Time relative to midnight) 5.518 6.354 33.26 <0.0001 ***
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ABSTRACT

The first solitary migration of juvenile birds is difficult to study because of a low survival
rates and sometimes long delays in return to the breeding grounds. Consequently, little is
known about this crucial life event of many bird species, in particular the sensory
guidance mechanisms facilitating their first migratory journey. Initial orientation during
the first migration is a key measure to investigate these mechanisms. This study represents
the first application of an assay to measure initial orientation in nocturnally fledging
juvenile seabirds. We dorsally deployed a coloured LED on juvenile birds to allow
researchers to observe the vanishing bearings of individuals as they flew out to sea for
the first time. Additionally, we co-deployed either a small Neodymium magnet or glass
bead (control) on top of the bird’s head to investigate the use of magnetoreception,

previously unexplored in this early life stage.

We used this assay to observe successfully the first flight of fledging Manx shearwaters
(Puffinus puffinus), which are transequatorial migrants, and found that they did not orient
towards their wintering ground during their initial flight. Further, we did not find an effect
of the magnetic treatment on juveniles’ orientation, though whether this is due to the birds
not using magnetoreception, an abundance of other salient cues being available or a
simple lack of motivation to orient to the migratory beeline on first flight is unclear. We
were, however, able to identify wind direction and topography as drivers of first
orientation in Manx shearwaters. Young seabirds fledge with wind component
somewhere between a crosswind and a tailwind and their maiden flight is directed

towards the sea and away from the land.
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This novel assay will facilitate the study of the maiden flight of nocturnally fledging birds
and will help advance the study of sensory guidance mechanisms underpinning migratory
orientation in a wide range of taxa, including species which are traditionally challenging

to study.

INTRODUCTION

Annual migration away from breeding grounds is undertaken by many species in a range
of taxa (Brower, 1996; Perryman and Lynn, 2002; Itoh, Tsuji and Nitta, 2003; Guilford
et al., 2009; Egevang et al., 2010). This movement towards more productive areas is a
crucial behaviour to ensure fitness and survival (Newton, 2008; Harrison et al., 2011).
While in some species juveniles simply follow adult conspecifics on their first journeys
(Valenzuela et al., 2009; Harrison et al., 2010; Mueller et al., 2013), the mechanisms
underpinning the first migration of juvenile animals which migrate separately to adults
remains puzzling (Bingman and Cheng, 2005). All of the information for the first lone
migration must be inherited or learnt prior to fledging (Liedvogel, Akesson and Bensch,
2011). Studies investigating the behaviour of wild birds have revealed evidence for
inheritance of migratory direction in small passerines (Perdeck, 1958; Berthold et al.,
1992; Helbig, 1994; Berthold, 1999). Some evidence has been also found in seabirds.
During their first migration, young streaked shearwaters (Calonectris leucomelas) were
observed to fly hundreds of kilometres over the landmass of Japan, possibly following
their inherited migratory vector (Yoda, Yamamoto, et al., 2017). It is unclear, however,
whether inherited migratory vector is the norm for other species. The low survival rate
(as compared to adults), high dispersal and, sometimes, years spent far from breeding
grounds before recruitment make collecting information about this life stage, even with

modern dataloggers, extremely difficult (Shillinger ef al., 2012). Consequently, for many
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species of bird, the destination of first-time migration for juveniles remains unknown and
the learning and sensory guidance mechanisms that have evolved to facilitate such

unguided autonomous movement still remain unknown.

Recent improvements in the accuracy, data quality and miniaturisation of biologging
technology have permitted the collection of much more detailed information about the
flight behaviour of birds (e.g. Lord et al. 1962, Wikelski et al. 2007, Robinson et al. 2010,
Guilford et al. 2011). For example, tracking studies in juvenile raptors (Sergio et al.,
2014; Harel, Horvitz and Nathan, 2016) and seabirds (Riotte-Lambert and Weimerskirch,
2013; de Grissac et al., 2016, 2017; Collet et al., 2020) reveal that young birds tend to be
more affected by wind conditions in their initial flights than adults, suggesting a
mechanism of learning and improvement of flight mechanics (Fayet, 2020). There is,
however, an inevitable trade-off when tracking all but the largest birds between the
weight, size and cost of devices, the quality and amount of the resulting data (Wilson et
al.,2004; Shillinger et al., 2012; Venabeele et al., 2015; Bodey et al., 2018). Furthermore,
while transmitting devices might in future allow more flexible tracking of animals without
the need to be recovered, currently the majority of affordable devices must be retrieved
from the animal to download the data, and consequently cannot be used on individuals
which are unlikely to be captured again. This is particularly the case for fledgling birds

with high degrees of dispersal, low survival, or a long breeding deferral period.

Another means to collect relevant orientation data from animals without the need for

tracking technology is to infer aspects of animals’ orientation behaviour through
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behavioural assays. One such example is the Emlen funnel (Emlen, 1975) which
comprises a paper funnel with an ink well at the centre. Placing songbirds in the funnel
overnight results in ink staining indicative of the direction that the bird was trying to
escape the tunnel in. Many modern, automatic modifications (Bianco et al., 2016) have
now been used to identify initial orientation in a range of night-migrating passerine
species by recording the directional activity of birds in a cage with a circular bottom.
These methods can be used to achieve a large sample size at a relatively low cost but are
not suitable for larger avian species. Prior to the development of GPS tracking devices,
which have now been used extensively in navigation studies of homing pigeons Columba
livia (Biro et al., 2002; Gagliardo et al., 2009; Armstrong et al., 2013), an assay was
developed to identify the vanishing bearings, a proxy for initial orientation, of larger birds
(at the time, mainly pigeons, Kramer and von Saint Paul, 1950a, 1950b; Matthews, 1951;
Kramer, 1953). Under this method, observers use binoculars to manually track a bird’s
flight trajectory following its release. Once the bird disappears from the observers’ view,
its orientation is recorded. Sandberg et al. (2000) modified this assay to observe
nocturnally migrating passerines by dorsally attaching lightsticks and observing the light
via binoculars. The initial orientation of red-eyed vireo (Vireo olivaceus) and northern
waterthrush (Seiurus noveboracensis) measured using such vanishing bearings was
correlated with the bearing from orientation cages (Sandberg et al., 2000). This method,
however, was developed for small adult passerines and has not been applied to any other

species of bird.

These as