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Summary

This thesis addresses the conservation of two species of seabird (Monteiro’s
and band-rumped storm-petrels) that breed on the same islet in the Azores
Archipelago, but at different times of year. Chapter 1 provides a General
Introduction to the thesis, and Chapter 2 sets out the General Methods used.

Chapter 3 addresses the biotic and abiotic drivers of long-term changes in
breeding success, phenology and chick growth. A major concerning finding is
that breeding success has declined in both species over the 20-year study
period, with this decline being most substantial (~1% per year) for the
endemic Monteiro’s storm-petrel. Possible causes of this decline include
interacting weather variables (air temperature, wind speed and rainfall) and
other species implicated in nesting failures (Barolo Shearwater, Cory’s

Shearwater, other storm-petrel species, Madeiran Wall Lizard, and ants).

The remaining data chapters combine novel technologies to aid in describing

behaviours in the nest and at sea to inform conservation action.

Chapter 4 details the development and successful deployment of a cheap but
reliable bespoke nest camera system, providing a highly flexible tool for

monitoring burrow-nesting birds in remote locations.

Chapter 5 utilises this camera technology to quantify both storm-petrel
species’ daily and seasonal routines of behaviour, and three categories of
threats. Of the two species, Monteiro’s storm-petrel chicks experienced more

frequent interactions with all three categories of threats.

Chapter 6 is a proof-of-concept study that demonstrates the powerful
combination of GPS tracking, camera monitoring and chick weighing, to
examine the inter-relation of foraging behaviour and breeding success. This
could be deployed in future studies of breeding seabirds to address ongoing

conservation challenges.

The General Discussion describes the urgent need for conservation action to
address the substantial decline in breeding success of the endemic Monteiro’s
storm-petrel, highlighting a range of achievable and potentially effective

conservation management actions.



Acknowledgements

The last 3 years 9 months have been an incredible marathon!
I have revelled in the highs, pushed through the lows and determinedly strode
out in the middle times. I realise that writing a five-page acknowledgement
might seem excessive or extravagant, but whilst I have led this crazy
rollercoaster journey, I would not have reached the finish line without the
many who have supported, helped and cheered me on along the way and I
would like to take the time to thank them.

Whether named or unnamed - thank you!

My PhD was two years in the planning, which first started to take root when I
met Dr Robert Thomas, Dr Renata Medeiros-Mirra and Dr Frank Hailer
at the beautiful A Rocha centre in Portugal - Cruzinha. In the two years, my
PhD proposal was jointly put together with these supervisors and also drew in
additional supervisors, namely Dr Veronica Neves and Dr Sean Rands and
two advisors Dr Mark Bolton and Dr Joél Bried. A huge thank you to all
seven of you for persevering in pushing my PhD proposal through to funding

and supporting me in the various ways you have over the last four years!

To my primary supervisor — Rob - it has been a delight and privilege to have
you as my primary supervisor! Thank you for keeping me going with a
continual string of cracking dad jokes, reminding me that a PhD is a ‘marathon
not a snickers’ (Thomas, 2018), asking what my morale score is, honest
sharing of life in its highs and lows, as well as academically honing, explaining
and supporting. I have also really appreciated sharing the interest in creation
care and the A Rocha family - and excited to see what happens in this next

season.

To Rob, Renata and Frank - thank you for being willing to develop and
pursue PhD funding with me for this project and seeing something in me worth
keeping. Thank you for the many meetings, chats, time and care throughout
my PhD (including many a coffee and ice cream trip and late nights on the
cliffs, storm-petrel ringing).

Sean - thank you for your support and many calls and in person catch ups
over coffee. I am so thankful for your ability to ask the right questions at the
right time and the broader background you bring in wider behaviour studies

and technology applications.



Mark, Renata, Veronica and Joél - thank you for welcoming me into the
group of people who study the Monteiro’s storm-petrel! It has been a delight
to be part of this amazing group of researchers and I am so thankful for your
willingness to share previous years of data and to share and discuss ideas.
And Veroénica - thank you for hosting me on Faial, introducing me to the
many and varied researchers, welcoming me onto the islet and sharing such a

special place and your knowledge of it and the species that call it home.

A huge thank you to my funders - NERC GW4+ Doctoral Training Partnership
studentship and especially to Sara Tonge and Emeliana Palk for your
incredible help and support negotiating the last four years! I have also had the
privilege of undertaking a 3-month career development placement during my
DTP, and I'm so thankful to Dr Robert Sluka and family for hosting me! It
was so great to spend time with you all again and to get stuck in with the

various projects A Rocha USA - Florida do and take part in.

On the islet, power was an important feature for both charging powerpacks to
run the cameras and also to keep us in touch with the outside world. So, a
huge thank you to GB-Sol who gifted me some solar panels to take on
fieldwork — without these, we could not have deployed as many cameras as
we did or indeed have kept in touch with those off islet! Thank you for your
generosity and interest in my project! Also, a huge thank you to Pathtrack
for the GPS tag support!

It has been a delight and privilege to have fitted in a year and a bit of
fieldwork for my PhD (especially considering the covid-19 travel restrictions
due to which I missed out on 3 months of fieldwork). For this fieldwork I
moved to the beautiful, small, otherwise uninhabited volcanic islet and enlisted
the help of fieldwork assistants, friends and family to help gather the huge
amount of data I have collected in a relatively short amount of time. A huge
thank you to the amazing Natural Park team (particularly to Dr Pedro
Raposo, Luis Aguiar, Joana Lourenco and Beatriz Cunha) who kept us
connected to the outside world with many boat trips (in all weathers) and food
and water runs. Special thanks to Pedro and his family for welcoming us for
delicious and rejuvenating dinners when on the mainland! And to Peter and
Christiana and the community on Graciosa for hosting myself and all the

teams whilst on the mainland.



Fieldwork assistants, friends and family (in order of appearance): Alyssa
Sargent, Zoe Deakin, Alys Perry, Eike Usher, Sara Roda, Sarah Long,
Julian Benedikt, Sarah Gronefeld, Matthew Couldwell, Emma Renshaw,
Katie Shaw, Lisa and Catherine, Anthony Hereward, Pauline Hereward,
Bernado Neto, Viola Ross-Smith, Jack Devlin, Ben Porter, Kirstin
Jones, Jonathan Biddle, Dimitri Dujardin, Jodie Henderson, Miriam
Cuesta, Gary Hanock, Alice Edney and Max Levy. Also thanks to those
who were due to join fieldwork in early Summer 2020 when travel
was not possible. Thank you to all of you for being willing to maroon
yourselves on the islet and get stuck into all aspects of islet life - from the
various fieldwork activities to sharing life together - so many memories of
daily nest checks including ‘guess the chick weight’, star gazing whilst also
waiting for birds to drop in the mist-net, mapping nests and habitats, late
night GPS tracker retrieval (especially when in the morning we saw on the
camera that the birds came after we’d gone to sleep!), trips to watch the
sunset and to listen to the day-to-night shift in bird calls, playing card games
or watching an occasional film/tv series, opening a corked wine bottle without
a corkscrew (yes it did work!), winter boat trips (each trip has its own story),
almost cabin fever after two straight days of rain, the triumphant return to the
islet in August 2020! The list goes on, but I best move on.

To you all - thank you :).

Various of those who joined me on the islet took photographs and videos and
some drew too. But two who have contributed many of the photographs and
the artwork in my thesis are Ben Porter (www.benporterwildlife.co.uk) and
Sarah Long (Seafarer Sarah Artwork). Sarah - it was great fun to talk
through the different commission ideas in the context of the two epic field
seasons you assisted on ©, thank you for creating such beautiful paintings!
Ben - thank you for joining the crazy adventure, taking time to listen to ideas
and (as ever) seizing the opportunities when photographic moments presented

themselves amidst the day-to-day islet life and varied fieldwork!

A special thank you to two Cardiff University students I co-supervised, who
took on smaller projects that fitted within my thesis — Christa Emmett and
Laura Astbury thank you for your motivation and determination, particularly
for the many hours of video watching, as well as the chats and calls discussing
all the different aspects of your respective projects!

\%



As I'm sure will be the case for many other PhD’ers in the last and coming few
years, covid-19 changed a lot of ‘plans’ many times. Amidst the uncertainties
and rollercoaster that is PhD life (regardless of international pandemics), I am

so thankful to PhD friends, non-PhD friends, and family for cheering me on.

To the amazingly supportive community within the School of Biosciences
and especially the Organisms and Environment Division - I am so
thankful for the times I have had online and in person, to meet, chat and
listen with all those I have. Thank you to those behind-the-scenes-answers to
lots of different emails and requests! Special thanks to Bethan Griffiths and
Francisca Aslin for their dyslexia study skills support - it has been invaluable
for keeping me on track! To PhD friends, thank you for sharing the highs and
lows of PhD life together. To those in my year and cohort (at Cardiff and
across GW4+ DTP) - a huge thank you! My first-year office buddies, Dr
Sarah Christophodies, Dr Jez Smith, Dr Richard J. Facey and Dr Sophie
Lee-Williams - thank you for being on hand to answer ‘where/what/how’
guestions and for supplying chocolate when needed and for catch ups in the
latter years when I have been back. Special thanks to Jez and Rich for pep
talks (and pub trips) in the latter years, and to Rich for introducing me to the
delights of Raspberry Pi — thank you for all the remote, troubleshooting help!
Huge thanks to those in our research on behaviour group and especially
the Cardiff Uni Stormie team (Zoe Deakin, Dr Alex McCubbin, Annelea
Beard and Ben Porter). Also thank you to those from other floors across
the four years who welcomed me in for coffee/lunch chats and walks ©.

To my non-PhD friends, family friends, church and A Rocha families
and to my family - named or unnamed, thank you for keeping me sane,
messaging me, and where possible, meeting up in person! Special thanks to
Abi B, Sarah T, Georgina B, Ben P, Will and Claudia E-C, Katie S, Soph
M, the Strattons, Aimee L, Kate P, Hannah E, Abbie M, Alice M and my
amazing small group! Huge thanks to the amazing Leadbetters for hosting
and welcoming me into their family so many times! Special thanks to our
Dutch family for giving me a base to write up for a few weeks - thankful for
the walks, chats and space in the garden to listen to swifts and write! Huge
thanks to our dogs, Piran and now Branok, for the many walks, runs and
cuddles. And to my family at home and beyond - there are not enough
words, but thank you for the many meals, walks, calls, chats and

encouragement :).
Vi



I leave the biggest and also most emotional thank you to write for last - mum
and dad. Thank you for encouraging and nurturing in me your God-given
adventurous spirit, curiosity and care! It has taken you both to some
incredible places and I'm thankful for all the places it has already taken me
and I'm looking forward to seeing what’s next! Thank you for your continual
encouragement, listening ear, willingness to walk/run and talk and to
celebrate the small and big things, whilst also sharing in the grief and loss of
the last four years. It has been quite a four years, and I'm so thankful to have

been home when I needed to be and away when I could.

There are so many different quotes and phrases that have summarised
different parts of the last four years, but I would like to return to a PhD being

a marathon.

PhD life, as with the Christian life, can be described as a race, as a marathon
to be enjoyed but with the highs and lows that it brings. It's a chance to cheer
each other on - and I'm thankful for those named and unnamed for cheering
me on and I hope I have done so in return. As in every race there are people
at different stages, and some are already ahead and finished (be it the PhD
journey or life as a whole). For me this quote below encourages me that
although, over the last four years I have seen and shared in considerable
emotional strains and heart-breaking loss, I am thankful to know that those
no longer with us are these pioneers who have blazed the way ahead of me,

still cheering me on.

To those no longer with us (especially Miranda, Piran, Grandma, David)
- you are sorely missed,

but I'm so thankful for the memories and legacies you have left behind.

“The fundamental fact of existence is that this trust in God, this faith, is the
firm foundation under everything that makes life worth living. It's our handle
on what we can't see...

Do you see what this means—all these pioneers who blazed the way, all these
veterans cheering us on? It means we’d better get on with it. Strip down, start

running—and never quit!” (Hebrews 11:1, 12:1)

Vii



“. I got to my feet and stared around the sea again.
— Nothing — nothing but water and sky !

Presently a long way off I saw the small dark
shape of a bird skimming low down over the swell.
When it came quite close I saw it was a Stormy
Petrel. I tried to talk to it, to see if it could
give me news. But unluckily I hadn’t learned much
seabird language and I couldn’t even attract its
attention, much less make it understand what I
wanted.

Twice it circled round my raft, lazily, with
hardly a flip of the wing. And I could not help
wondering, in spite of the distress I was in, where
it had spent last night — how it, or any other
living thing, had weathered such a smashing storm.
It made me realise the great big difference between
different creatures; and that size and strength are
not everything. To this petrel, a frail little thing
of feathers, much smaller and weaker than I, the Sea
could do anything she liked, it seemed; and his only
answer was a lazy, saucy flip of the wing ! He was
the one who should be called the able seaman. For,
come raging gale, come sunlit calm, this wilderness
of water was his home.

After swooping over the sea around me (just
looking for food, I supposed) he went off in the
direction from which he had come. And I was alone

once more. ..”
(Tommy Stubbins in The Voyages of Doctor Dolittle, by Hugh Lofting, p206).
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throughout the chick-rearing period. Error bars are Binomial error bars,
computed using the online Bayesian calculator at:
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Chapter 1. General Introduction

Photographs: top (Ilhéu da Praia; Ben Porter), bottom left (Monteiro’s storm-petrel
adult; Hannah Hereward), bottom right (band-rumped storm-petrel; Ben Porter).



1.1. Background

The loss of biological diversity is a global issue; this is exemplified in the
increased rate of recent species extinctions (estimated 200 vertebrate species
lost over the last 100 years, compared to an estimated background rate of
loss of 200 vertebrate species over the last 10,000 years; Ceballos et al.
2017; Duefas et al. 2021). In 1992, the Convention on Biological Diversity
(United Nations) was established; one of its three main aims is to aid in
conserving biodiversity. Over the last 30 years since this convention, various
key questions in ecology and biological diversity have been identified and - in
many cases - addressed (Sutherland et al. 2009, 2021; Lepczyk et al. 2017;
Dey et al. 2020). Many successful conservation projects result from
conservation science (e.g. through studying breeding biology, ecology and
drivers of population change) being translated into conservation practice
(Sutherland et al. 2009).

Across the five main vertebrate groups (fishes, amphibians, reptiles, mammals
and birds), not only has the rate of overall extinction increased, but range
contractions and population declines of these species have also increased
(Ceballos et al. 2017). Range contractions and population declines provide
early indications of the risk of extirpation and final extinction events, and so
are critical to monitor, especially when intending to conserve a species
(Ceballos et al. 2017). Specifically, an estimated 30% of bird species have
decreasing population trends. However, this is not (yet) reflected in their
overall IUCN Red List designations, as almost 55% of bird species are still
being designated as “Low Concern” (Ceballos et al. 2017). Seabirds are
considered to be one of the most threatened avian groups at a global scale,
and are important indicators of marine ecosystem health (Croxall et al. 2012;
Dias et al. 2019). Seabird monitoring programmes therefore provide valuable
data for understanding the demographic, climatic and trophic drivers of
change (Burger and Gochfeld 2004; Mallory et al. 2010; Xiao et al. 2017;
Table 1.1). The specific drivers of change may include: competition for nests
(Bolton et al. 2004), predator-prey dynamics, energy costs of reproduction
(Robert et al. 2012) and oceanographic conditions (Amorim et al. 2008;
Robert et al. 2012). Anthropogenic threats may include: urban development,
agriculture and aquaculture, energy production and mining, transportation and
service corridors, biological resource use, human intrusions and disturbance,

natural system modifications, invasive and other problematic species, genes



and diseases, pollution, geological events, as well as climate change and
severe weather events (Mallory et al. 2010; Lavers et al. 2014; Hart et al.
2016; Mejias et al. 2017; IUCN 2018; Table 1.1). The most recent reviews on
assessing overall threats to seabird populations have all concluded that of this
wide diversity of threats, the top three threat categories are: invasive alien
species, bycatch from fisheries and climate change / severe weather (Croxall
et al. 2012; Dias et al. 2019; Lees et al. 2022).

The ability of species to adapt to these natural processes and anthropogenic
stressors, through phenotypic plasticity and microevolutionary processes, can
be aided by human intervention / action in the form of conservation actions
(Burger and Gochfeld 2004; Jenouvrier et al. 2005; Mallory et al. 2010).
Various conservation actions can be highly effective in addressing the top
three threat categories, particularly through the removal of non-native species
from islands (Buxton et al. 2016; Jones et al. 2016). Examples of these
include: feral cat eradication on Ascension Island (Ratcliffe et al. 2010),
eradication of Norway rats (Rattus norvegicus) on a Mediterranean island
(Canale et al. 2019) and eradication of black rats (Rattus rattus) and the
European rabbit (Oryctolagus cuniculus) in the Azores (Bried et al. 2009;
Amaral et al. 2010), to name but a few. Furthermore, some mitigation
techniques have been trialled to aid in reducing bycatch for seabirds (see
review by Lgkkeborg, 2011). These have included: using bird scaring-lines and
the strategic management of fish waste (Bull 2009; Melvin et al. 2014), and
more recently for long-line fishing by using “"Hookpods” (Sullivan et al. 2018)
and by illuminating gillnets (Mangel et al. 2018). However, further work is still
needed to assess threats such as the impacts of problematic invertebrates on
seabird populations, and also in terms of climate change where impacts are
unknown or, as yet, only projected (Dias et al. 2019), but see review by
Sydeman et al. (2012).



Table 1.1. Biotic, Abiotic and Anthropogenic factors influencing seabird breeding
success and/or survival

Sea or Specific Factor | Comments and References
Land
Biotic Land Inter-species Monteiro and Furness (1998); Bolton
competition for |et al. (2004)
nests
Land Predator-Prey Bolton et al. (2004); Monteiro and
Dynamics Furness (1998); Bried (2003)

Land Habitat loss Monteiro et al. (1996a)

Land Reproduction The costs of reproduction to adult
survival are mostly energetic costs
and decreased immune function
during breeding on land. As a
consequence, mortality often occurs
at sea after breeding but is caused
by a reduced immune function
(Robert et al. 2012). This mortality is
often more pronounced in
unsuccessful breeders.

Sea Chlorophyll a The demographic rates (e.g. adult

(Chl a) survival and breeding success) are
shaped by oceanic conditions - biotic
factors = Chlorophyll a, abiotic
factors = SST and North Atlantic

Abiotic Sea Sea Surface Oscillation (Amorim et al. 2008;
Temperature Robert et al. 2012; Fagundes et al.
(SST) 2016)

Anthropogenic | Sea Increases in Orgeret et al. (2022)

- Climatic storm

frequency and

intensity

Sea Increases in Jones et al. (2018)

heat wave

frequency and

intensity

Sea Increases in See SST and Chl a above

SST / changes

in Chl a

dynamics

Anthropogenic |Sea Pollution At sea (Hart et al. 2016); artificial

- non-climatic

light pollution (Rodriguez and
Rodriguez 2009; Rodriguez et al.




2012; Raine et al. 2017); in-nest
marine debris (Merlino et al. 2018)

Sea Commercial Hart et al. (2016); competition with
fishing fisheries (Monteiro et al. 1996a;
Sugishita et al. 2015)

Land/Sea | Human Disturbance (Monteiro et al. 1996a;
disturbance Bried et al. 2009); exploitation
(Monteiro et al. 1996a)

Land Non-native E.g. Monteiro et al. (1996a);
species Monteiro et al. (1999); Bradley and
introductions Marzluff (2003); Bried et al. (2009);
(Hart et al. Amaral et al. (2010); Ratcliffe et al.
2016) (2010); Mejias et al. (2017); Neves

et al. (2017)

Seabirds are long-lived species, and so require long-term monitoring to truly
assess and identify these drivers of change, which in turn aid in determining
whether conservation actions are required, and what these should be (Clutton-
Brock and Sheldon 2010; Croxall et al. 2012; Paleczny et al. 2015; Dias et al.
2019; Rodriguez et al. 2019). Traditionally, monitoring has been conducted
through in-person visits to seabird colonies throughout their breeding periods
(Paleczny et al. 2015). Information collected on these visits generally includes
overall breeding success rates, egg and chick development, threats and
causes of mortality, and identifying the timings of breeding events such as
laying, hatching and fledging (e.g. Allan 1962; Harris 1969; Boersma et al.
1980; Boersma 1986; Monteiro and Furness 1998; Mauck and Ricklefs 2005).
In addition, capture-mark-recapture approaches are also used, such as mist-
netting (Libois et al. 2012; Robert et al. 2015), although conducting censuses
at colonies is often easier than using capture-mark-recapture methods for the
adults (Sutherland et al. 2004). However, the combination of traditional
monitoring techniques with novel technologies is being increasingly used
within ecological fields. This is because such combinations provide
opportunities for broader questions to be asked and knowledge gaps to be
filled (Allan et al. 2018), especially in terms of the specific behavioural and
demographic mechanisms behind population changes, in light of climatic and
trophic drivers, both at the nest (Masello et al. 2001; Gladbach et al. 2009a,b;
Sugishita et al. 2017) and at sea (Sugishita et al. 2017; Bolton 2021).



1.2. Storm-petrels

Of the 24 species of storm-petrels assessed by the IUCN in 2018 (IUCN 2018),
37% were classified as Near Threatened or higher on the IUCN Red List
(Figure 1.1A), 75% had either a declining or unknown population trend (Figure
1.1B), and almost 80% of these species were threatened by invasive non-
native species / diseases and/or problematic native species / diseases, and
50% were threatened by pollution (Figure 1.1C; IUCN 2018).
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The geographical ranges of these 24 species of storm-petrel vary from single-
island endemics to ocean-wide species-complexes (Warham 1990; Brooke
2004; TUCN 2018). One of these species-complexes is the band-rumped
storm-petrel (Hydrobates castro complex; Warham 1990; Brooke 2004;
Friesen et al. 2007). This species is widely distributed, breeding on islands
across the Atlantic and Pacific Oceans. In at least five archipelagos, the
species breeds on the same islands in different seasons. In one of these island
archipelagos, the Azores, this has led to species-level genetic and phenotypic
divergence between birds breeding during the hot season compared to the
cool season, resulting in the evolution of two distinct species (Bolton et al.
2008; Silva et al. 2016). Competition for nest sites, avoidance of predators,
and seasonal variation in food availability have all been suggested as potential
drivers of this speciation event, and as potential constraints on current
population sizes (Robert et al. 2012), but the selective forces driving temporal

and genetic segregation, and population change remain poorly understood.

1.3. The Azores

The Azores Archipelago is a global hotspot for marine and terrestrial
biodiversity. Despite having a generally low ocean productivity, across the
archipelago there are localised upwellings and many underwater seamounts
(Monteiro et al. 1996a,b; Magalhaes et al. 2008; Paiva et al. 2010).
Ecologically, the marine habitats around the Azores are important
reproduction, migration and foraging grounds for various marine mammals
and fish (Monteiro et al. 1996a). Alongside this, the terrestrial habitats
(especially the surrounding islets) are also important for a great variety of
seabirds that use both the terrestrial habitats as breeding grounds as well as
the surrounding marine habitats for feeding (Monteiro et al. 1996a). These
species include: Monteiro’s and band-rumped storm-petrels (Hydrobates
monteiroi and H. castro), Bulwer’s petrel (Bulweria bulwerii), common and
roseate terns (Sterna hirundo and S. dougallii), sooty terns (Onychoprion
fuscatus), Cory’s shearwaters (Calonectris borealis), the Macronesian / North
Atlantic little / Barolo) shearwater (Puffinus lherminieri baroli, hereafter
referred to as Barolo shearwater) and Manx shearwaters (Puffinus puffinus)
(Monteiro et al. 1996a; Bolton et al. 2008).



1.3.1. Storm-petrels on the Azores

The storm-petrels breeding on the Azores have been studied for more than
two decades (e.g. Monteiro et al. 1996b; Bolton et al. 2004; Robert et al.
2015). Prior to 2008 they were classified as “hot” and “cool” season
individuals of the band-rumped storm-petrel complex (Hydrobates castro
complex; Monteiro and Furness 1998). However, since 2008, they have been
reclassified as two separate sibling species, where the “hot season” species
are the newly classified Monteiro’s storm-petrel (H. monteiroi) and its sibling
species is the “cool season”, band-rumped storm-petrel (H. castro; Monteiro
and Furness 1998; Bolton et al. 2008; Robert et al. 2015; Silva et al. 2016).
While they have only relatively recently been reclassified, genetic analysis has
shown that they likely diverged 125,000-300,000 years ago from populations
in the Pacific, 70,000-350,000 years ago from other populations within the
North Atlantic, and 110,000-180,000 years ago from each other (Friesen et al.
2007; Smith et al. 2007). The Monteiro’s storm-petrel is endemic to the
Azores and is currently listed as “Vulnerable” on the IUCN Red List, with a
reportedly stable population trend (BirdLife International 2018b). This
“Vulnerable” classification is due to its small population size (<400 breeding
pairs) and narrow geographic distribution, meaning they are susceptible to
stochastic events, human disturbance and invasive/non-native species
(BirdLife International 2018b). In comparison, the band-rumped storm-petrel
is widespread across the Atlantic and Pacific Oceans (Raine et al. 2017), listed
as “"Least Concern” on the IUCN Red List, but with a decreasing population
trend (BirdLife International 2018a). This decreasing population trend is due
to predation by non-natives/invasive species and being grounded due to light
pollution (Boersma and Groom 1993; Monteiro et al. 1999; Rodriguez and
Rodriguez 2009; Raine et al. 2017).

1.3.2. Previous conservation efforts on Ilhéu da Praia

All known Monteiro’s storm-petrel populations breed on five small islets off
Graciosa and Flores Islands in the Azores Archipelago (Monteiro et al. 1999;
Bolton et al. 2008). The largest known breeding site for both species of storm-
petrel in the Azores is on Ilhéu da Praia, off the east coast of Graciosa Island
(Monteiro’s storm-petrel ~178 breeding pairs, band-rumped storm-petrel
~200 breeding pairs; Bolton et al. 2004, 2008). Since 1997, conservation
efforts have been implemented to improve the islet’s habitat. Initially this

focused on reducing soil erosion and decreasing competition for nesting
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burrows through successful eradication of rabbits (Oryctolagus cuniculus) in
1997 (Bried et al. 2009). Further conservation efforts to increase breeding
habitat options were implemented through the deployment of 150 artificial
breeding chambers, in which breeding success was higher than in natural nest
sites (Bolton et al. 2004). In addition, reductions in human disturbance were
implemented by stopping agricultural practices and ad hoc visits from local
people (Monteiro et al. 1996a), through Ilhéu da Praia being brought under
the management of Graciosa Natural Park Authority, due to the
implementation of several designations of the islet: as an Important Bird Area
(BirdLife International 2022a) as a nucleus for the Graciosa Biosphere Reserve
(designated in 2007; UNESCO 2020) and as a Special Protected Area
(designated under the Natura 2008 programme; European Commission 2000).
Finally, the restoration of native plant species (Bried et al. 2009) has led to a
dramatic increase in native flora habitats across the islet, meaning that natural
nest site options for the various Procellariiform species have increased,
although soil erosion in some parts of the islet has also increased (Long et al.
2021). More recent research has raised concerns about a potential new threat
arising from predation on the storm-petrels by the non-native/naturalised
Madeiran wall lizard (Podarcis dugesii formally Teira dugesii or Lacerta dugesii,
hereafter referred to as Podarcis dugesii; Neves et al. 2017). A recent Species
Action Plan for the Monteiro’s storm-petrel specifically mentions this emerging
threat from the Madeiran wall lizards, and the need to gather rigorous
evidence on the impact it has on the storm-petrel species (SPEA, 2018

unpublished data).

1.4. Overall aims and objectives

These two sympatric sibling species, one of which is a vulnerable endemic
species, breeding on the same islet but at different times of year, provide an
interesting and distinctive case study system in which to examine the drivers
of population change in an important conservation context. This has been
conducted through combining traditional and novel monitoring techniques to
aid in understanding the climatic and biological drivers of long-term changes in
breeding success and other demographic parameters, whilst also aiding in
describing the breeding behaviours of the two species, and to identify any new

threats through in-person and remote monitoring of nests.
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Consequently, the aim of this PhD thesis is to draw together traditional
behavioural study techniques, modern remote monitoring technologies
(specifically nest cameras and GPS tracking) and future projection modelling
to answer ecological questions to fill these knowledge gaps, in order to inform
conservation management actions. Here I follow these two species in this well
studied study system, to investigate long-term changes in the two populations
over a 20 year period (Chapter 3), developing a novel technology - a bespoke
in-nest camera system (Chapter 4), then I detail the in-nest behaviours and
threats identified from deployments of these cameras during the chick rearing
stage (Chapter 5) and end with a proof of concept example of combining these

traditional and novel techniques (Chapter 6).

The results of this study are important in their own right, to ensure effective
conservation of the two storm-petrel species including the Azores-endemic
Monteiro’s storm-petrel, but could also be applied to other seabird colonies
where long-term monitoring will be important in assessing the drivers of

population change and addressing conservation challenges.
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Chapter 2. General Methods

Photographs: top left (chick being weighed; Ben Porter), top right (Hannah Hereward
taking notes holding a chick; Ben Porter), bottom left inset (Hannah Hereward
checking a nest; Ben Porter), bottom right (a line of artificial nests when covered;

Hannah Hereward).
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2.1. Study site

Following on from previous research, this study’s fieldwork site was on Ilhéu
da Praia, an uninhabited volcanic islet (~ 12 ha) situated 1.2 km east of
Graciosa Island, Azores, Portugal (39°03'N, 27°57'W; Figure 2.1; Bolton et al.
2004). From 2000 to 2001, 150 artificial nest boxes were installed on the islet
(Bolton et al. 2004), and in 2015 an additional 14 nests were installed (VN
personal communication), to expand possible breeding areas for the two
sibling species of storm-petrels that breed on the islet. The two species often
breed in the same nest sites, but at different times of year (Bolton et al.
2004). As of the time of my PhD fieldwork there were a total of 160 usable
artificial nest boxes across the islet (Bolton et al. 2004; Bried et al. 2009;
Figure 2.1).

For all of the data presented in this PhD thesis, two types of nest monitoring
occurred across a 20-year period. There were two periods of intensive data
collection, where nests were checked daily, and chicks weighed daily. The first
of these periods was: Spring 2000 to end of Summer season 2001 (Mid-April
2000 - September 2001, with some significant periods when no data was
collected, and 6t"-14% October 2000, 10" December 2000-16% January 2001,
12t March-12% April 2001) (Bolton et al. 2004). The second period of
intensive monitoring was: Winter 2018 to end Summer 2020 (September 2018
- September 2020, with some significant periods where no data were
collected: 29%" November-7" December 2018, 11t"-15™ January 2019, 18%"
February 2019 - 3™ March 2019, 3™ March 2019- 22" March 2019, 22" March
2019 - 30t April 2019, 20t™-25% September 2019, 30%" September-5™ October
2019, 8" December 2019 - 3™ January 2020, 16™ March - 17™ June 2020,
10th - 21t August 2020) (Hereward et al. 2021; Long et al. 2021). For
Chapter 3, all of these years were included, and for the remaining data
chapters only the latter period of intensive study was included (specifically end
of April 2019- September 2020).
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2.2. Nest monitoring

During the periods of intensive study, at the beginning of each breeding
season, all artificial nests and previously identified natural nests were
inspected. Any adults present were temporarily removed from the nest and
processed - recording typical ringing biometrics (e.g. wing length, tarsus
length, mass, brood patch; Harris 1969; Monteiro and Furness 1998; Bolton et
al. 2008). If they had a ring/band (hereafter stated as ring) number already,
this was recorded, if not, a unique ring was fitted to the tarsus for future
identification. Once breeding pairs were established, non-toxic paint
(www.edding.com/en-uk/) was used to individually mark each bird, to
minimise the need for further handling of the adults in future visits (following
Bolton et al. 2004). Once occupied, artificial nest boxes were typically checked
daily through the rest of the breeding season (unoccupied boxes continued to
be checked once or twice a week), and the natural nests were checked less
frequently (Figure 2.1). Near the end of the Monteiro’s storm-petrel breeding
season, non-parent storm-petrel adults (most likely to be band-rumped storm-
petrels) would start inspecting nests. When the new bird was already ringed,
the ring number was read, and the species identity clarified. If the new
individual was not already ringed, the same process of ringing and measuring
was followed as above and where possible, the species clarified through
biometric differences, as described in Bolton et al. (2008). Chick body mass
was measured daily (to 0.1g), using a pan balance (*AccuWeight” scale,
accurate to 0.1g; www.accuweigh.co.uk), to monitor their growth rate
(Monteiro and Furness 1998). Wing length and tarsus length of chicks were
measured only when the chick was alone in the nest (i.e. with parents

absent), to minimise handling time when parents were present.

2.3. Weather data

Daily air temperature, precipitation (primarily rainfall) and wind speed data
were extracted to compare the changes across this 20-year period (Figure
2.2). Data was accessed through the R package GSODR (Global Surface
Summary Of The Day). The raw data for wind speed is the mean daily wind
speed converted to m s! and air temperature is the mean daily air
temperature converted to °C (both are individually collated from a variety of
reports ranging from 4 hours to 24 hours of reports per day, missing=NA).

Rainfall is the total precipitation reported during each day, converted to mm
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day! (collated from a variety of reports: 1-6 report(s) of a 6-hour
precipitation amount, 1-2 report(s) of a 12-hour precipitation amount, or 1
report of a 24-hour precipitation amount).

Wind speed measurements were extracted at the regional level (across 12
weather stations that had extractable data from across the Azores
Archipelago) and air temperature and rainfall measurements were extracted at
the local level (i.e. Terceira airport — deemed to be the closest to the islet in
term of orientation and location, and that had data from across all years of the
20-year study period; Figure 2.1B).

These data were processed to produce annual summaries for each species’
breeding season. The Monteiro’s storm-petrel breeding season was deemed to
be March-September inclusive (Julian days used: 60-273), and the band-
rumped storm-petrel breeding season was deemed to be July of the year in
which breeding was initiated, to March of the following year, inclusive (Julian
days used: 182-366, 1-90 - an additional 365 was added to the day 1-90
values, as this is the latter part of the breeding year; this is to include all parts
of the breeding season from the pre-laying/incubation exodus through to the
latest fledging events). For visualising the models of regional weather,
prediction lines were based on Terceira Airport (*"LAJES”), as this is the closest
weather station to Ilhéu da Praia, with the same geographical orientation, and
has the most complete data for 2000-2020.

Long-term variations in air temperature (local), rainfall (local) and wind speed
(regional) were analysed separately for each species’ breeding season. For
each weather variable / species, three models were conducted and plotted on
the same graph. The models were variations of a GAM model, with Julian day
(always smoothed with the default thin plate regression spline method; "tp”)
and year (either modelled as a straight line, or a smoothed line, or as a
categorical variable, depending on the model), with the Gaussian error family
and log link function. Prediction lines were based on the central Julian day for
each species’ breeding season (Monteiro’s storm-petrel = day 166.5, band-
rumped storm-petrel = day 318.5). The first model extracted a linear trend
across the years with year left without a smoother. The second model
extracted a wiggly line trend across the years with year smoothed (by “tp”).
The third model extracted yearly averages — where year was a factor.
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Air temperature increased across the 20-year period, with average breeding

season air temperatures being ~ 2 °C higher in the Monteiro’s storm-petrel

breeding season compared to the band-rumped storm-petrel breeding season.

Rainfall decreased slightly across the 20-year period, with generally higher

levels of rainfall during the band-rumped storm-petrel breeding season,

compared to the Monteiro’s storm-petrel breeding season. Wind speed stayed

very similar across the 20-year period, with marginally higher wind speeds

during the band-rumped storm-petrel breeding season, and particularly calm

conditions during the breeding seasons of both species in 2000 (NB: When this

year was removed and the model re run, there was little change in the overall

model result - not shown).

2.4. Statistical analysis

All statistical analyses were carried out using R 4.2.0 (R Core Team 2022) and
implemented in RStudio version 2022.2.2.485 (RStudio Team 2022), using a
variety of packages (Table 2.1), unless otherwise stated in the specific Data

Chapters.

Table 2.1. Names and references of all packages used for statistical analysis

Package name | Package reference

GSODR v3.1.5 (Sparks et al. 2017)

mgcv v1.8-31 (Wood 2003; Wood 2017)

Ime4 v1.1-29 (Bates et al. 2015)

nime v3.1-157 (Pinheiro and Bates 2000; Pinheiro et al. 2022)

EMbC v2.0.3 (Garriga et al. 2019)

lubridate v1.8.0 (Grolemund and Wickham 2011)

segmented v5.1-0 (Muggeo 2003; Muggeo 2008; Muggeo 2016;
Muggeo 2017)

tidyverse v1.3.1 (Wickham et al. 2019)

AICcmodavg v2.3-1 (Mazerolle 2020)

latex2exp v0.9.4 (Meschiari 2022)

Where chick age was used in analysis, this was extracted by subtracting the

Julian hatch date from the Julian observation date, and adding one day. Thus,

chick hatch day 1 is the day the chick emerged from the egg. In Chapter 3,

Julian day one = 1%t January for that year, but for band-rumped storm-petrels
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which hatched in the following year, 365 was added to the Julian hatch date.
In Chapter 5, Julian day one = 1%t January 2019 for the Monteiro’s storm-
petrel season and 15t October 2019 for the band-rumped storm-petrel

breeding season.
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Figure 2.2. Average air temperature, rainfall and wind speed during both species’
breeding seasons, across the 20-year study period. Black dots are the yearly average
+ SE. Red lines = GLM analysis, blue lines = GAM analysis, where year and Julian day
are variables in each model.
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Chapter 3.

Long-Term Decreases in Breeding Productivity of
Monteiro’s and Band-Rumped Storm-Petrels on Ilhéu
da Praia, Azores — Decade Scale and Seasonal

Comparisons

This chapter is in prep. for submission for publication.

Nest box installation 2000

Photographs: top left (chick being weighed; Ben Porter), top right (Renata Medeiros-
Mirra deploying artificial nest boxes in 2000; Renata Medeiros-Mirra), bottom right
(Hannah Hereward at same nests as Renata Medeiros-Mirra above, in 2020; Ben
Porter). Artwork details: (bottom left): Madeiran wall lizard + storm-petrel egg, Barolo

shearwater, ants and band-rumped storm-petrel (Seafarer Sarah Artwork).
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Summary

Long-term nest monitoring studies can be important in identifying changes in
seabird breeding productivity and population dynamics in relation to the
changing environment, and in guiding conservation actions. Here we compare,
across two decades, the breeding productivity and demography of two sibling
species of storm-petrel that breed in the same location (Ilhéu da Praia in the
Azores Archipelago), but at different times of year. The Azores-endemic
Monteiro’s storm-petrel (Hydrobates monteiroi) breeds in summer (April-
September), and the band-rumped storm-petrel (Hydrobates castro) breeds in
winter (September-March). For each species across two time periods (2000-
2001 and 2018-2020), artificial nest-boxes were checked daily, to monitor the
fate of the eggs and chicks, and to measure chick growth. Less detailed
productivity data were collected in the intervening years (2002-2017). Overall,
the summer breeding Monteiro’s storm-petrel had a lower productivity than
the winter breeding band-rumped storm-petrel, but both species’ productivity
has declined significantly. Monteiro’s storm-petrel breeding success showed a
more pronounced decline than for band-rumped storm-petrel, driven largely
by a substantial reduction in fledging success. Compared to the 2000-2001
period, Monteiro’s storm-petrel breeding attempts in the 2019-2020 period
were more likely to fail at both the egg and chick stages due to disturbance by
native and non-native species, which (albeit to a lesser extent) was also
observed for the band-rumped storm-petrel. While chick growth patterns do
not explain the decline in breeding success, variation in breeding performance
of both species across the two decades was associated with the interactive
effects of regional weather conditions (air temperature, rainfall and wind
speed). In particular, the breeding success of Monteiro’s storm-petrel was
negatively associated with warmer and drier summers, and the breeding
success of the band-rumped storm-petrel was negatively associated with
warmer and wetter winters. Preliminary VORTEX Population Viability Analysis
for past and current levels of productivity identified that current demographic
parameter values are insufficient to maintain a stable population for the
Monteiro’s storm-petrel. Consequently, this Chapter aids in understanding
species’ responses to decade-scale environmental changes, informs
conservation actions to address the rapid decline in breeding productivity of
both species, and suggests that a re-evaluation of the Red List classification of

the endemic Monteiro’s storm-petrel is needed.
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3.1. Introduction

Seabirds are long-lived, but are considered one of the most threatened avian
groups at a global scale and they are important indicators of marine
ecosystem health. Robust, long-term seabird productivity monitoring
programmes therefore provide valuable data for understanding the
environmental drivers of demographic and population change (Chapter 1,
Table 1.1). Such data in turn aid in determining whether conservation actions
are required, and what these should entail (Clutton-Brock and Sheldon 2010;
Croxall et al. 2012; Paleczny et al. 2015; Dias et al. 2019; Rodriguez et al.
2019).

The study of demographic drivers of seabird population change often involves
following seabird nest histories throughout their breeding periods (Paleczny et
al. 2015), and calculating overall breeding success, hatching and fledging
success, measuring egg and chick development, and identifying timings of
breeding events (e.g. Allan 1962; Harris 1969; Boersma et al. 1980; Boersma
1986; Monteiro and Furness 1998; Mauck and Ricklefs 2005). Studies across
multiple years can aid in identifying changes in these demographic parameters
over time, such as changes in overall breeding success (e.g. Simons 1981;
Chastel et al. 1993; Slater and Byrd 2009; Cuthbert et al. 2014; Dunn et al.
2016; Hart et al. 2016; Mejias et al. 2017), duration of the incubation and
nestling stages (Harris 1969), or phenological shifts in the form of lay and/or
hatch dates (Keogan et al. 2018). An additional aspect of monitoring
demographic drivers is assessing population size and survival rates (which are
important parameters in assessing population dynamics of long-lived species;
Seaether and Bakke 2000). These are often assessed through capture-mark-
recapture approaches, such as mist-netting and ringing (Libois et al. 2012;
Robert et al. 2015). However, conducting censuses at colonies is often easier

than using capture-mark-recapture of the adults (Sutherland et al. 2004).

From the demographic and population changes identified, an assessment can
be made to determine whether the level of change is variation around a stable
long-term mean (e.g. Chastel et al. 1993; Dunn et al. 2016) or defined as a
long-term increase or decline (e.g. Cuthbert et al. 2014). If the population is
declining, climatic and trophic drivers can be assessed to determine possible
causes (see reviews: Croxall et al. 2012; Dias et al. 2019; Rodriguez et al.
2019). Climatic drivers include rainfall (Boersma et al. 1980; Bolton et al.
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2004), air temperature (Ropert-Coudert et al. 2004; Kelsey et al. 2016;
Fischer et al. 2018), sea surface temperature (Slater and Byrd 2009; Robert
et al. 2012), wind (Teixeira 1987; Bolton 1995; Bolton 2021) and
anthropogenic climate change impacts on all of the above (Sydeman et al.
2012; Dias et al. 2019; IPCC 2019a; IPCC 2019b; Orgeret et al. 2022).
Trophic drivers include chick provisioning and growth rates (as a proxy for
chick quality/food availability; Bolton 1995; Hedd et al. 2002), egg and chick
failures, and predation events (at any stage of the breeding period; See
Chapter 5, Table 5.1). As discussed in the General Introduction (Chapter 1),
the most recent reviews on assessing overall threats to seabird populations
conclude that the top three threat categories are: invasive alien species,
bycatch from fisheries, and climate change/severe weather events (Croxall et
al. 2012; Dias et al. 2019). Of these, alien species and climate are likely to be
most relevant to storm-petrels, which seem relatively unaffected by bycatch

compared to many larger seabirds (Dias et al. 2019).

Modelling the current and future viability of a population through Population
Viability Analysis (PVA) is a common tool for identifying policy changes and
conservation action, especially for rare species (Lindenmayer et al. 1993;
Morris et al. 1999; Ruiz et al. 2021). Amongst the various options are
integrated population models implemented through Bayesian statistics (e.g.
Oppel et al. 2022) or modelling systems which include, STELLA (Costanza and
Voinov 2001), Seabird mPVA (Ruiz et al. 2021) and VORTEX (Lacy 1993;
Morris et al. 1999; Lacy 2000). VORTEX is frequently used in IUCN species
assessments. It is an individual-based programme that models the fate of
hypothetical individuals (Lacy 1993). These models combine vital rate
estimates (e.g. survival, reproduction, dispersal; Table 3.1) and population
characteristics (e.g. initial population size, carrying capacity, age distribution)
to assess the viability of a specific population (Lacy 2000; Anderson et al.
2018; Lacy and Pollak 2021). VORTEX allows the user to input different
scenarios, and has been used to model seabird population changes (Rackete
et al. 2021) and the impacts of a variety of threats, including fisheries
(Anderson et al. 2018) and predation events (Whelan et al. 2018).

In the Azores Archipelago, Portugal, there is a pair of sibling species of storm-
petrels that breed on the same islet (Ilhéu da Praia, off Graciosa) but at
different times of year. The Monteiro’s storm-petrel (Hydrobates monteiroi) is

endemic to the Azores and breeds in the summer (April-September), whereas
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the band-rumped storm-petrel (Hydrobates castro) is more widespread, and,
in the Azores, breeds in the winter (September-March; (Monteiro and Furness
1998; Bolton et al. 2008; Bried and Neves 2015). Within the Azores, the two
species are well described and studied (Monteiro et al. 1996a; Bolton et al.
2008; Bried et al. 2009; Robert et al. 2012). Previous research has detailed
both past and current conservation concerns (Bried et al. 2009; Bried and
Neves 2015; Neves et al. 2017), and some annual breeding success data have
been reported (Bolton et al. 2004; Bried et al. 2009; Robert et al. 2012; Bried
and Neves 2015). However, annual breeding success data were last published
in 2012, and so the last eight years of overall breeding success have not yet
been published or compared with earlier data from across the last twenty
years of data collection. During the 2000-2001 fieldwork season, already
published by Bolton et al. (2004), additional fieldwork was conducted to
measure chick growth rates and other demographic data. These methods were
repeated in the present study (2018-2020), to allow a detailed comparison

between these earlier and later years of study.

3.1.1. Aims and hypotheses

The aims of this study were to assess whether there were any changes in
selected breeding demographic parameters across two periods of intensive
nest monitoring (2000-2001 and 2018-2020), and the intervening, less-
intensely monitored years. If changes were identified, environmental
parameters were explored to identify possible reasons for the change, and to

identify any conservation management implications.

Specifically, these breeding biology demographic parameters included: 1)
breeding success (based on number of successful fledges/breeding attempts
across the 20 year period and in more detail for the two periods of intensive
monitoring), 2) hatching and fledging dates (as a measure of phenological
change), 3) chick growth rates, considering both overall growth curves and
the three nestling stages typical of storm-petrels, namely (i) the initial growth
stage, (ii) the plateau stage of relatively stable body mass, and (iii) the
decline in body mass towards fledging (e.g. Allan 1962; Harris 1969; Boersma
1986). Changes in breeding productivity parameters from across the 20 years
were explored in relation to wind speed, rainfall and air temperature data, and
changes between the two periods of intensive study were explored in relation
to (i) chick growth curves and (ii) causes of egg and chick losses. Finally, the

data were compiled into a VORTEX analysis to assess future population
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projections for each species, based on the past, current and hypothetical

future breeding success rates and other demographic parameters.

3.2. Methods
3.2.1. Study site and study period

Fieldwork was conducted on Ilhéu da Praia, Graciosa, Azores, Portugal, a
0.12km? islet situated 1.2km off mainland Graciosa (Bolton et al. 2004; Bried
et al. 2009; Hereward et al. 2021; Long et al. 2021). Two types of fieldwork
occurred across the 20-year period. There were two periods of intensive data
collection where nests were checked daily, and chicks weighed daily: Spring
2000 to end of Summer season 2001 (Mid-April 2000 - September 2001, with
some significant periods when no data were collected: 6%-14t™" October 2000,
10% December 2000-16%" January 2001, 12™ March-12%" April 2001; Bolton et
al. 2004) and Winter 2018 to end of Summer 2020 (September 2018 -
September 2020, with some significant periods where no data were collected:
29" November-7t December 2018, 11t-15% January 2019, 18 February
2019 - 3™ March 2019, 4™ March 2019- 22" March 2019, 23 March 2019 -
30t April 2019, 20t"-25% September 2019, 30" September-5™ October 2019,
8t December 2019 - 3™ January 2020, 16" March - 17% June 2020, 10th -
215t August 2020) (Hereward et al. 2021; Long et al. 2021).

In the intervening years (2002-2017), 1-3 visits, which were weather-
dependent, were made per breeding season to assess nest histories (number
of eggs laid, eggs hatched, chicks fledged). Certain years were removed from
the analysed dataset due to bad weather years (i.e. where researchers could
not access the Islet at the appropriate times) - these were: the Monteiro’s
storm-petrel breeding season in 2002; and the band-rumped storm-petrel
breeding seasons: 2001-2002, 2003-2004, 2006-2007, 2009-2010, 2010-
2011, 2012-2013, 2013-2014, 2014-2015, 2016-2017 (see comments in
previously published papers: Bolton et al. 2004; Bried et al. 2009; Bried and
Neves 2015). When these data were included in the analyses reported below,
the GLM fitted lines were qualitatively similar (not shown) to when they were

excluded.

3.2.2. Nest inspections
Nest inspections followed similar protocols to Bolton et al. (2004), to
determine the fate of the eggs laid and chicks hatched throughout both
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species’ breeding seasons (including collecting data on: number of eggs laid,
number and dates of eggs hatched, number and dates of chicks fledged,
breeding success). These inspections occurred 1-3 times per breeding season
in the intervening years, and typically daily during the two periods of intensive
data collection. Like all storm-petrels, H. monteiroi and H. castro typically lay
one egg per breeding attempt (Warham 1990). Cases of multiple eggs being
laid in the same nest did occur in both species’ breeding seasons (data from
this study) but are most likely to be due to multiple females competing for the
same nest site. During nest inspections, the presence of other species in the
nest cavity, or on top of the nest, was noted. Also, the losses of eggs and/or
chicks were noted, and where possible, the most likely causes of loss were
identified. During the two periods of intensive monitoring, chick body mass
was measured daily using a pan balance, to monitor their growth rate
(Monteiro and Furness 1998). Wing length and tarsus length of chicks were

measured whenever the chick was alone in the nest (i.e. with parents absent).

3.2.3. Data analysis

Breeding success data for all years were collated in two separate ways for the
early period of intensive study (2000-2001), the “raw” data were collated from
the original data (collected by Bolton and Medeiros), and the “published” data
were data collated from published papers (these data likely had filtering of
nest types, and causes of egg/chick loss, which differ from the definitions used
in the present study). These differences were seen where the raw data
compared to the published data for Monteiro’s storm-petrel in 2000 contained:
two fewer eggs laid, one fewer chick fledged; Monteiro’s storm-petrel in 2001:
four fewer eggs laid, six fewer chicks fledged. Band-rumped storm-petrel in
2000-2001: two more eggs laid, one fewer chick fledged. The data for the
intervening years and the latter period of intensive study (2018-2020)

remained the same for both analyses.

As a pre-requisite to calculating the chick age in days for chick mass graphs,
Julian day for hatch and fledging dates were calculated, where Julian day 1 =
1%t January. Chick age was then extracted by comparing the observation date
to the Julian hatch date and adding one day. Thus, chick age day 1 is the day
the chick emerged from the egg. Chicks for which the hatch date was
unknown were not included in associated analyses. Note that hatch dates were
only recorded for a few of the band-rumped storm-petrel chicks in artificial
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nests in 2000-2001, so consequently only data from the later years were used
for the band-rumped storm-petrel chick analysis (2018-2019 and 2019-2020).

3.2.3.1. Nest histories

Across the two decades, the breeding success (i.e. number of chicks
successfully fledged/total number of eggs laid) from across all available years
(2000-2019/2020 inclusive) was analysed using a GLM to compare both
between species and across years, with year (treated as a numerical variable),
species and the year x species interaction, and including sample size (i.e. the
number of eggs monitored for each species in each year) as a weighting
variable. The binomial error family and cauchit link function were used
(selected through comparison of model AIC values). This model structure was
used twice - once with the “raw” dataset and once with the “published”
dataset, as defined above. Analysing the two species together in the same
model allowed for direct, between species comparisons. To determine the
percentage decline per year, the difference between the earliest and latest
predicted values from the individual species models were identified, and then
divided by 20 (the duration of the whole study period).

For the two periods of intensive fieldwork, individual GLMMs (using package
“Ime4” v1.1-29; Bates et al. 2015) were conducted for each species, for
hatching success (i.e., number of chicks hatched divided by the number of
eggs laid), fledging success (i.e. number of chicks that fledged divided by the
number of chicks hatched), and overall breeding success. Each of these
models contained two independent variables: year as a fixed factor, and nest
ID as a random factor, with binomial error family and log link function.
Additional GLMMs were conducted for hatch date, fledge date and chick rear
period, again with two variables: year as a fixed factor and nest ID as a
random factor, but with Gaussian family and log link function. Julian day was
the variable used for measurements of hatch and fledge dates. For band-
rumped storm-petrel analysis, these Julian dates were adjusted so that the
second half of the season (after December 31%t) was +365 days. Note, egg lay
dates were not used in this study because the data for this was more patchy
or less accurate than the hatch dates. Consequently, hatch dates were used as
the primary measure of breeding phenology.
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3.2.3.2. Chick growth curves

Chick growth (explained via body mass) was analysed separately for each
species using a GAM (package “mgcv” v1.8-31; Wood 2003; Wood 2017), with
mass in relation to chick age in days (smoothed by year) and year as a factor,
using family Gamma as log link function. Individual models were conducted
per species for (1) all chicks regardless of fate (survived or died), and then (2)

specifically for chicks that later died.

3.2.3.2.1. Segmented (piecewise) regression to describe chick growth
The number of days in the initial and plateau growth stages were extracted
using segmented regression models (package “segmented” v5.1-0; Muggeo
2003; Muggeo 2008; Muggeo 2016; Muggeo 2017). Each year was analysed
individually, to determine the break points in body mass between the initial
growth phase, the plateau phase and the pre-fledging decline in body mass,
for each year. This is a two-step analysis where an initial GLM was modelled
with mass in relation to chick age, with a Gamma error family and an identity
link function. Then the segmented regression was extracted from the GLM with
1-3 suggested turning points as needed per year, depending on the duration
of data available (Monteiro’s storm-petrel one turning point in 2000, two in
2001, three in 2019 and 2020; band-rumped storm-petrel turning points were
only extracted from 2018-2019 data, using three turning points because there

was a gap in fieldwork which biases the 2019-2020 turning points).

3.2.3.2.2. Body mass variance during the “"plateau stage”
To investigate whether the frequency and/or size of food deliveries differed
between species and years, a GAM model was first used to fit a smoothed line
through the body mass trajectory of each chick, and then the variance of the
residuals around this smoothed fitted line during the plateau stage was used
as a measure of variability in body mass. Chicks with less than 10 days of
body mass data throughout the whole growth period were removed from this
analysis. The plateau stage was identified from the segmented regression
analysis described above and was unique to each species and year where the
turning points for both sides of the plateau stage could be determined (i.e.,
Monteiro’s 2001, 2019 and 2020, and band-rumped 2018-2019). Two GLM
models were then used 1) to compare this body mass variance in later years
between species, and 2) to compare body mass variance between the early

and later periods for the Monteiro’s storm-petrel.
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3.2.3.2.3. Peak body mass
For chicks that later fledged, the peak body mass was extracted per individual
chick and averaged for each species, across each year of intensive study. A t-
test was used to compare the peak mass of the early and later years of the
Monteiro’s storm-petrel chicks that fledged.

3.2.3.3. Hatch date and fledging success

To test for a relationship between hatch date and fledging success, binomial
GAMs were analysed for each species, with chick fledged or died (dependent
variable) analysed in relation to hatch date (Julian day, smoothed with the

thin plate regression spline method; “tp”), and year (treated as a factor).

3.2.3.4. Chick age at death

To compare the age at which chicks died, chick age of death was compared
between years (treating year as a factor), using a GLM with a Gamma error
family and a log link function.

3.2.3.5. Associations between weather and storm-petrel breeding success

To assess possible causes of the observed changes in breeding success across
the 20-year study period, the associations between weather conditions (air
temperature, rainfall and wind speed), and breeding success, were examined
using GAMs (package “mgcv” v1.8-31; Wood 2003; Wood 2017). The data for
air temperature, rainfall and wind speed data were extracted for all breeding
season years between 2000 and 2020, inclusive (see Chapter 2; package
v3.1.5; Sparks et al. 2017). The likelihood of breeding success (identified from
the raw data — see nest histories section above) was modelled for each species
individually, against the yearly averages which were extracted for each
weather variable individually (where year was a factor; see Chapter 2). All
two-way interactions of these three weather variables were included
(Temperature x Wind, Temperature x Rainfall, Wind x Rainfall), using the beta
error family and logit link function (selected on the basis of AIC), and
weighted by the sample size (number of eggs laid, based on one egg per nest
where possible multiple eggs were recorded) for each year.

3.2.3.6. Causes of egg and chick losses
To assess changes in the causes of egg and chick losses during the intensely

studied years, chi-squared tests were conducted individually per species and
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per stage of breeding (egg or chick stage). Initial analysis included a
comparison of the broad causes of egg and chick losses across all years
individually. But in further analysis the years were pooled into “early” (2000-
2001) and “late” periods (2018-2020) and analysed 1) across broad categories
of causes of egg and chick loss (unknown, weather, other species,
unviable/remaining, humans) and 2) analysed across known other species

cause of egg/chick loss.

3.2.3.7. Future projection modeling

VORTEX 10.3.5.0 (Lacy 1993, 2000; Lacy and Pollak 2021) was used to assess
the population viability of both species of storm-petrel breeding on Ilhéu da
Praia. Individual models were run for each species and scenario separately.
From all of these models, the mean stochastic growth rate, probability of

extinction, and mean number of years until extinction, were extracted.

3.2.3.7.1. Baseline analyses
Table 3.1 details the baseline model parameters used, including the five
breeding success rates, three for past breeding success rates (2000 for
Monteiro’s and 2000-2001 and 2002-2003 for the band-rumped storm-petrel)
and two for present (2020 for Monteiro’s and 2019-2020 for the band-rumped
storm-petrel), which were run in separate models. The initial population size
used for this main analysis is a pessimistic (small) count of 200 breeding
adults for Monteiro’s storm-petrel and 400 breeding adults for band-rumped
storm-petrel, based on the previously estimated breeding adult population size
for Ilhéu da Praia (Monteiro et al. 1999).

3.2.3.7.2. Sensitivity analyses
Sensitivity analyses were conducted on several parameters where the true
values were unknown or uncertain, to evaluate the sensitivity of the
projections to the value of these specific parameters. Where needed,
alternatives to specific parameters are outlined in Table 3.2. Where other
parameters are not specified, the baseline parameters were used (already
detailed in Table 3.1).

To aid in assessing what level of change is needed in the breeding success
rate to maintain a stable population size, and avoid extinction, hypothetical
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future breeding success rates at 20%, 35% and 50% using the baseline initial

population sizes of 200 and 400 were modelled.

As the true population size for both species in the Azores is unknown, a range
of initial population sizes were extrapolated based on the IUCN Red List range
(BirdLife International 2018a,b), spanning one and half orders of magnitude
(100-1500 individuals). These would hypothetically encompass the whole
known Azores populations of both species (not just the populations on Ilhéu
da Praia). For these models, both past breeding success values (Monteiro’s
storm-petrel 2000 = 45.5% and band-rumped storm-petrel 2000-2001 =
54.1%) and currently observed values (Monteiro’s storm-petrel 2020 = 23.7%
and band-rumped storm-petrel 2019-2020 = 56.3%) were used to provide

comparisons with the baseline (Table 3.2).

Due to unpublished reports indicating that the life span and maximum age of
reproduction is higher than previously reported (BirdLife International
2018a,b), models were run using the most recent breeding success rates
(Monteiro’s storm-petrel 2020 = 23.7% and band-rumped storm-petrel 2019-
2020 = 56.3%) and baseline initial population estimates (Monteiro’s storm-
petrel = 200, band-rumped storm-petrel = 400) alongside the baseline life
span and maximum age of reproduction as 20 years, as well as increasing this

parameter value to 30 years (Table 3.2).

Based on new unpublished data that suggested age of first breeding may be
later than in the published literature, models were run using the most recent
breeding success rates (Monteiro’s storm-petrel 2020 = 23.7% and band-
rumped storm-petrel 2019-2020 = 56.3%) and baseline initial population
estimates (Monteiro’s storm-petrel = 200, band-rumped storm-petrel = 400),
alongside the baseline and unpublished data for age of first breeding (Table
3.2).
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Table 3.1. Parameters used in VORTEX 10.3.5.0 to produce baseline simulations for

the population of Monteiro’s storm-petrel (Hydrobates monteiroi) and band-rumped

storm-petrels (Hydrobates castro) on Ilhéu da Praia, Graciosa, Azores, Portugal. The
table lists parameters in order of data input in VORTEX v.10.3.5.0.

Parameter
Parameter name estimate Source

Baseline
Number of iterations | 1000 iterations Selected for this analysis
Number of years 100 years Selected based on both species’ generation
(time steps) (100 time steps) times (BirdLife International 2022b,c)
!Duratlon of each year 365 days Robert et al. (2015)
in days

N — Only 1 sex : :
Extinction definition remains Selected for this analysis
Number_ of 1 Selected as analysis was based on Ilhéu da Praia
populations
For Monteiro’s storm-petrel Andris et al. (2012);

Inbreeding Not selected (as As Monteiro’s have a smaller population than
depression no evidence) band-rumped storm-petrel, this is assumed to

be the same

EV (Environmental
Variation) correlation

Available setting in version 10.3.5.0 to account

between . 0.5 for some environmental variation

reproduction and

survival

Reproductive system Long-term Warham (1990); Bried et al. (2003); Robert et
monogamous al. (2015)

Age of first offspring
(reproduction) for
females

2 years (rounded)

Data rounded in model. Raw data:
2.3+0.7 years (n= 9); Bried and Bolton (2005)

Age of first offspring
(reproduction) for
males

2 years (rounded)

Data rounded in model. Raw data:
2.3+0.7years (n= 9); Bried and Bolton (2005)

Maximum age of

reproduction (same 20 years Estimated based on unpublished data
for both sexes)
Maximum lifespan 20 years Estimated based on unpublished data
Maximum number of .
broods per year 1 brood Warham (1990); Robert et al. (2015)
Maximum number of 1 individual Warham (1990); Robert et al. (2015)
progeny per brood
Robert et al. (2012) found no significant
Sex ratio at birth 50% males differences in adult survival between sexes for

Monteiro’s storm-petrel. Assumed the same for
band-rumped storm-petrel

Density dependent
reproduction

Not selected
(unknown)

Unknown

% adult females
breeding (SD)

83.5% (5%)

Robert et al. (2012). SD estimated.

Breeding success
rate (hatching and
fledging combined)

Monteiro’s storm-
petrel 2000:
45.5%
Monteiro’s storm-
petrel 2020 =
23.7%
Band-rumped
storm-petrel
2000-2001 =
54.1%
Band-rumped
storm-petrel
2002-2003 =
64.5%

This PhD’s results (Chapter 3; Figure 3.1)

NB band-rumped storm-petrel 2002-2003 data
included in the analysis to display the range of
known breeding success rates
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Band-rumped
storm-petrel
2019-2020 =
56.3%

Offspring distribution
per female per brood

Specify exact
distribution:
1 offspring =
100%

Warham (1990); Robert et al. (2015)

Mortality rates (ages
0-2+)

0-2 years = 50%
+£10 (therefore
29.3%, £ 3.2%
per year step)

2+ years
= 3% £0.015

Estimated about half the chicks would die before
reproduction, as seen in other procellariiformes
species (Croxall et al. 1990; Terauds et al.
2005). SD estimated.

Robert et al. (2012, 2015)

Number of type of
catastrophes

0 (none modelled)

Not modelled in this preliminary analysis

% adult male in
breeding pool (SD)

83.5% (5%)

Robert et al. (2012). SD estimated.

Initial population size

Monteiro’s: 200
individuals
Band-rumped:
400 individuals

Monteiro et al. (1999)

Note for these baseline simulations this is a very
conservative population size (based from Ilhéu
da Praia only) but see sensitivity analysis results
for broader sizes.

Population
distribution

Use stable age
distribution was
selected

Selected for this analysis

Carrying capacity (K)
(£SD in K due to EV)

500 individuals
+20

Selected for this analysis. SD estimated.

Note for these baseline simulations this is a very
conservative (small) population size (based from
IIhéu da Praia only) but see sensitivity analysis
results for broader sizes.

Future change in K?

0 (none modelled)

Not modelled in this analysis

Population
harvested?

0 (none modelled)

Not modelled in this analysis

Supplementation

0 (none modelled)

Not modelled in this analysis

Genetics

0 (none modelled)

Not modelled in this analysis
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Table 3.2. Sensitivity analysis parameters used in VORTEX 10.3.5.0, alongside other
parameters already detailed in Table 3.1, to produce sensitivity simulations for the
population of Monteiro’s storm-petrel (Hydrobates monteiroi) and band-rumped
storm-petrels (Hydrobates castro) on Ilhéu da Praia, Graciosa, Azores, Portugal. Table
laid out in order of data input in VORTEX v.10.3.5.0.

Parameter name

Parameter estimate
Baseline

Source

Age of first offspring for
females

Monteiro’s storm-petrel: 4 years
old

Band-rumped storm-petrel: 3
years old

Unpublished data (Pers.coms.
JB).

Data rounded in model. Raw
data:Monteiro’s storm-petrel:
4.3 £1.3. Band-rumped storm-
petrel: 3.3 £0.5

Age of first offspring for
males

Monteiro’s storm-petrel: 5 years
old

Band-rumped storm-petrel: 3
years old

Unpublished data (Pers.coms.
JB)

Data rounded in model. Raw
data:Monteiro’s storm-petrel:
5.1 £1.8. Band-rumped storm-
petrel: 3.3 £0.5

Maximum age of

Increased to take into account

reproduction (same for 30 years new. unpublished data
both sexes) , unp

. . Increased to take into account
Maximum lifespan 30 years

new, unpublished data

Initial population size
(number of individuals)

Monteiro’s storm-petrel:
100, 200, 1000, 1500
Band-rumped storm-petrel:
100, 400, 1000, 1500

Estimates selected for this
analysis extrapolated from
population counts from BirdLife
International (2018a,b)

Carrying capacity (K)

2000 individuals £20

Selected for this analysis to take
into account the larger initial
population sizes. SD estimated.
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3.3. Results

3.3.1. Nest histories

The breeding success of both species has significantly declined across the two
decades of the study period (Figure 3.1; Table 3.3). The rate of decline for the
Monteiro’s storm-petrel was significantly greater than for the band-rumped
storm-petrel (Table 3.3). The percentage decline per year ranged from 1.3 -
1.5% (raw and published data respectively) for the Monteiro’s storm-petrel,
and 0.2 - 0.3% per year for the band-rumped storm-petrel (raw and published

data respectively).
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Figure 3.1. Breeding success (chicks fledged/eggs laid) of Monteiro’s storm-petrel and band-rumped storm-petrel (from 2000 to 2020, and 2000-
2001 to 2019-2020, respectively). Colour intensity is proportional to sample size in each year, and the weighting of sample size for each year is
incorporated into this GLM analysis of breeding success. Monteiro’s storm-petrel (square red points), band-rumped storm-petrel (circular blue points)
A) 2000-2001 Monteiro’s and band-rumped storm-petrel data derived from published data, B) 2000-2001 Monteiro’s and band-rumped storm-petrel
data derived from raw data (as depicted in further figures). Grey vertical dashed lines denote which years for each species fall within the periods of
intensive study, and which are intervening years. These data are based on one egg per nest (ignores possible second or third eggs laid in the same
nest — seen in intervening years and Monteiro’s storm-petrel 2019 and 2020 breeding seasons and band-rumped storm-petrel 2019-2020 breeding
season).
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Table 3.3. GLM analysis of breeding success (chicks fledged/eggs laid) of Monteiro’s storm-petrel and band-rumped storm-petrel (from 2000 to 2020
and 2000-2001 to 2019-2020 respectively). The GLM assesses the breeding success as a proportion, compared to year, species and the interaction
between species and year, with the weighting of sample size. GLM family was binomial with cauchit link function. Results are presented for both the
published data set and the raw data set (as depicted in further figures).

Published data set Raw data set
Estimate | Std. z P Estimate | Std. z P
Error Error
Intercept 29.689 | 11.424 | 2.599 | 0.009 ** | 23.528 | 11.302 | 2.082 | 0.037 *
year -0.014 | 0.006 |- 0.011 * | -0.011 | 0.006 |- 0.043 *
2.544 2.027
Species Hydrobates monteiroi 80.892 | 15.386 | 5.258 | <0.001 |69.810 | 15.155 | 4.606 | <0.001
K Kk K Kk
Year:species Hydrobates monteiroi | -0.041 | 0.008 | - <0.001 |-0.035 |0.008 |- <0.001 **x*
5.322 | *** 4.673
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The average breeding success was lower for the Monteiro’s storm-petrel in the
four intensely studied years (40% success rate or below), compared to the
band-rumped storm-petrel, for which the average breeding success remained
stable (~ just below 60%; Table 3.4). The trend of an overall decline in
breeding success of the Monteiro’s storm-petrel was apparent when comparing
the years of intensive study (Figure 3.2, Table 3.4), although the decline was

not statistically significant across these specific years.

The components of breeding success (hatching success and fledging success)
showed differences between species and between the individual years of
intensive study. For both species, hatching success (Figure 3.2C&D) remained
fairly stable (above 50% success rate for the Monteiro’s storm-petrel eggs and
between 60% and 80% for band-rumped storm-petrel eggs), although the
Monteiro’s storm-petrel hatching success was more variable across the four
years. By contrast, fledging success was lower in 2020 for the Monteiro’s
storm-petrel compared to previous years (although not significantly) and
across all years was generally lower than in the band-rumped storm-petrel,
which had almost 100% fledging success (Figure 3.2E&F).
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Figure 3.2. Breeding productivity parameters £ SE in years of intensive study for:
overall breeding success rates of A) the Monteiro’s storm-petrel and B) the band-
rumped storm-petrel; hatching success (proportion of eggs that hatched) of C) the
Monteiro’s storm-petrel and D) the band-rumped storm-petrel; and the fledging
success (proportion of newly hatched chicks that subsequently fledged), of E) the
Monteiro’s storm-petrel and F) the band-rumped storm-petrel. Note that this data
analysis excludes chicks remaining at end of the fieldwork season.
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Table 3.4. GLMERSs to explain overall breeding success, hatching success and fledging success of the two storm-petrel species. Year was treated as a
fixed factor, and nest box ID as a random factor, with binomial error family and log link function.

Monteiro’s storm-petrel

Overall breeding success Hatching success Fledging success

Estimate | Std. Error | Z P Estimate | Std. Error | Z P Estimate | Std. Error | Z P
Intercept -0.417 0.819 -0.509 | 0.611 | 0.195 0.713 0.273 | 0.785 | 1.620 1.133 1.431 | 0.153
Year2001 -0.359 0.912 -0.394 | 0.694 | 0.783 0.833 0.940 | 0.347 | -0.490 1.275 -0.384 | 0.701
Year2019 -0.384 0.870 -0.441 | 0.659 | -0.004 0.767 -0.005 | 0.996 | -0.980 1.194 -0.821 | 0.412
Year2020 -1.111 0.894 -1.243 | 0.214 | 1.048 0.795 1.318 | 0.188 | -2.191 1.194 -1.835 | 0.067
Band-rumped storm-petrel

Overall breeding success Hatching success Fledging success

Estimate | Std. Error | Z P Estimate | Std. Error | Z P Estimate | Std. Error | Z P
Intercept 0.167 0.410 0.408 | 0.683 | 0.887 0.449 1.976 | 0.048 * | 1.872 0.760 2.464 | 0.014 *
Year2018-2019 | 0.141 0.465 0.304 | 0.761 | -0.012 0.508 -0.023 | 0.981 | -0.059 0.850 -0.070 | 0.944
Year2019-2020 | 0.109 0.456 0.240 | 0.811 | -0.281 0.495 -0.569 | 0.570 | 0.802 0.919 0.873 | 0.383
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Monteiro’s storm-petrel chick hatch dates were significantly earlier (by an
average of 10 days) in the later time period (2019-2020) compared to the
earlier period (2000-2001; Figure 3.3A; Table 3.5), whereas hatch dates have
remained similar for the band-rumped storm-petrel (Figure 3.3B; Table 3.5).
In contrast, the fledging dates have stayed similar between the two time
periods for the Monteiro’s storm-petrel chicks (Figure 3.3C; Table 3.5),
compared to the band-rumped storm-petrel chicks which have become
significantly earlier (by an average of 20 days, Figure 3.3D; Table 3.5).

Overall, the Monteiro’s storm-petrel has a shorter chick-rear period duration,
compared to the band-rumped storm-petrel (Figures 3.3E&F; Table 3.5). The
duration of the Monteiro’s storm-petrel chick-rear period has not changed
significantly between the two time periods, although it has tended to increase,
given that they are now hatching earlier but fledging around the same date
(Figure 3.3E; Table 3.5). This is in contrast to the band-rumped storm-petrel
chicks, which are still hatching at around the same date but fledging
significantly earlier (this is reflected in the chick-rear period duration graph
Figure 3.3F; Table 3.5).
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Figure 3.3. Timing of breeding season events for hatching dates (in Julian day) of the
A) Monteiro’s storm-petrel and B) the band-rumped storm-petrel; fledging dates (in
Julian day) of the C) Monteiro’s storm-petrel and D) the band-rumped storm-petrel;
and the duration of the chick-rear period (i.e. from hatching to fledging) for the E)
Monteiro’s storm-petrel and F) the band-rumped storm-petrel. NB for C and E there
are no data for the 2000 breeding season, due to fledging data not being recorded.
The sample size for each measure of breeding phenology depends on the data
available from across the whole breeding season in each year, e.g. E, 2001 chick-rear
period duration sample size is smaller than for the hatching dates as it does not take
into account later hatched chicks (range presented in A for 2001). Data plotted is a
model predicted fit £ model predicted SE values extracted from individual GLMMs for
each measure of breeding phenology.

41



Table 3.5. GLMERs to explain hatch date, fledge date and chick-rear period duration for each species, with two independent variables: year as a fixed
factor and nest ID as a random factor, with Gaussian family and log link function.

Monteiro’s storm-petrel

Hatching dates Fledging dates Chick-rear period duration
Estimate | Std. Z P Estimate | Std. Z P Estimate | Std. Z P
Error Error Error
Intercept 5.307 0.026 201.675 | <2001 | 5499 0.009 586.321 | 0;001 4.131 0.021 197.573 | 0.001
Year2001 -0.049 0.030 -1.606 0.108 N/A [NB no 2000 data used in these models]
Year2019 -0.089 0.029 -3.057 | 0.002 ** | 0.008 0.011 0.727 [0.467 0.028 0.025 1.129 ] 0.259
Year2020 -0.067 0.028 -2.381 |0.017* | 0.005 0.012 0.366 | 0.715 -0.004 | 0.029 -0.140 | 0.889
Band-rumped storm-petrel
Hatching dates Fledging dates Chick-rear period duration
Estimate | Std. Z P Estimate | Std. Z P Estimate | Std. Z P
Error Error Error
Intercept 5.802 0.015 392.045 | S2:.001 1 ¢ 035 0.010 578.854 | 0:001 4.380 0.027 163.179 | 0.001
;8?;2018' -0.006 | 0.016 -0.404 | 0.686 -0.063 | 0.012 -5.282 | £0.001 -0.135 | 0.029 4657 | £0.001
;8352019' -0.006 0.016 -0.355 | 0.723 -0.040 0.011 -3.481 | 20.001 -0.127 0.029 -4.437 | 20.001
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3.3.2. Chick growth curves

The overall growth curves of both species’ chicks were similar across all years,
exhibiting the three-part body mass trajectory typical of storm-petrels: (1) an
initial growth phase, (ii) a plateau phase and (iii) a period of body mass loss
prior to fledging (Figure 3.4 A&B; Table 3.6). The duration of the initial growth
phase was shorter for the Monteiro’s storm-petrel by 9 days, compared to the
band-rumped storm-petrel (Monteiro’s storm-petrel ~23 days, band-rumped
storm-petrel = 32 days; Figure 3.4 A&B). However, the plateau stage was
more similar in the two species; four days shorter for the Monteiro’s storm-
petrel (~ 25 days) compared to the band-rumped storm-petrel (21 days).
Consequently, the mass loss phase began about 5 days later, on average, in
the band-rumped storm-petrel (Figure 3.4 A&B).

Chick mass of both species varied between days during the plateau stage,
reflecting food deliveries by the parents, interspersed with periods of
starvation between feeds (Figure 3.4C). In the most recent time period (2018-
2020), band-rumped storm-petrels had a significantly higher variance around
the mean fitted GAM line during the plateau stage, compared to the Monteiro’s
storm-petrel (F = 7.955, d.f. = 1,71, P = 0.00621). For the Monteiro’s storm-
petrel, there was no significant difference in the body mass variance within the
plateau period between the early and pooled late years (F = 1.703, d.f. =
1,68, P = 0.196).

The peak mass of chicks that later fledged, was approximately 10g higher for
the band-rumped storm-petrel chicks compared to the Monteiro’ storm-petrel
chicks (average maximum peak +SE for Monteiro’s storm-petrel = 71.1g +
1.0g, band-rumped storm-petrel = 80.8g + 0.8g Figure 3.4A&B). When the
peak mass of Monteiro’s storm-petrel chicks was compared between the early
and late years, no significant difference was found (t = -0.9506, df = 24.792,
P = 0.351). However, early year chick peak mass (69.9g £2.0) was on
average 1.8g lower compared to late years (71.7g £1.0) (Figure 3.4A).

For chicks that died before fledging, the growth curves varied in shape and
duration (Figure 3.5A&B; Table 3.7), reflecting the diversity of causes and
timing of chick deaths, which occurred throughout each season (Figure
3.5A&B; Table 3.7). The losses occurred more widely throughout the
Monteiro’s storm-petrel breeding seasons, compared to the band-rumped

storm-petrel breeding seasons (Monteiro’s chicks were typically lost later in
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the season; Figure 3.5C&D; Table 3.8). Furthermore, the age at death of
chicks for both species varied considerably (2-61 days and 3-75 days for
Monteiro’s and band-rumped storm-petrels respectively), although the median
age of chick death was within the initial growth phase of the chicks for both
species (23 and 18 days for Monteiro’s and band-rumped respectively; there
was no significant difference between species in the age of chick death; F =
2.001, d.f. = 5,38, P = 0.101; Figure 3.5E; Table 3.9).
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Figure 3.4. Growth curves of all chicks (regardless of fate) for both species in both
periods of intensive study for A) the Monteiro’s storm-petrel (2000, blue; 2001, green;
2019, black; 2020, orange) and B) the later period of intensive study for the band-
rumped storm-petrel (2018-2019, black; 2019-2020, orange). Vertical lines show
predicted turning points averaged for each species, extracted from segmented
regression models of chick mass + confidence intervals, with chick age in days as the
independent variable. C) Variance in residual body mass during the plateau stage +
model SE, in years where sufficient data were available, for Monteiro's and band-
rumped storm-petrels (all chicks included regardless of final fate).
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Figure 3.5. Growth curves of chicks that later died for both species in both periods of
intense study for A) the Monteiro’s storm-petrel (2000, blue; 2001, green; 2019,
black; 2020, orange) and B) the later period of intense study for the band-rumped
storm-petrel (2018-2019, black; 2019-2020, orange). Seasonal variation in breeding
success of C) Monteiro’s and D) band-rumped storm-petrels [NB Julian day 1 = 1%t
January for that year, for band-rumped storm-petrels where they hatched in the
following year, 365 was added to the Julian hatch date]. E) Variation in chick age of
death for both species in all breeding seasons bar 2000-2001.
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Table 3.6. GAM model outputs for chick growth curves for all chicks regardless of fate,
for the Monteiro’s storm-petrel and the band-rumped storm-petrel chicks. Mass was
analysed in relation to chick age in days (smoothed by year), year as a factor, and the
two-way interaction between age and year, using the gamma error family and log link
function.

All chicks regardless of fate

Monteiro's storm-petrel

Parametric coefficients:

Estimate | SD error t P
(Intercept) 3.855 0.056 68.800 <0.001 **x*
factor(year)2001 -0.094 0.056 -1.700 0.095
factor(year)2019 0.003 0.056 0.100 0.958
factor(year)2020 -0.036 0.056 -0.600 0.527
Approximate significance of smooth terms

edf Ref.df F P
s(AgeDays2):

371 771 4.7 .001 ***
factor(year)2000 6.3 6 >04.700 | <0.00
s(AgeDays2):

.01 4 44.2 .001 ***
factor(year)2001 8.015 8.403 8 00 | <0.00
s(AgeDays2):

: .94 1763.7 .001 ***
factor(year)2019 8.636 8.949 63.700 | <0.00
s(AgeDays2):

.87 .992 1751.7 .001 ***
factor(year)2020 8.873 8.99 >1.700 | <0.00

Band-rumped storm-petrel

Parametric coefficients:

Estimate | SD error t P
(Intercept) 3.930 0.004 1053.300 | <0.001 **x
factor(year)2019-2020 | g.029 0.007 4.300 <0.001 **x*
Approximate significance of smooth terms

Edf Ref.df F P
s(AgeDays2): <0.001 ***
factor(year)2018-2019 | 8.520 8.895 1184.000
s(AgeDays2): <0.001 ***
factor(year)2019-2020 | 7.448 7.776 1577.000
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Table 3.7. GAM model outputs for chick growth curves for chicks that later died,
individually for the Monteiro’s storm-petrel and the band-rumped storm-petrel chicks.
Mass was analysed in relation to chick age in days (smoothed by year), year as a
factor, and the two-way interaction between age and year, using the gamma error

family and log link function.

Chicks that later died
Monteiro's storm-petrel
Parametric coefficients:

Estimate | SD error | t P
(Intercept) 4.224 0.093 45.609 | <0.001 ***
factor(year)2001 0.066 1.235 0.054 0.957
factor(year)2019 -0.608 0.093 -6.539 <0.001 ***
factor(year)2020 -0.608 0.093 -6.543 <0.001 **x*
Approximate significance of smooth terms

edf Ref.df F P
?é?tg;'();efrz))z:ooo 1.000 1.000 153.700 | <0.001 **x
?é?tg;'();efrz))z:oo . 6.738 6.943 240.500 | <0.001 ***
?é?tg;'();efrz))z:mg 8.139 8.763 514.300 | <0.001 **x
:a(?tgoerl(afefrz))z:ozo 7.592 8.357 727.900 | <0.001 ***
Band-rumped storm-petrel
Parametric coefficients:

Estimate | SD error | t P
(Intercept) 3.555 0.025 143.428 | <0.001 ***
factor(year)2001 -0.826 0.814 -1.0150 | 0.311
Approximate significance of smooth terms

edf Ref.df F P
s(AgeDays2):
factor(year)2018- <0.001 **x*
2019 6.103 7.239 45.960
s(AgeDays2):
factor(year)2019- <0.001 **x*
2020 3.600 3.976 30.300
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Table 3.8. GAM models to explain whether the chick fledged, in relation to hatch date
(smoothed with a thin-plate regression spline) and by year.

Monteiro's storm-petrel
Parametric coefficients:

Estimate | SD error V4 P
(Intercept) 2.608 1.973 1.322 | 0.186
year2001 -2.288 2.018 -1.134 | 0.257
year2019 -2.200 2.015 -1.092 | 0.275
year2020 -3.342 2.037 -1.641 | 0.101
Approximate significance of smooth terms:

edf Ref.df Chi.sq | P
s(Julian hatch day) 1.598 1.940 5.479 | 0.082
Band-rumped storm-petrel
Parametric coefficients:

Estimate | SD error V4 P
(Intercept) 1.121 1.109 1.010 |0.312
year2018-2019 0.451 1.211 0.373 | 0.709
year2019-2020 2.799 2.058 1.360 | 0.174
Approximate significance of smooth terms:

edf Ref.df Chi.sq | P
s(Julian hatch day) 2.508 2.833 3.813 | 0.212

Table 3.9. GLM parameter estimates for the age of chick death age (compared to the
reference year of 2000), for both species and across all years of intensive study where
data was available. The GLM reported here used the gamma error family and log link
function.

Coefficients:
Estimate SDerror |t P

(Intercept) 2.485 0.602 4.129 <0.001 **x*
factor(year)2001 0.683 0.673 1.015 0.317
factor(year)2018-2019 0.891 0.638 1.396 0.171
factor(year)2019 0.983 0.626 1.570 0.125
factor(year)2019-2020 -0.981 0.737 -1.331 0.191
factor(year)2020 0.505 0.619 | 0.815 |0.420
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3.3.3. Associations between weather variables and storm-petrel
breeding success

Changes in breeding success (Figure 3.1) can be viewed in comparison to the
trends in weather (Chapter 2, Figure 2.2). Across the 20-year period, air
temperature increased by ~ 0.5 °C, with average breeding season air
temperatures being ~ 2 °C higher in the Monteiro’s storm-petrel breeding
season compared to the band-rumped storm-petrel breeding season. Rainfall
decreased slightly across the 20-year period, with generally higher levels of
rainfall during the band-rumped storm-petrel breeding season. Wind speed
remained very similar across the 20-year period, with marginally higher wind
speeds during the band-rumped storm-petrel breeding season, and
particularly calm conditions during both species’ breeding seasons in 2000.
When interactions between weather variables and breeding success were
considered, all three of the weather variables were significantly associated
with breeding success, either directly, or in two-way interactions with either or
both of the other weather variables (Figure 3.6). Specifically for the Monteiro’s
storm-petrel, higher air temperatures were generally associated with lower
breeding success (Figure 3.6A), but not in particularly calm years, when
higher air temperatures were associated with higher breeding success (Figure
3.6C). Wind speed had a negative effect on breeding success, while rainfall
had a positive effect (Figure 3.6E). For the band-rumped storm-petrels there
were more pronounced interactions. Specifically, there was an overall positive
association between air temperature and breeding success, except in
particularly wet and windy years (Figure 3.6B and 3.6D). Similarly, high
rainfall was associated with lower breeding success in windy years, but with
higher breeding success in calm years (Figure 3.6F).
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Figure 3.6. Interactive effects of weather variables on the breeding success of both
species of storm-petrel breeding on Ilhéu da Praia, Azores, Portugal, combining overall
breeding success data from 2000-2020 inclusive, with extracted breeding season
weather data (air temperature °C, rainfall (mm s) and wind speed (m s1).
Associations between breeding success and average breeding season air temperatures
under average breeding season rainfall maximum and minimum (controlling for wind
speed) for A) Monteiro’s storm-petrel and B) band-rumped storm-petrel. Colour of
data points is proportional to rainfall. Association between breeding success and
average breeding season air temperatures under average breeding season wind speed
maximum and minimum (controlling for rainfall), for C) Monteiro’s storm-petrel and
D) band-rumped storm-petrel. Colour of data points is proportional to wind speed.
Association between breeding success and rainfall under average breeding season
wind speed maximum and minimum (controlling for air temperature) for E) Monteiro’s
storm-petrel and F) band-rumped storm-petrel. Colour of data points is proportional to
wind speed. Weather data was extracted at the local level (i.e. Lajes, Terceira Airport,
Terceira; 38°45'43.2"N, 27°05'27.6"W) for air temperature and rainfall and at the
regional level (i.e. all available Azores islands) for wind speed. NB: x-axes are the
same gradations of air temperature or rainfall but different range due to the seasonal
differences between the two storm-petrel species.
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3.3.4. Causes of egg and chick losses

The proportion of eggs that failed to hatch did not vary significantly across
individual years of the intensely studied years, or between the two decades,
for either species (Table 3.10, models 1&2). Likewise, the proportion of chicks
that failed to fledge was similar for the band-rumped storm-petrel across
individual years and between the two decades (Table 3.10, models 4&5).
However, for the comparison between individual years of chick loss in
Monteiro’s storm-petrel, there was significant variation between years in the
proportion of chicks that died; specifically, the proportion of chicks that died
was significantly higher in 2020 than in the other three years of intensive
study (Table 3.10, model 4).

The causes of egg loss have changed significantly across the two decades for
both species — more significantly for the Monteiro’s storm-petrel egg losses
compared with the band-rumped storm-petrel egg losses (Table 3.10, model
3; Figure 3.7A). For egg losses in both species and for the Monteiro’s storm-
petrel chick failures, the top two most prominent categories of failure in the
later decade were unknown causes of egg failure and other species (Figure
3.7A&B).

Further analysis assessing the specific causes of breeding failure due to other
species identified that for the Monteiro’s storm-petrel, the causes of egg and
chick loss by other species significantly changed between the two decades
(Table 3.10, model 7&8; Figure 3.8A&B). In addition, although not statistically
analysed (due to there not being any noted egg or chick losses due to other
species in the early years) the number of other species causing egg and chick
failures has increased for the band-rumped storm-petrel too. For the egg
losses in the most recent period, for both storm-petrel species, Madeiran wall
lizards (Podarcis dugesii) were the predominant cause of egg losses (indicated
by a round hole in the egg) with the addition of Barolo shearwater (indicated
as an egg clearly squashed or a Barolo shearwater found in the nest together
with a broken egg; Table 3.10, model 7; Figure 3.8B). For the chick losses in
the later period, for the Monteiro’s storm-petrel, the predominant causes of
chick loss were ants (where ants were found on the chicks, or eyes/feet clearly
eaten) and non-parent storm-petrels (i.e. storm-petrels other than the chick’s
own parents; found during night-time nest monitoring for other data
collection, or during the day, often with chick down on their bill). In contrast,

for the band-rumped storm-petrel there were only a small humber of known
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chick losses due to other species all in the later period, and these losses were
predominantly caused by yellow-legged gulls (Larus michahellis atlantis;
2018-2019; Figure 3.8B).

Table 3.10. Chi-squared results table for analysis of: 1&4) across all years, per species
and per egg/chick stage in relation to the overall success or failure of eggs hatching
and chicks fledging; 2&5) early (2000-2001) and late years (2018-2020) pooled per
species and per egg/chick stage in relation to the overall success or failure of eggs
hatching and chicks fledging; 3&6) early and late years pooled per species and per
egg/chick stage in relation to broad category of causes of egg/chick loss as (unknown,
weather, other species, unviable/remaining, humans); and 7&8) early and late years
pooled per species and per egg/chick stage in relation to known other species cause of
egg/chick loss.

Chi- df.| P Variables
squared
1) Eggs - failed vs. succeeded by year
Monteiro’s | 7.0611 3 0.0670 Per year, failed vs. succeeded
Band- | 2.193 2 0.334 Per year, failed vs. succeeded
rumped
2) Eggs - failed vs. succeeded by decade
Monteiro’s | 0.173 1 0.677 Per decade, failed vs. succeeded
Band- | 0.0976 1 0.755 Per decade, failed vs. succeeded
rumped

3) Eggs - broad categories of failure, by decade

Monteiro’s | 26.150 | 3 <0.001*** | Weather variable not encountered
and so removed for this analysis
(Analysis included: unknown
combined, other species, non-
viable, human)

Band- | 13.588 |3 0.004** Human variable not encountered
rumped and so removed for this analysis
(Analysis included: unknown
combined, weather, other
species, non-viable)

4) Chicks - failed vs. succeeded by year
Monteiro’s | 11.608 3 0.008** Per year, failed vs. succeeded

Band- | 1.691 2 0.429 Per year, failed vs. succeeded
rumped
5) Chicks - failed vs. succeeded by decade
Monteiro’s | 1.213 1 0.271 Per decade, failed vs. succeeded
Band- | 0.290 1 0.590 Per decade, failed vs. succeeded
rumped
6) Chicks - broad categories of failure, by decade
Monteiro’s | 10.275 4 0.036%* Starvation not encountered and

so removed for this analysis
(Analysis included: unknown,
weather, other species,
remaining, humans)

Band- | 6.082 4 0.193 Human not encountered and so
rumped removed for this analysis
(Analysis included: unknown,
weather, other species,
starvation, remaining)
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7) Eggs - other species causes of failure, by decade

Monteiro’s

21.000

2

<0.001**x*

Barolo shearwater and mixed
species not encountered and so
removed for this analysis
(Analysis included: non-parent
storm-petrels, lizards and ants)

Band-
rumped

NA

NA

NA

Non-parent storm-petrels and
ants not encountered and so
removed for this analysis:
(Analysis included: Barolo
shearwater, lizards and mixed
species)

*Unable to run as no eggs were
recorded as lost due to other
species in the early decade.

8) Chicks -

other spec

ies causes of failure, by decade

Monteiro’s

23.000

3

<0.001**x*

Gulls not encountered and so
removed for this analysis
(Analysis included: ectoparasites,
ants, non-parent storm-petrels,
mixed)

Band-
rumped

NA

NA

NA

Ectoparasites, ants and non-
parent storm petrels not
encountered and so removed for
this analysis (Analysis included:
gulls and mixed)

*Unable to run as no eggs were
recorded as lost due to other
species in the early decade*
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Figure 3.7. Broad categories of causes of A) eggs and B) chicks lost, measured as a
percentage of the total number of eggs laid or chicks hatched in each respective year
for both species of storm-petrel. NB unknown categories defined as: unknown = notes
did not specify the cause of loss, unknown (missing) = notes specified missing but not
the cause, unknown (dead) = notes specified chick was dead but not the cause.
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Figure 3.8. Egg and chick loss caused by other species. Proportional loss of A) eggs
and B) chicks was calculated relative to the total number of eggs laid or chicks
hatched in each respective year for both species of storm-petrel.

3.3.5. Future projections

Preliminary VORTEX population projection models were carried out for each
species, using the demographic parameters measured during (i) the early
period of intensive study (Monteiro’s = 2000, band-rumped = 2000-2001) and
(ii) the latter period (Monteiro’s = 2020, band-rumped = 2019-2020). Both
band-rumped storm-petrel population projections and the early period
Monteiro’s storm-petrel population projections suggest that they would
increase to carrying capacity. However, the later period Monteiro’s storm-
petrel population projections indicated a decline in population size over the
next 100 years, with predicted extinction from Ilhéu da Praia in 82 years
(Figure 3.9; Table 3.11).

Sensitivity analyses of these models examined whether these outcomes
depended on the specific values of the various demographic parameters
(Figure 3.10; Table 3.12). Hypothetical scenarios for breeding success rates,
identified that a decline to a breeding success of 20% for an initial population
of 200 individuals (as modelled for the baseline Monteiro’s storm-petrel
analysis) would lead to a projected species extinction on Ilhéu da Praia within
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69 years, whereas increasing the breeding success rate to 50% would
potentially lead to an increasing population on Ilhéu da Praia, reaching
carrying capacity. When the initial population size was 400 individuals (as
modelled for the baseline band-rumped storm-petrel analysis), a breeding
success of 20% would likely lead to species extinction on Ilhéu da Praia within
81 years, but an increase to 50% would potentially lead to an increasing
population on Ilhéu da Praia, reaching carrying capacity. For both initial
population sizes, with a 35% breeding success rate, a stable population trend
was reached (Figure 3.10A; Table 3.12).

For the Monteiro’s storm-petrel, increasing the carrying capacity did not
change the trend line for both the early period breeding success projections
(where the population was predicted to increase to reach carrying capacity)
and the latter period projections (where the population was predicted to
decrease to extinction; Figure 3.10B; Table 3.12). These can be compared
between Figure 3.9 (Monteiro’s storm-petrel 2020 line) and Figure 3.10B
(Monteiro’s storm-petrel 2020 with an initial population size of 200
individuals). Furthermore, for the latter period breeding success projections
for the Monteiro’s storm-petrel, the overall declining trend was the same,
although the time taken to reach extinction varied from 69.2 years (at 100
initial population size) to 98 years (at 1500 initial population size; Figures
3.10B; Table 3.12). This is in contrast to the band-rumped storm-petrel
predictions, where under each scenario the population was projected to
increase to reach carrying capacity (Figure 3.10C; Table 3.12), reflecting the

same trends as predicted by the baseline models (Figure 3.9).

When the maximum age of reproduction was increased to 30 years, this
slowed the declining trend for the Monteiro’s storm-petrel (not reaching
extinction within 100 years) and led to a stable population for the band-
rumped storm-petrel (Figures 3.10D; Table 3.12). Finally, despite differences
in the age of first breeding (as per unpublished data, JB) both species showed
similar trends (where the Monteiro’s storm-petrel declined and the band-
rumped storm-petrel increased to carrying capacity; Figures 3.10E; Table
3.12) and was very similar to the baseline results using parameter values from
published data (Figure 3.9).
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Figure 3.9. Baseline VORTEX model projections starting with initial population sizes of
200 (Monteiro’s storm-petrel, red) and 400 (band-rumped storm-petrel, blue).
Projections for both species are shown, based on past (2000/2000-2001) and
currently observed (2020/2019-2020) breeding success rates (defined as number of
chicks fledged divided by the number of eggs laid).
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Figure 3.10. Sensitivity analysis VORTEX projections of population change. A)
modelling hypothetical breeding success rates of 20% (dark red line), 35% (amber
line) and 50% (green line) for both species, using the baseline initial population sizes
of 200 (modelled for Monteiro’s storm-petrel) and 400 (modelled for band-rumped
storm-petrel). These projections are based on past (2000/2000-2001) and currently
observed (2020/2019-2020) breeding success rates to model the population change of
B) Monteiro’s storm-petrel, and a range of hypothetical initial population sizes (across
one and half orders of magnitude; 100-1500 individuals) and C) band-rumped storm-
petrel, based on a range of hypothetical initial population sizes (across one and half
orders of magnitude; 100-1500 individuals). Using the 2020 and 2019-2020 breeding
success rates to model population change of D) both species, based on life span and
breeding age being 20 or 30 years respectively, and D) both species, based on
published (2 years old) and updated but unpublished (3-5 years respectively) data on
age at first breeding.
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Table 3.11. Baseline VORTEX model predictions for the different overall breeding
success, specifying projected population growth rate, probability of extinction over
100 years and mean duration (in years) to extinction for each modelled scenario.

Mean
. Breeding Mean ) SD of Probability duration
Scenario . stochastic growth o (years) to
success % of Extinction .
growth rate rate extinction
+SE
Monteiro’s storm-
petrel 2000 45:5 0.030 0.023 <0.001 NA
Monteiro’s storm-
petrel 2020 23.7 -0.046 0.090 0.746 82.3+04
Band-rumped
storm-petrel 54.1 NA
2000-2001 0.049 0.023 <0.001
Band-rumped
storm-petrel 64.6 NA
2002-2003 0.070 0.025 <0.001
Band-rumped
storm-petrel 56.3 NA
2019-2020 0.054 0.024 <0.001
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Table 3.12. Sensitivity analysis results from VORTEX model predictions for hypothetical breeding successes, initial population sizes, maximum age of
breeding/lifespan and age of first breeding. Detailing the overall breeding success percentage used and respective results for: mean stochastic
growth rate and SD of growth rate, Probability of extinction over 100 years and mean duration (in years) to extinction for each modelled scenario.

Scenario cI?/geeding success gc(ca)iﬂastic fal?ceof growth E;(ill:;]acl:;:g:]y of (I;/I)Zatei]:cg(u);ation (years) to
growth rate
Sensitivity analysis for hypothetical breeding success
Population = 200 | 20% -0.060 0.096 0.974 69.0 £ 0.4
Population = 200 | 35% 0.001 0.029 <0.001 NA
Population = 200 | 50% 0.040 0.024 <0.001 NA
Population = 400 | 20% -0.058 0.089 0.893 80.9 £ 0.3
Population = 400 | 35% 0.003 0.022 <0.001 NA
Population = 400 | 50% 0.040 0.023 <0.001 NA
Sensitivity analysis for initial population
Monteiro’s storm-petrel 2000
Population = 200 (k=2000) | 45.5% 0.031 0.021 <0.001 NA
Population = 1000 (k=2000) | 45.5% 0.032 0.016 <0.001 NA
Monteiro’s storm-petrel 2020
Population = 100 (k=2000) | 23.7% -0.048 0.102 0.926 69.2 £ 0.5
Population = 200 (k=2000) | 23.7% -0.046 0.089 0.747 82.4+£0.4
Population = 1000 (k=2000) | 23.7% -0.038 0.041 0.010 98 £ 0.5
Population = 1500 (k=2000) | 23.7% -0.036 0.032 <0.001 NA
Band-rumped storm-petrel 2000-2001
Population = 400 (k=2000) | 54.1% 0.0514 0.0185 <0.001 NA
Population = 1000 (k=2000) | 54.1% 0.0516 0.0176 <0.001 NA
Band-rumped storm-petrel 2002-2003
Population = 400 (k=2000) ‘ 64.6% 0.073 0.020 <0.001 NA
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Population = 1000 (k=2000) ‘ 64.6% 0.073 0.019 <0.001 NA

Band-rumped storm-petrel 2019-2020

Population = 100 (k=2000) | 56.3% 0.055 0.024 <0.001 NA
Population = 400 (k=2000) | 56.3% 0.056 0.019 <0.001 NA
Population = 1000 (k=2000) | 56.3% 0.056 0.018 <0.001 NA
Population = 1500 (k=2000) | 56.3% 0.056 0.018 <0.001 NA
Sensitivity analysis for maximum breeding age/lifespan
Monteiro’s storm-petrel 2020. Age o
30 | 23:7% -0.008 0.031 <0.001 NA
Band-rumped storm-petrel 2019-
2020. | 56.3% NA
Age 30 0.067 0.023 <0.001
Sensitivity analysis for age at first breeding
Monteiro’s storm-petrel 2020 | 23.7% -0.055 0.096 0.957 73.8 £ 0.4
Band-rumped storm-petrel 2019- o
2020 | °6-3% 0.043 0.023 <0.001 NA
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3.4. Discussion
3.4.1. Nest histories

For both species there was a concerning decline in breeding success in the
artificial nestboxes over the last two decades. Whilst other studies show that
many seabird species undergo large annual variations in breeding success
(Chastel et al. 1993; Dunn et al. 2016), the trends in hatching, fledging and
overall breeding success seen in this study are of consistent declines over the
twenty-year period studied. These declines are especially concerning for the
Monteiro’s storm-petrel, as it is endemic to the Azores where it has only five
known breeding locations, each with only a small breeding population, of
which the largest known colony is on Ilhéu da Praia (Monteiro et al. 1999;
Bolton et al. 2008; BirdLife International 2018b).

For the two periods of intensive study, a breakdown of the components of
breeding success (namely hatching success and fledging success) identified
that hatching success did not change between the two periods of intensive
study for either species, indicating that hatching success is unlikely to have an
impact on the observed decline in overall breeding success. In addition, the
band-rumped storm-petrel chick fledging success remained fairly consistent
across the 20-year study period, whereas the fledging success rate
substantially declined for the Monteiro’s storm-petrel. This low fledging
success rate (compared to the hatching success rate) has been similarly found
among other seabird species (e.g. snow petrels, Pagodroma nivea - Chastel et
al. 1993; Tristan albatross, Diomedea dabbenena - Cuthbert et al.

2014; southern giant petrels, Macronectes giganteus - Dunn et al. 2016),
although this is in contrast to Bermudian white-tailed tropicbirds (Phaethon
lepturus catesbyi) breeding in artificial nests, where hatching success was low
but fledging success is higher (Mejias et al. 2017).

To investigate potential causes of this decline, further questions were
addressed regarding the hatching dates, fledging dates and chick-rear period,
and these identified some mechanistic changes of note. Specifically, across the
two decades, the Monteiro’s storm-petrel retained a fairly consistent chick-rear
period duration, in comparison to the band-rumped storm-petrel which has
reduced its chick-rear period duration. However, this is unlikely to be a
phenological shift in the timing of breeding, as the hatching dates were similar
across both periods of intensive study (Keogan et al. 2018). Nevertheless,
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across the 20-year period the chick-rear period duration remained longer for
the band-rumped storm-petrel compared to the Monteiro’s storm-petrel; a
difference typical of other sympatric hot and cool season storm-petrel
breeding colonies (e.g. Galapagos Islands - Harris 1969). The overall longer
breeding period indicates likely weather induced causes, e.g. a slower chick-
rear period duration, that are discussed later (Harris 1969; Boersma 1986;
Monteiro and Furness 1998). Comparing the hatching dates of the Monteiro’s
storm-petrel chicks in 2000 to other years suggests possible shifts to earlier
hatching dates in later years. However, this 2000 data was not included in the
analysis of fledging date and consequently the chick-rear period duration, and
so the suggestive hatching date phenological shift is more likely an artifact of
not knowing the fledging dates for the year 2000 chicks.

It appears, therefore, that phenological shifts are unlikely to be a contributing
cause of the declines in breeding success noted in this study. This is not
surprising, however, as Procellariiformes are not known to shift their breeding
phenology as they have a strong reliance on photoperiod as a cue (Keogan et
al. 2018). However, the other demographic changes noted could be influenced
by a variety of variables (see reviews: Croxall et al. 2012; Dias et al. 2019;
Rodriguez et al. 2019). In this study three variables, (i) chick quality, (ii)
weather effects and (iii) causes of egg and chick loss, are discussed in more
detail to determine if all or some could be contributing to the significant
decline in breeding success, and particularly in the fledging success decline for

the Monteiro’s storm-petrel chicks.

3.4.2. Chick growth rates

Changes in chick body mass over time provide a measure of chick quality
related to chick provisioning rates. Interestingly, chick growth rates seem to
have remained consistent across the early and later periods of intensive study
for the Monteiro’s storm-petrel, and the overall outline is very similar for both
species, except in one year (2001) where there was a marginally lower growth
rate for the Monteiro’s storm-petrel. This was a warmer and wetter year,
indicative of lower breeding success (Boersma et al. 1980; Bolton et al. 2004;
Ropert-Coudert et al. 2004; Kelsey et al. 2016; Fischer et al. 2018). This
similarity of growth rates of the two species is reflected in previous studies of
sympatric hot and cool season storm-petrel breeding systems (Galapagos
Islands - Harris 1969). The initial period of intensive study for the band-

rumped storm-petrel species was not included in this analysis due to missing
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hatching dates, and so possible decadal changes cannot be fully analysed.
However, the 2000-2001 chick-rearing period appeared to have been more
extended compared to those in the 2018-2019 and 2019-2020 breeding

seasons.

The overall three-part growth curve is typical of Procellariiformes (Figures
3.4A&B; e.g. Allan 1962; Harris 1969; Boersma et al. 1980). The comparison
between the two species is typical of cool versus hot season species, where
the cool season species (here the band-rumped storm-petrel) grew to a higher
mass, had a longer initial growth stage and overall longer chick-rear period
duration, compared to the hot season (here the Monteiro’s storm-petrel),
likely related to weather and oceanic conditions e.g. Harris (1969), who
comments that the slower growth rate in the winter species could be
attributed to depletion of food supplies as more individuals breed in the

winter.

For the chicks that later fledged, the growth curves followed a three-part
growth curve (e.g. Allan 1962; Harris 1969; Boersma et al. 1980). The overall
variance in mass during the plateau phase was smaller in the warmer
Monteiro’s storm-petrel breeding season, compared to the cooler band-
rumped storm-petrel season, indicating smaller but more frequent feeds in the
Monteiro’s storm-petrel, consistent with other studies of sympatric hot and

cool breeding season populations (Galdpagos Islands - Harris 1969).

For the chicks that died before fledging, the growth curves varied
substantially. There was a large variety of reasons for the chick deaths (see
other species causes of egg and chick loss section below), so it is hard to
distinguish anything consistent from these growth curves. However, band-
rumped storm-petrel chicks hatching at the very end of the season were more
likely to fail, whereas in the Monteiro’s storm-petrel breeding seasons this
failure started to occur in chicks hatching from mid-season onwards (Figure
3.5; typical of other hot breeding season storm-petrels; Harris, 1969). This
could partly be explained by chicks not attaining optimum peak weights before
the end of the season (Boersma et al. 1980). However, in this study system it
is more likely to be linked to the causes of losses due to other species for the
Monteiro’s storm-petrel (see below). Finally, although there was a large range
of ages of chick death for both species, these occurred typically more often in

64



the early stage of chick development, similar to chicks that died in other
studies (Boersma et al. 1980; Minguez and Oro 2003; Mejias et al. 2017).

The lack of change between the early and late periods of intensive study in
overall growth curves, and in variance in the plateau stages, implies that chick
provisioning rates and consequent chick growth rates are unlikely to be a
cause of the observed declines in overall breeding success for either species.
However, the differences between hot and cool season species are likely to be
related to weather (see discussions below; see also e.g. Harris 1969). In
addition, as already mentioned, the reasons for chick losses (especially in the
later years for the Monteiro’s storm-petrel chicks) are likely due to other
species (see discussions below).

3.4.3. Weather effects

Effects of weather during the respective breeding seasons were identified on
the overall breeding success of both species of storm-petrel over the twenty-
year study period. These effects on the overall breeding success appear to be
less severe for the Monteiro’s storm-petrel compared to the band-rumped
storm-petrel. For the summer-breeding Monteiro’s storm-petrel, higher air
temperatures and lower rainfall led to lower breeding success, while for the
winter-breeding band-rumped storm-petrel higher air temperatures and higher
rainfall led to lower breeding success. This is important because the climate
predictions for the Azores in the summer are predicted to decrease in rainfall
and increase in air temperature and in the winter, both rainfall and air
temperature are likely to increase (Santos et al. 2004; Jones and Phillips
2009; Calado et al. 2018), thus for both species the projected changes in

seasonal weather conditions are likely to further impair breeding success.

Higher winter air temperatures may aid the band-rumped storm-petrel chicks
in avoiding hypothermia and strategic “torpor” (Boersma 1986; Monteiro and
Furness 1998), but overall for both species, the chicks are more likely to
overheat (become hyperthermic) unless the artificial nests are well-ventilated
or insulated (as seen for other species artifical boxes: Kelsey et al. 2016;
Fischer et al. 2018). For the Monteiro’s storm-petrel, the combined effect of
higher ambient air temperatures and low rainfall possibly exacerbates the high
air temperature issue as there would be fewer cooler wet days (Kelsey et al.
2016; Fischer et al. 2018). Higher winter rainfall could also possibly increase

flooding risk to nests and consequently chick survival, as seen previously in
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this study system (Bolton et al. 2004), and in other species (Boersma et al.
1980).

The Azores climate change projections (Santos et al. 2004; Jones and Phillips
2009; Calado et al. 2018) do not mention wind as a factor, but the present
study indicates that low windspeeds seem to have positive impacts on
breeding success when paired with higher air temperatures and higher rainfall.
However, higher windspeeds have negative impacts on breeding success. This
is likely to reflect the foraging ability of adults at sea, where the higher the
windspeed, the more vulnerable they are to being storm-driven (Teixeira
1987; Bolton 2021). However, Bolton (1995) found that the food delivery to
the chick by European storm-petrels (Hydrobates pelagicus) was not

influenced by wind speed.

Finally, an increase in occurrence of extreme events (e.g. winter storms;
Santos et al. 2004; Jones and Phillips 2009; Calado et al. 2018) could also
influence the breeding success of the storm-petrels (Sydeman et al. 2012;
Dias et al. 2019; Orgeret et al. 2022). Extreme events could impact both
species at sea (as mentioned above), but also at the nest due to increased
erosion of natural nesting habitat, or negatively impact the external structure
of the artificial nest boxes, alongside other causes already mentioned (Kelsey
et al. 2016; Fischer et al. 2018).

For the present study, the impact of sea surface temperature was not
assessed due to its strong positive correlation with air temperature.
Nevertheless, previous studies have shown the importance of sea surface
temperature as a proxy for breeding success and food availability (Slater and
Byrd 2009; Robert et al. 2012). In the present study, however, chick
provisioning does not appear to influence the declines in overall breeding
success. Nevertheless, sea surface temperature would still be a useful
additional variable to analyse in future studies, alongside the other variables
already analysed in this study (namely air temperature, rainfall and wind

speed).

It is important to note that the possible climate impacts identified here are
tentative results due to the relatively low number of years for which data are
available. Nevertheless, given the size and direction of the apparent weather

impacts, the continued collection of breeding success data and ongoing
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analysis of the extended datasets will clearly be important for informing

conservation actions for both species of storm-petrel in the Azores.

3.4.4. Causes of egg and chick losses

The number of eggs that did not hatch was similar across both species and
across years, and is typical of previous storm-petrel studies (16-30% failed =
Boersma et al. (1980), 40% failed = Harris (1969) 17-62% failed = Chastel et
al. (1993)), although this is higher than the average egg failure rate for birds
generally (Koenig 1982; Savage et al. 2021). However, the causes of egg loss
changed across the study period, with substantially more being lost due to
other species in the later years compared to the earlier years. Likewise, for
the chicks that did not fledge, the average failure rate is similar to previous
species (Harris 1969; Boersma et al. 1980; Chastel et al. 1993), except for
the Monteiro’s storm-petrels in later years (especially in 2020, which had a
much higher failure rate compared to early years). Interestingly, the
proportion of band-rumped storm-petrel chicks that did not fledge has not
changed markedly. Alongside this, as with egg loss, the causes of both
species’ chick losses have changed, with substantially more being lost to other
species compared to earlier years. Previous studies of other storm-petrel
species and populations identified a range of causes of egg and chick loss,
including weather (e.g. snow melt for the fork-tailed storm-petrel,

Hydrobates furcatus, Boersma et al. 1980), egg abandonment, starvation, and
other species (Harris 1969; Chastel et al. 1993).

3.4.4.1. Loss of eggs

When the other species category is looked at in more detail, the majority of
Monteiro’s storm-petrel egg losses in the later seasons were attributed to
Madeiran wall lizards, while for the band-rumped storm-petrel it was a mix of
Madeiran wall lizards and Barolo shearwaters. The ejection or damage of
storm-petrel eggs by Barolo shearwaters is typical of such inter-species
interactions in other systems (Harris 1969; Boersma et al. 1980). However,
the increase over the study period in losses of eggs to Madeiran wall lizards is
interesting. Lizards or skinks in other systems are either seen as opportunistic
scavengers on abandoned eggs and dead chicks (Madeiros 2005; Turner et al.
2021), or they de-predate eggs but at a low level unlikely to be the major
cause of population regulation (Walls 1978; Markwell 1998; Carey 2010;
Corkery et al. 2014,2015). Therefore, further work is needed to assess the
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impacts of Madeiran wall lizards on Ilhéu da Praia, but so far the increase in
edgg losses identified due to the lizards in the later period is of concern (Matias
et al. 2009; Bried and Neves 2015; Neves et al. 2017). There is little
information available on the population change of this species over the last 20
years (or before). They were known to be present in the Azores from the
1900s (Malkmus 1995; CABI Data Mining 2011; Seebens et al. 2017).
However, on Ilhéu da Praia, from the nest check data in 2000-2002 there are
only occasional notes of lizards in the nests. However, a more recent paper
indicates that their presence has been increasingly noticed from 2010 onwards
(Neves et al. 2017). This is exemplified in the increased numbers of lizards
noted in nests in the later period of intensive study (HFRH pers. obs.). In its
native islands (Madeira) these lizards are found across all habitats, although
favouring places to sun themselves - which includes rocks and trees (Malkmus
1995; Brehm et al. 2001). Over the last 20 years on Ilhéu da Praia the habitat
has shifted from overgrazed and eroded soil to a variety of native and non-
native shrubs and grasses (Bried et al. 2009; Long et al. 2021). Although, the
causes of this lizards population boom are unknown, it is possible that the
substantial change in vegetation cover over the study period has provided
increased opportunities for the lizard to thrive, and this could mean there are
now more individuals taking opportunistic meals from the available eggs, as is
seen in other systems (Walls 1978; Markwell 1998; Carey 2010; Corkery et al.
2014,2015). Artificial nest boxes potentially provide extra habitat for the
lizards, and they could be using these as shelter from extreme air
temperatures, as with the Tuatara (Sphenodon punctatus) in New Zealand
(Markwell 1998; Corkery et al. 2014; Fischer et al. 2019), though as lizards
were also present in some of the natural nests monitored, the nest boxes are
not necessarily excessively contributing to contact between lizards and
breeding storm-petrels.

On Ilhéu da Praia, Barolo shearwaters have been increasingly using the storm-
petrel artificial nests, especially where the entrance tunnel is no longer
attached or eroded and so the nest entrance is large enough for them to enter
(HFRH pers. obs.). However, the original design of the nests on Ilhéu da Praia
included a tunnel (Bolton et al. 2004). Some degradation of the nestboxes has
occurred over the last 20 years due to weather impacts (Santos et al. 2004;
Jones and Phillips 2009; Calado et al. 2018) and so during both winter
seasons in 2018-2019 and 2019-2020 fieldwork, some nests were refurbished
and in 2019-2020, new entrance tubes fitted (HFRH pers. obs.). Barolo
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shearwaters have been recorded as breeding in the Azores since the 1950s
(Monteiro et al. 1996a; Monteiro et al. 1999) and have a decreasing
population trend (BirdLife International 2018c) and so despite their apparent
impacts on breeding storm-petrels a balance will be needed in order to best

manage and conserve this species alongside the two storm-petrel species.

3.4.4.2. Loss of chicks

For the Monteiro’s storm-petrel chicks, ants and non-parent storm-petrels
were the predominant cause of chick loss, and for the band-rumped storm-
petrel chicks it was mainly gulls. All three taxa have previously been observed
to be causes of chick loss in other systems (ants - Plentovich et al. 2009;
DeFisher and Bonter 2013; Flores et al. 2017; Mejias et al. 2017; Halpin et al.
2021; non-parent storm-petrels - Allan 1962; Harris 1969; and gulls - Sanz-
Aguilar et al. 2009).

Previous research on ants in other seabird systems identified mixed impacts of
ants on chick survival (Plentovich et al. 2009; DeFisher and Bonter 2013;
Flores et al. 2017; Mejias et al. 2017; Halpin et al. 2021). In some cases,
even within the same system, chicks of one species were killed and chicks of
another were not (Plentovich et al. 2009; Halpin et al. 2021). As with the
Madeiran wall lizard, there are few previous data on ant abundance on Ilhéu
da Praia (but see Neves et al. [in prep].). However, there are various possible
contributing factors to the apparent impacts of ants in the present study. 1)
Although ants are typically opportunistic foragers (Hélldobler and Wilson
1990), one of the ants found, the thief ant Solenopsis sp. is part of the fire ant
family, and the specific genus is also known as the “thief ant” because they
are known to pilfer food or broods from other ant nests - this could potentially
be extended to detritovorous or even carnivorous behaviours towards other
species, possibly including storm-petrel chicks (Wetterer et al. 2004; Pacheco
and Mackay 2013). 2) Habitat change - the other two ant species found on
the islet (Monomorium carbonarium and Lasius grandis) are found across all
habitats. By contrast, Solenopsis sp. are typically found in disturbed soils so
the change in habitat on Ilhéu da Praia (Bried et al. 2009; Long et al. 2021),
could have provided extended habitat for this species to thrive (Wetterer et al.
2004; Pacheco and Mackay 2013; Seifert 2020). 3) Ants may use the artificial
nest boxes due to their internal microclimate and the heat given off from the

storm-petrel nests (Maziarz et al. 2020). Alternatively, the ants could be
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scavenging nest parasites as seen in songbird nests (Maziarz et al. 2020) and
other nest box users (Salido et al. 2021) or, as in other bird species, there
could be a mutual beneficial interaction involving “anting” behaviour, where
birds purposefully allow ants onto their feathers to aid in removing
ectoparasites (Clayton and Vernon 1993). 4) Ants are known to increase the
amount of protein in their diet as spring/summer progresses (Hoélldobler and
Wilson 1990), and storm-petrel chicks represent a potential source of such
protein.

The decrease in Monteiro’s storm-petrel breeding success later in the season
appears, at least in part, to be influenced by interference from returning
winter-breeding band-rumped storm-petrels. Furthermore, the overlap of the
end of the Monteiro’s breeding season and the beginning of the band-rumped
storm-petrel breeding season seems to have become more prevalent in later
years (Figure 3.3). Although the successful sharing of nests of hot and cool
season species has previously been recorded on Ilhéu da Praia (Bolton et al.
2008), negative interactions have been detailed in other sympatric hot and
cool season storm-petrel colonies where some chicks were described as
“mohawks”, with little head plumage left or even with head scars and often
had damp heads, all caused by pecking from adults of the other species (Allan
1962; Harris 1969). In the present study system, not all nhon-parent storm-
petrels physically attacked the Monteiro’s chick (pers. obs. from camera
footage; see Chapter 5). However, nest monitoring provided evidence of some

chick heads and/or eyes being pecked, as described by Allan (1962).

The causes of this overlap between the breeding seasons of the two species
are uncertain. Whilst in some seabirds a shift in the start of the breeding
season has been seen, it is not common in Procellariiformes (Keogan et al.
2018). This is exemplified in the present study for the band-rumped storm-
petrels which had similar hatch dates between the two periods of intensive
study. Across the last 20 years of data collection band-rumped storm-petrels
have been found in the nest boxes during the day from late July/early August
onwards (unpublished data). It is possible that this overlap is inadvertent, due
to the asynchronous nature of the breeding timings of the two species
(Warham 1990). An additional possibility is that competition for nests has
increased - possibly due to an increased number of breeders, with overlap in
preferences for the same nest and/or more nest boxes needing refurbishing
(Ramos et al. 1997; Bolton et al. 2004).
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Although fewer chicks were lost in the band-rumped storm-petrel breeding
season, the few that were lost were predominately taken by gulls. Reinstating
entrance tunnels and entrance coverings would help to reduce the accessibility
for larger seabirds including yellow-legged gulls and Cory’s shearwaters (Sanz-
Aguilar et al. 2009; Libois et al. 2012).

3.4.5. Future projections

The population viability models based on the current breeding success for both
species of storm-petrel in this study produced concerning results in terms of
the speed of projected extinctions on Ilhéu da Praia (and hypothetically across
the Azores) for the Monteiro’s storm-petrel being within 82 years under
current breeding success rates. This is in contrast to projections using the
early period breeding success rates for the Monteiro’s storm-petrel and both
periods for the band-rumped storm-petrel, where the populations were

projected to increase to carrying capacity.

Following the approach of Whelan et al. (2018), the additional projection
models run (with breeding success of 20%, 35% and 50%) suggested that a
35% breeding success could be needed for both species to retain a long-term
stable population, and an increase to 50% breeding success could be needed
for both species to reach carrying capacity, on Ilhéu da Praia. These rates are
within the scope of breeding success seen in other seabird species (Simons
1981; Chastel et al. 1993), and have previously been recorded for the Azores
species (see 2000/2000-2001 rates). For the Monteiro’s storm-petrel to reach
a 35% or 50% breeding success, the breeding success would need to increase
by an additional ~ 11% (for a stable population size) or ~ 26% (for an
increasing population size) per season (based on the 2020, 23.7% breeding
success). This could be achieved by reducing the number of eggs and chicks
lost due to other species. For eggs, this would equate to a ~ 15% increase in
breeding success and for chicks this would equate to a ~ 16% increase.
Combined, these are greater than both the required increases suggested
above (~ 11% or ~ 26%), and would equate to increasing the number of birds
successfully fledging by ~ 7-16 individuals per breeding season. Although the
band-rumped storm-petrel population trend is already projected to be
increasing regardless of egg and/or chick specific losses, their breeding
success could be increased further by reducing egg and chick losses (currently
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due to other species). These results, and possible conservation interventions,

are further discussed in the General Discussion.

As identified in the sensitivity analysis conducted on various parameters, the
pessimistic (small) initial population estimates used in the main analysis (of
200 individuals for Monteiro’s storm-petrel and 400 for band-rumped storm-
petrel) produced similar results to the other models run with varied initial
population sizes, showing that the conservative estimates are a robust
estimate for these preliminary models, given the current uncertainties
surrounding the true population size of both species. There was also little
difference in the projections when the age of first breeding was increased.
However, from these additional analyses, I suggest that research into the
current total population size of both species in the Azores and their maximum
age of reproduction will be imperative for furthering the conservation of both
species, but especially the Monteiro’s storm-petrel, and to aid in potential
reassessment of the Monteiro’s storm-petrel IUCN classification status (IUCN
2012; BirdLife International 2018a,b). Data compiled from this study, and the
results of suggested further research, could be further modelled using VORTEX
or alternative systems. For example, the populations could alternatively be
modelled using STELLA (Costanza and Voinov 2001) or by updating the
parameters for the Seabird mPVA database for both species
(nhydra.shinyapps.io/mPVA1/; Ruiz et al. 2021), or as an integrated
population model implemented through Bayesian statistics (e.g. Oppel et al.
2022).
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3.4.5. Conclusion

Here, I have shown that there is a concerning decline in breeding success in
the two sibling-species of storm-petrels breeding in the Azores, across the 20-
year study period. This decline is especially marked for the Monteiro’s storm-
petrel and is primarily due to an increase in chick mortality. Of the possible
factors discussed, there appears to be little change in the growth rate or
variance in mass of the Monteiro’s storm-petrel between the earlier and later
years. This implies that changes in chick provisioning rates are unlikely to be a
cause of the overall decline in breeding success. However, the fledging success
of the Monteiro’s storm-petrel chicks across the two periods of intensive study
showed stronger declines in survival in the latter part of the breeding seasons
compared to the band-rumped storm-petrel. Weather appears to have some
impact on the overall breeding success (although care in interpretations is
needed given the limited number of years with sufficient data available for
analysis). The broader conclusions that can be made from the analysis of
weather effects are that with the projected trends of warmer and drier
summers, and warmer and wetter winters, the breeding success of both
species is likely to continue to decline. These weather impacts will therefore
need to be taken into account when considering future conservation action.
Finally, the numbers of eggs lost for both species, and the numbers of chicks
lost for the Monteiro’s storm-petrel, that were caused by other species
increased substantially in the later years of the study. When looked at in more
detail the Madeiran wall lizards and Barolo shearwaters cause egg losses, and
ants, non-parent storm-petrels and gulls cause chick losses. These combined
causes of breeding success decline produce concerning population trend
projections in the form of declines based on current breeding success rates for
the Monteiro’s storm-petrel.

The coming data chapters will detail the use of novel technology to aid in
describing in-nest and at-sea behaviours to help broaden the understanding of
this potentially bleak outlook, especially for the Monteiro’s storm-petrel, and
aid in identifying conservation actions.
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Chapter 4.

Raspberry Pi Nest Cameras: An Affordable Tool for
Remote Behavioural and Conservation Monitoring of
Bird Nests

This chapter has already been published under the same name in Ecology and

Evolution.

Photographs: top left (Jodie Henderson and Hannah Hereward setting up Raspberry Pi
based cameras; Ben Porter), top right (bespoke nest camera deployed on artificial
nest; Hannah Hereward), bottom left (blooper still from camera deployments; Hannah
Hereward), bottom right (a video still of an adult and chick in the nest; Hannah
Hereward)
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Summary

Bespoke Raspberry Pi cameras are increasingly popular research tools in the
fields of behavioural ecology and conservation, due to their comparative
flexibility in programmable settings, ability to be paired with other sensors,

and because they are typically cheaper than commercially built models.

Here we describe a bespoke Raspberry Pi-based, portable, weather-resistant
camera, paired with a Passive Infrared (PIR) sensor, to create a movement-
triggered camera capable of recording videos over a 24-hour period. We
describe an example deployment involving “retro-fitting” these cameras into
artificial nest-boxes on Praia Islet, Azores Archipelago, Portugal, to monitor
the behaviours and interspecific interactions of two sympatric species of
breeding storm-petrel (Monteiro’s storm-petrel Hydrobates monteiroi and
Madeiran storm-petrel Hydrobates castro) during their chick-rearing periods.
We provide suggestions for initial video analysis of diel behavioural patterns
(analysing one 30s video per hour, spaced one hour apart, termed “hourly
analysis”) when faced with overwhelming numbers of videos/images from

frequently-triggered motion-detection cameras.

Of the 138 deployments, 91% of Monteiro’s and 76% of Madeiran storm-petrel
deployments were considered usable. The bespoke cameras proved to be
easily transportable and reasonably weatherproof, and we make further

suggestions to mitigate some weather-related technical failures.

The camera-build methods and scripts detailed here could be easily applied to
many different species that also utilise cavities, burrows and artificial nests,
and can potentially be adapted for other wildlife monitoring situations. Hourly
analysis across 24-hour periods can provide novel insights into species-specific

diel behaviours and interspecies interactions.
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4.1. Introduction

The use of photography and video systems to remotely monitor wildlife has
become increasingly popular (see reviews: Cutler and Swann, 1999; Swann et
al. 2004; Trolliet et al. 2014; Edney and Wood, 2020; Hereward et al, [in
prep. to resubmit] see Appendix 2). This is because remote-monitoring
cameras can greatly reduce the time and effort required to collect
observational field data and are typically less invasive than direct observation
by researchers in the field (Cutler and Swann 1999; Trolliet et al. 2014).
However, designing, implementing, and maintaining camera systems can
require technical expertise, the presence of the camera can potentially affect
an animal’s behaviour, and the type of data collected can be limited (Cutler
and Swann 1999; Reif and Tornberg 2006; Trolliet et al. 2014; Caravaggi et
al. 2020). Nevertheless, infrared-sensitive, movement-triggered video
cameras now enable greater flexibility than earlier designs in remote
surveillance of wildlife (Scheibe et al. 2008), and video monitoring has been
increasingly used to aid population monitoring and to examine behavioural and

ecological interactions (Meek et al. 2014; Trolliet et al. 2014).

There are a wide range of camera systems available (see reviews: Cutler and
Swann, 1999; Swann et al. 2004; Trolliet et al. 2014; Edney and Wood, 2020;
Hereward et al, [in prep. to resubmit] see Appendix 2), but these can be split
broadly into (i) commercially (vendor) built systems (e.g. Meek and Pittet,
2014; Trolliet et al. 2014) or (ii) bespoke (user-built) microcomputer systems
(Greenville and Emery 2016; Johnston and Cox 2017; Allan et al. 2018).

Commercially built systems are typically easier to use, with little setup time or
knowledge of the system required (Cox et al. 2012; Meek and Pittet, 2012;
Hereward et al. [in prep. to resubmit] see Appendix 2). However, their
deployment settings are typically less flexible, specifically in the length of time
cameras can be left during deployments due to limited battery life and
image/footage storage capabilities, and due to the limited programable
settings available (Reif & Tornberg, 2006; Cox et al. 2012; Prinz et al. 2016).
By contrast, simple programmable computers, or circuit boards, such as
Raspberry Pi (www.raspberrypi.org) or Arduino (www.arduino.cc), have been
increasingly used by researchers (Hereward et al. [in prep. to resubmit] see
Appendix 2). These technologies have allowed greater scope for development
of purpose-built cameras and for addressing specific research questions
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(Greenville and Emery 2016; Johnston and Cox 2017; Allan et al. 2018; Jolles
2021). The increasing popularity of these bespoke units is not only driven by
their comparative flexibility in programable settings, but also by the reduced
costs and by the cameras being combined with other sensors; for example,
temperature loggers (McBride & Courter, 2019). Do-it-yourself, self-assembly
cameras can be produced more cheaply than commercially available models;
for example, Cox et al. (2012) calculated that their bespoke system (“System
One”) cost ~33% less than a comparable pre-built unit. However, it is
important to note that these bespoke cameras require additional expertise and
time to design, set-up and trouble shoot (Cox et al. 2012; Hereward et al. [in

prep. resubmit]).

Raspberry Pi has been used as the foundation to develop bespoke units to
study a variety of taxa (see recent reviews: Jolles, 2021; Hereward et al. [in
prep. to resubmit] see Appendix 2), including: video monitoring of free living
fish (Mouy et al. 2020); laboratory studies of fish behaviours (Jolles et al,
2018); in-situ lemming (Lemmus spp. and Dicrostonyx spp.) subnival
behaviours (Kalhor et al. 2019); behaviour, surface body temperature and
respiration rate of hibernating meadow jumping mice (Zapus hudsonius)
(Kallmyer et al. 2019); behaviours of captive song birds (Alarcon-Nieto et al.
2018); behaviours of birds at baited traps (Nazir et al. 2017a); behavioural
dynamics and inter-individual / inter-specific interactions at bird feeders
(McBride and Courter 2019; Youngblood 2020) and breeding behaviours of
cavity nesting birds (Prinz et al. 2016).

Some of these papers specifically describe the building methods of the camera
setup, where the costs ranged from ~$85 USD (Youngblood 2020) to ~1000€
(Zarybnicka et al. 2016). A range of different power sources was used; (i)
Mains power or large batteries (60Ah 12 V battery), occasionally attached to
solar panels, providing power lasting 6.5-7 days (Prinz et al. 2016; Zarybnicka
et al. 2016; Nazir et al. 2017a). Or (ii) Smaller powerpacks of 10,000-
20,000mAh often attached to solar panels lasting four to seven days (McBride
and Courter 2019; Youngblood 2020). Or (iii) D-cell batteries in series,
creating 70,000mAh, which lasted at least 14 days (Mouy et al. 2020). For
storing the recorded image/video files, various designs coded the Raspberry Pi
to upload the files from the SD card to “the cloud”, thus avoiding the need to
remove the SD card periodically and reducing the likelihood of the SD card

becoming full (Prinz et al. 2016; Zarybnicka et al. 2016; Alarcén-Nieto et al.
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2018; McBride & Courter, 2019; Youngblood, 2020). However, Mouy et al.
(2020) were not able to connect their system to a network during deployment,
and so found that their SD card capacity (200GB) became the limiting factor
for storage over the 8-14 days that their devices were deployed, recording a
maximum of 212 hours. During trials, Mouy et al. (2020) found that using USB
storage rather than SD storage used more energy, therefore reducing battery
life. Furthermore, they also found USB storage was less reliable, due to having
a more fragile connection e.g. vibrations from the boat disrupting the
connection prior to deployment (Mouy et al. 2020). Nevertheless, by
comparison, Kallmyer et al. (2019) successfully used a 32GB USB for data
storage. Regarding cameras, only Youngblood (2020) did not use a camera,
but instead paired passive integrated transponders on the birds, with a radio-
frequency identification reader at the feeders. The rest of these studies used a
variety of different camera types including Pi NoIR (Prinz et al. 2016; Nazir et
al. 2017a; Kallmyer et al. 2019) or Raspberry Pi camera module v2 (Alarcén-
Nieto et al. 2018; Mouy et al. 2020), often combined with some form of
passive infra-red (PIR) detection system (Prinz et al. 2016; Zarybnicka et al.
2016; Nazir et al. 2017a), or using changes in pixel intensity to indicate
movement (Prinz et al. 2016).

There are a few published papers that detail the build of cameras to monitor
cavity nesting species, using Raspberry Pi (Prinz et al. 2016; Kalhor et al.
2019; Kallmyer et al. 2019) or using a Linux FTP server control board
(Zarybnicka et al. 2016), including specifically for birds (Prinz et al. 2016;
Zarybnicka et al. 2016). All of these are designed so that the camera(s) (and
additional modules) are embedded within -and become a part of- the nest box
design. This is useful because the same nest box can be monitored over a long
period. However, this is also restrictive in cases where the focal animals do
not end up using the specific nest box, as happened for Prinz et al. (2016) due
to changes in group composition. It also reduces the number of different nests
monitored, compared to having the possibility of moving a camera system
between nest boxes, which would allow greater insight into a wider number of

nests/individuals across each breeding season.

Deploying cameras in extreme environments is technologically challenging due
to the impact these conditions have on the performance and degradation of
the equipment being used (O'Connell et al. 2011). However, several of the

published camera systems have implemented waterproofing of the equipment.
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These deployments have included cold locations and therefore frosty
conditions (Kalhor et al. 2019), as well as underwater (including marine)
locations where not only does the case need to be watertight but also needs to
cope with salt water and high water pressure (Phillips et al. 2019; Greene et
al. 2020; Mouy et al. 2020).

For terrestrial systems, some camera systems would be completely exposed to
rain, humidity, and salt spray (if near the coast), and so mitigation has
typically taken the form of water-resistant/water-proof casings -for example
using a Peli Case (peliproducts.co.uk) (Youngblood 2020) or similar casing
(e.g. Camacho et al. 2017; McBride & Courter, 2019), or a double box with
drainage holes in the outer box (Nazir et al. 2017b). However, other systems
have been partially enclosed (e.g. a waterproof junction box; Prinz et al.
2016) due to being within a cavity/box and so less mitigation was deemed
necessary, or not encased due to being fully enclosed within the nest box (e.g.
Zarybnicka et al. 2016; Kalhor et al. 2019). Nevertheless, despite the weather
proofing of these terrestrial systems, humidity leading to condensation or frost
on the camera lens still occurred with little additional mitigation suggested,
other than removing or replacing the equipment (Camacho et al. 2017; Kalhor
et al. 2019; Kallmyer et al. 2019), and including silica gel packets within the
weatherproof casing during deployment (Youngblood 2020).

Here I describe a novel camera system that is fully portable and yet
weatherproof, which was developed to study the behaviour of two sibling-
species of sympatric, nocturnal, cavity-nesting storm-petrels (Hydrobatidae)
that breed on Ilhéu da Praia, an isolated, uninhabited, volcanic islet (~12 ha)
in the Azores Archipelago, Portugal (Bolton et al. 2004; Long et al. 2021).
While there are now various bespoke camera models described in the scientific
literature, few combine mitigation strategies for both salt spray and humidity
alongside the need for easy access and full portability between nests
throughout a single breeding season. Consequently, these unique
circumstances presented by our study system required the development of a
novel method of deployment. This included a bespoke camera and housing
design to be fully portable between the 160 previously deployed artificial nest
boxes on Ilhéu da Praia. These nest boxes were initially deployed in 2000, to
provide additional breeding sites for two storm-petrel species: the Monteiro’s
storm-petrel Hydrobates monteiroi breeding in the “hot” season (April-

September), and the band-rumped storm-petrel (here after referred to in this
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chapter as “"Madeiran storm-petrel”) as Hydrobates castro breeding in the
“cool” season (September—-March) (Bolton et al. 2004, 2008; Bried et al.
2009). The camera system was required to record behaviours and interspecific
interactions in these artificial nests over successive 24-hr periods, on an
isolated islet with no mains power supply, where it is difficult to bring in bulky
equipment, and where the equipment would frequently be exposed to
conditions of salt-laden spray and high humidity. Here, we detail how this
system can be deployed effectively in these circumstances (see appendices
materials for full build details).

4.2. Materials and methods

We used a Raspberry Pi Zero circuit board, programmed using Python 3.5.3,
paired with a fisheye camera with infrared LED attachments to create a
bespoke camera small enough to fit on top of a storm-petrel artificial nest box
(see Bolton et al. 2004 for nest box design; Figure 4.1, Figure 4.2) and
programmed to record when triggered by a change in infrared levels (detected
using a passive infra-red [PIR] sensor). After triggering, recording lasted for
30 s with a 10 s break between each recording. The resulting video files were
stored on a USB flash dive (cf. McBride and Courter 2019; Mouy et al. 2020).
The camera housing was designed to be weather resistant through the use of
plastic Tupperware containers, and silicon sealant was used around holes
drilled for the wiring (Figure 4.2). Each camera cost a total of ~£86 GBP
(~$115 USD) to build, with additional costs of ~£23 GBP (~$31 USD) per
camera housing and ~£100 GBP (~$133 USD) needed for equipment to allow
the construction of multiple cameras prior to deployment (Figure 4.1 and 4.2;
see full part details and build methods in the Chapter 4 Supplementary
Materials, with costs detailed in S4. Table 1).
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Figure 4.1. Pictures illustrating the building of the Raspberry Pi camera described in
this study. A) Passive infra-red (PIR) sensor, showing the suggested positions of the
sensor settings (sensors labelled with grey arrows, minimum (“min”) labelled with
black arrows), the left setting = time (set at *"min”) and the right setting = sensitivity
(set at 90° to min), B) PIR sensor without the sensor cover, showing the pin
connections: white cable = VCC, grey = OUT, black = GND (labelled with respective
arrows), C) Real Time Clock (RTC) (red board, labelled with grey arrow) already
connected to the Raspberry Pi board (GPIO pins 1-10), PIR sensor cables connecting
onto the Real Time Clock 5V = white cable and GND = black and on the Raspberry Pi
zero board, GPIO17 (pin 11) = grey (labelled with respective arrows), D) completely
connected Real Time Clock and PIR sensor, labelling the HDMI and USB connector
ports, E, F and G) to connect the switch to the Raspberry Pi board using two female-
female cables, first remove the black covers on the switch end of the female-female
cables by lifting the black tabs (E), then remove the black covers (F), finally attach to
the switch by connecting the exposed ends of the female-female cable to two of the
switch ends (G), and H) final built camera ready to be deployed, labelled with each
part.
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Figure 4.2. Photographs of the camera in various stages of deployment labelled with
the different parts visible. A) the top of the housing showing the camera housing,
main cork board that sits on top of the nest box rim, powerpack housing and the USB
cord, B) the underside of the housing with the main cork board again, this time
showing the camera and PIR sensor which are held with the additional square of cork,
C) showing where the camera sits — on top of the nest box rim, below the nest box lid
- and showing the different parts of the camera and D) the camera deployed and
hidden underneath a rock covering the artificial nest box, with powerpack + housing
to the side with a rock on top to weigh the housing down. Deployed on Ilhéu da Praia,
Graciosa, Azores.

82



4.2.1. Field deployment example

Fieldwork took place across the breeding seasons of both storm-petrel species
breeding on Praia Islet, Azores: Monteiro’s storm-petrel (Hydrobates
monteiroi; May-September 2019) and band-rumped storm-petrel (Hydrobates
castro; early breeding season: September-early-December 2019 and late
breeding season: mid-January—March 2020). Of the 150 artificial nest boxes
available, nests were selected for video-monitoring based upon (i) whether the
nest box was occupied, (ii) accessibility of the nest box and (iii) whether the
lid of the box was at an appropriate height above the nest (so that the footage
captured would be in focus at a vertical distance of > 15 cm). One camera per
nest was deployed opportunistically across the subset of appropriate nests (n
= 54) for 24 hrs at a time, across the successive breeding seasons. During
each 24-hr deployment, at least two cameras were deployed in different nests.
Each camera was removed after the 24-hr period, the footage downloaded and
then each camera was opportunistically re-deployed at another nest of
suitable breeding stage. The frequency of re-deployments was dependent on
the available (solar) power to charge the powerpacks.

In this paper we present the technical outcomes, using a table of definitions,
to define whether each of the deployments was a Failure, Partial failure (non-
usable), Partial failure (usable), or a Success (S4 Table 2), and we detail
causes of -and solutions to- any failures. Alongside these technical outcomes,
we were able to successfully record and classify behaviours on the nest during
the chick-rearing period, alongside interspecific interactions, where it was
possible to identify other species entering the nest cavity. Details of these
behaviours and interspecific interaction observations will be available

elsewhere (Hereward et al. [in prep].; Chapter 5).
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4.3. Results

Across the two breeding seasons, there were 138 camera deployments in 54
different nests, which created a total of 109,183 videos (each 30 s long) (S4
Table 3 and 4). Of these 138 deployments across both species, 70% of all
deployments (n = 97) were deemed to be Successful, which equated to 86%
of the individual 30 s videos (94,526; 30 s videos). A further 14% of all
deployments (n = 20) were deemed to be Partial (usable), which added an
additional 13% of usable 30 s videos (14,595; 30 s videos) (S4 Table 3 and
4). Combining both Successful and Partial (usable) deployments and videos
together, this equated to a total of 84% usable deployments (n = 117) and
999% useable 30 s videos (109,121; 30 s videos) (S4 Table 3 and 4). Partial
(usable or non-usable) or total Failures accounted for 30% of deployments
and were categorised into trouble-shooting and biological issues (Table 4.1).
Solutions to Failures and Partial failures are detailed in Table 4.2.
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Table 4.1. Counts of deployment causes of Failure, Partial failure (non-usable) and Partial failure (usable) from all deployments on Ilhéu da Praia,
Graciosa, Azores. Categorised into species (Monteiro’s storm-petrel Hydrobates monteiroi and band-rumped storm-petrel Hydrobates castro) and
technical trouble-shooting and biological issues.

Issues identified Failure Partial (non-useable)  Partial (useable) Total
Monteiro’s storm-petrel
Trouble-shooting issues
Battery. 2 0 2 4
Humidity, overheating, dislodged connection. 4 0 3 7
Unknown issue causing break in footage. 0 0 9 9
Camera placing. 0 0 1 1

Biological issues

Limited movement (adult incubating egg). 0 0 1
Limited movement (egg alone). 0 1 1 2
Madeiran storm-petrel
Trouble-shooting issues
Humidity, overheating, dislodged connection. 9 1 1 11
Rain or nest empty. 0 1 0 1
PIR sensor connection. 0 0 1 1
Camera placing. 0 0 1 1
Biological issues
Nest empty. 2 1 0 3
Total 17 4 20 LY
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Table 4.2. Causes of the Failure and Partial failure deployments during the breeding seasons of both storm-petrel species, and solutions to address
these causes. The causes are separated into technical trouble-shooting issues and biological issues.

Broad causes of

Failure/Partial failure Specific causes

Solutions

Trouble-shooting issues

Isolated islet, where
sea spray and rain are
frequent throughout
the year.

Rain,
Humidity, overheating,

Restrict entry/exit holes to camera/powerpack boxes using blue tac/glue
at the holes to make it more waterproof.

Use silica gel sachets in the camera/powerpack boxes to mitigate
humidity in the boxes.

Take the in-nest camera apart every 6-10 deployments to spend 24-
48hrs in a sealed container with silica gel to reduce humidity around the
components

dislodged connection,
PIR sensor connection,

Break in footage. Lifting the camera once
deployed sometimes
caused connection
dislodgement.

Avoid moving cameras during deployment.
Replace cables/kit when worn.

Running out of battery
Battery led to no or few
recordings.

Ensure the battery is fully charged before deployment, if it continues to
be a problem consider replacing the battery or upgrading to a larger
capacity battery and/or solar panels.

Nest dimensions,

Camera placing including depth, varied.

Adjust the camera housing accordingly.

Biological issues

No or limited
movement in the nest
led to no or few
recordings.

Nest empty

Absence of recordings indicate that the box is not (yet) being used.
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4.4. Discussion

Here I have described and demonstrated the successful building and
deployment of a bespoke camera that is small, portable, weatherproof,
battery-run and with PIR motion-trigger capabilities. This bespoke camera,
based on a Raspberry-Pi microcomputer, is cheaper or similarly priced to other
bespoke cameras of similar build (Prinz et al. 2016; Zarybnicka et al. 2016).
The poweradd Pilot X7 20,000 mAh powerpack proved to have enough
capacity for a 24-48 hr deployment if needed (Youngblood 2020). This
deployment duration could be further improved to last for longer per
deployment, or to allow for more deployments, for example by employing the
use of camera-specific solar panels to extend battery life (Prinz et al. 2016;
Nazir et al. 2017a; McBride and Courter 2019).

In comparison to previous nest box/cavity system designs (e.g. Prinz et al.
2016; Zarybnicka et al. 2016; Kalhor et al. 2019; Kallmyer et al. 2019), our
camera housing was independent of the nest box design and so completely
portable, allowing easy transfer between nests throughout the breeding
season, thus allowing us to gain insight into a wider number of individual
nesting behaviours as well as avoiding missing out on recordings because
individuals did not use an initially targeted nest box (as has occurred
previously, e.g. Prinz et al. 2016; Zarybnicka et al. 2016).

Despite the increased portability and easy access to download the data, the
need to frequently open-up the camera housing increased the system'’s
vulnerability to salt spray and humidity, and left parts vulnerable to
dislodgement and degradation due to these environmental conditions.
Nevertheless, the weatherproofing of the camera housing was generally
successful or partially successful (combining “Successful” and “Partial Failure
[usable]” footage; 84% usable deployments and 99% of videos usable) which
is similar to some previous studies (e.g. 96% of photos usable, McBride &
Courter, 2019) and substantially more successful than others (e.g. in
Camacho et al. 2017, after one month of deployments, 80% of the cameras
had ceased to function due to humidity and vandalism; and Kalhor et al. 2019,
recorded a 100% deployment success rate but only 32% of videos were
considered of high enough quality to be retained for future analysis). In the
present study, ~14% of deployments had trouble-shooting issues specifically
due to the weather/humidity, particularly in the winter (band-rumped storm-
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petrel) breeding season, which was typically cooler and wetter than the
summer (Monteiro’s storm-petrel) breeding season (Monteiro and Furness
1998; Chapter 2 Figure 2.2). This is despite mitigation efforts already
employed from previously published papers, including housing as much of the
equipment as possible within waterproof casings (Prinz et al. 2016; McBride
and Courter 2019; Youngblood 2020) and including silica gel packets to reduce
humidity within the equipment casing during deployments (Youngblood 2020).
Consequently, some additional waterproofing is suggested alongside the
further housing adjustments summarised in Table 2, to aid in reducing these
specific failures in the future. These mitigations include placing the camera in
a box of silica gel between deployments, to reduce the humidity around the
components, prior to re-deployment. The calculated percentage success rates
based on the Successful, Partial (usable), Partial (non-usable) and Failure
definitions could be used by researchers to estimate how many total

successful deployments will be needed to achieve a target sample size.

4.4.1. Conclusion

The present study provides a template for building and programming a
bespoke, portable camera paired with a PIR sensor, particularly suitable for
use in remote study locations with burrow- or cavity-breeding species, where
camera size needs to be minimised and limited power is a constraining factor.
Due to its portability and mitigation against salt-spray and humidity, this
template could be applied to a wide range of different species that utilise
cavities, burrows, and artificial nests, or potentially adapted for other wildlife
surveillance situations, to monitor behaviours and interspecific interactions, as
demonstrated in this study. To further extend the data-gathering capabilities
of these cameras, future additions to this template design could include a
microphone to record vocalisations, and temperature and humidity modules to
record changes in nest-specific environmental conditions -for example to
monitor daily, seasonal and between-year variations in these variables, or as a

comparison between natural and artificial cavities.

The final chapters will detail the results of the successful camera deployments
(Chapter 5) and detail a case-study combined methods approach (Chapter 6)
and discuss the results in light of conservation implications (Chapter 7).
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Chapter 5.

Video Monitoring of Two Sympatric Species of

Burrow-Nesting Storm-Petrels Reveals Temporal

Differences in Behaviours and Potential Threats

This chapter is in prep. and near submission for publication.
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Summary

Studies of breeding seabirds have traditionally monitored nests manually, but
movement-triggered cameras have become more commonly used to monitor
wildlife behaviour and predator or threat interactions. Little research, using
cameras for monitoring burrow-nesting seabirds, has so far been published
describing the range and temporal patterns of nesting behaviours and
potential threats.

In this study I monitored, during their respective chick-rearing periods, two
storm-petrel species that breed sympatrically but allochronically in the Azores,
Portugal (summer breeding species - Monteiro’s storm-petrel, Hydrobates
monteiroi and the closely-related winter breeding species - band-rumped
storm-petrel, H. castro). I combined analysis of videos extracted from 24-hour
camera deployments in artificial nest boxes, with more traditional nest
monitoring, to describe temporal changes over the nestling period in 1)
behaviours of adults and chicks, and 2) potential threats present in the nest.
Video analysis was conducted using an ethogram to analyse one 30 s video
per hour. These results were used to determine whether breeding success can
be explained by the humber and type of interactions with other species within
the nest cavity.

The video analysis revealed novel insights into the circadian patterns of adult
and chick behaviours, with chick sitting, preening and sleeping being the
predominant behaviours. Three categories of organisms (ants, Madeiran wall
lizards and other seabirds) were identified as present or interacting with the
resident chick and/or adult, and these most frequently occurred during the
Monteiro’s storm-petrel breeding season. Survival rates for the Monteiro’s
storm-petrel chicks were not directly associated with the presence of these
identified potential threats, but decreased with later hatch dates.

Seasonal differences in ambient temperature, and the stage of chick growth,
were likely to have the greatest influences on the frequency of different
behaviours observed in the two species, and on the occurrence of potential
threats (particularly lizard and ant activity) during their breeding seasons. The
workflow, methods and analysis conducted here could readily be applied to
other seabird species where camera monitoring is already used, or could be
implemented, to improve knowledge of different behaviours and to measure
potential threats. These together inform our understanding of the mechanisms
by which eggs and chicks may die, and hence aid in the conservation of the

species.
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5.1 Introduction

Traditionally, biological studies of breeding seabirds have monitored nests
manually at regular intervals, collecting data such as egg laying dates, chick
growth and provisioning, and adult nest attendance. Such observations may
also reveal the presence and impact of invasive alien species (Warham 1990;
Schreiber and Burger 2001; Brooke 2004; Lucas and Simmons 2005; Scheibe
et al. 2008; Neves et al. 2017). Nevertheless, continual manual monitoring is
not often possible, meaning information gets missed (Cutler and Swann 1999;
Trolliet et al. 2014). In addition, frequent manual monitoring of nests
increases the human disturbance to the birds, potentially affecting the
behaviours exhibited or threats present (Cutler and Swann 1999; Trolliet et al.
2014). Consequently, the use of cameras to monitor nests has become more
common, allowing continual monitoring without continual human presence, to
monitor behaviour and predation or threat patterns (see examples below and
in Table 5.1; Cutler and Swann 1999; Reif and Tornberg 2006; Cox et al.
2012; Edney and Wood 2021; Hereward et al. 2021; Bird et al. 2022).

The manual monitoring of nests has been widely used to measure both adult
attendance rates (Allan 1962; Harris 1969; Boersma et al. 1980; Boersma
1986; Monteiro and Furness 1998; Mauck and Ricklefs 2005) and chick
provisioning rates (Masello et al. 2001; Gladbach et al. 2009a,b; Sugishita et
al. 2017). However, more recently, manual nest monitoring has been
combined with the monitoring of nests using cameras to better understand
chick provisioning of Wilson’s storm-petrels (Oceanites oceanicus) (Gladbach
et al. 2009a,b; Masello et al. 2001) and the Atlantic puffin (Fratercula arctica)
(Fayet et al. 2021), and as a way of assessing occupancy and breeding
behaviours of grey petrels (Procellaria cinerea) and blue petrels (Halobaena
caerulea) at the nest (Bird et al. 2022). This has been further extended to also
include other automated devices, for example, the use of automated weighing
scales under nests of Northern royal albatross (Diomedea sanfordi), alongside
GPS tracking of the parent birds to monitor their behaviours at sea (Sugishita
et al. 2017).

In addition to these behavioural studies, a plethora of possible threats to the
nesting adult seabirds, their eggs and/or chick stages have also been
identified. Such threats include mammals, other birds, reptiles, and arthropods
(Table 5.1). The use of camera traps has helped to shed light on some of
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these threats, identifying species causing mortality of adults, eggs or
nestlings, alongside more subtle, sub-lethal or indirect impacts (Table 5.1).
This has included determining that although predators such as rats Rattus spp.
can often severely reduce breeding success (Amaral et al. 2010; Ratcliffe et al.
2010; Mejias et al. 2017), such impacts may not necessarily be direct. For
example, Flores et al. (2017) identified possible sub-lethal impacts of rats
potentially increase disease transmission between seabird nests (Thiébot et al.
2014) and cats (Felis catus) causing nest abandonment. Nevertheless, in some
circumstances the presence of various mammals (including rats) has not been
found to impact breeding success (Thiébot et al. 2014; Stolpmann et al.
2019). In addition to these impacts of mammals, camera trap studies have
also identified other taxa, such as ants, directly predating chicks (e.g. Flores
et al. 2017). Furthermore, camera traps have also aided in determining that
the structure of underground burrows is important in deterring egg
depredation by corvids (Ekanayake et al. 2015).

Here, we present a workflow and case study, focusing on two closely related
species of storm-petrels that breed sympatrically but allochronically in the
Azores, Portugal; namely the Monteiro’s storm-petrel (Hydrobates monteiroi)
which breeds in the summer (April-September) and the band-rumped storm-
petrel (H. castro) which breeds in the winter (September-March). Both species
are of conservation concern - the Monteiro’s storm-petrel is an Azores-
endemic, listed as Vulnerable on the IUCN Red List and has a small breeding
population (< 400 pairs; BirdLife International 2018b). By contrast, the band-
rumped storm-petrel is categorised as Least Concern and is more widespread,
breeding across the Pacific and Atlantic Oceans, but has a decreasing
population trend (BirdLife International 2018a). We use evidence from hourly
samples of video footage within the nest cavity, during the chick-rearing
period of the two species, to describe the temporal changes (across the daily
cycle and chick-rearing period) in 1) behaviours of adults and chicks, and 2)
potential threats present in the nest. The potential threats identified in
different nests are compared to the overall breeding success of the chicks
monitored, to assess whether breeding success can be explained by 1) the
quantity of other taxa observed per nest and 2) the frequency of occurrences
of these other taxa.
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Table 5.1. Threats to seabird breeding success identified from previously published articles.

disturbance.

. Camera
Life-stage of Direct impact on used to
Group Threat Species under threat species at + Imp . Citation
breeding success? monitor
threat
nests?
Mammals
Small Indian mongoose Red-tailed tropicbird (Phaethon Eggs and Yes No Vanderwerf and
(Herpestes auropunctatus) | rubricauda) chicks Young (2014)
No. No significant impact
Rabbits (Oryctolagus Grey-faced petrel (Pterodroma No predation | on incubating phase or Yes Stolpmann et al.
cuniculus) gouldi) events noted | chick hatch success (2019)
noted.
White-tailed tropicbird (Phaethon Eggs and Yes No Mejias et al.
lepturus catesbyi) chicks (2017)
Amsterdam albatross (Diomedea No predation :\rlfél.irzcéisiﬁleaigslgszatloor Yes Thiébot et al.
amsterdamensis) events noted . pacts d (2014)
disease transmission.
Rats (Rattus spp.) No. No significant impact
Grey-faced petrel (Pterodroma No predation | on incubating phase or Yes Stolpmann et al.
gouldi) events noted | chick hatch success (2019)
noted.
Red-tailed tropicbird (Phaethon No predation No. None noted Yes Flores et al.
rubricauda) events noted ' ' (2017)
White-chinned petrel (Procellaria Eggs and Yes No Jouventin et al.
aequinoctialis) chicks (2003)
Black rat (Rattus rattus) Roseate tern (Sterna dougallii) Eggs Yes No '(B‘znaalgl et al.
. . Eggs and Ratcliffe et al.
Ascension Island seabirds chicks Yes No (2010)
. L . No. Possible indirect
. Red-tailed tropicbird (Phaethon No predation | . Flores et al.
Cats (Felis catus) rubricauda) events noted impacts due to Yes (2017)
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, Chicks and Lamelas-Lopez et
Common tern (Sterna hirundo) adults Yes Yes al. (2021)
Red-tailed tropicbird (Phaethon Fledgling Yes Yes Flores et al.
. e rubricauda) chicks (2017)
Dogs (Canis familiaris) Lamelas-Lopez ot
Common tern (Sterna hirundo) Eggs Yes. Nest abandonment. | Yes al. (2021) P
Birds
Common starlings .
(Sturnus vulgaris) and Common tern (Sterna hirundo) Neves et al.
. and Roseate Tern (Sterna Eggs Yes No
ruddy turnstone (Arenaria » (2011)
. dougallii)
interpres)
Chimango caracara Red-tailed tropicbird (Phaethon Eggs and Yes Yes Flores et al.
(Phalcoboenus chimango) rubricauda) chicks (2017)
American crow (Corvus White-tailed tropicbird (Phaethon Eggs and Yes No Mejias et al.
brachyrhynchos) lepturus catesbyi) chicks (2017)
Little raven (Corvus . . . Eggs and Ekanayake et al.
mellori) Little penguin (Eudyptula minor) chicks Yes Yes (2015)
Monteiro’s storm-petrel .
T Monteiro et al.
Nor_thern long-eared owl (Hydrobates monteiroi) and band- Adults Yes No (1996); Bolton et
(Asio otus) rumped storm-petrel (Hydrobates
al. (2008)
castro)
Galédpagos storm-petrel;
Short-eared owl band-rumped storm-petrel Chicks and
(Galadpagos; Asio (Hydrobates castro) and wedge- Yes No Harris (1969)
. adults
flammeus galapagoensis) rumped storm-petrel (Hydrobates
tethys)
Short-eared Owl (Asio Band-rumped storm-petrel .
flammeus) (Hydrobates castro) Adults ves No Bried (2003)
Yellow-legged gull (Larus European storm-petrel Chicks and Yes No Sanz-Aguilar et
michahellis) (Hydrobates pelagicus) adults al. (2009)
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Great blue heron (Ardea

Galédpagos storm-petrel;
band-rumped storm-petrel

herodias) (Hydrobates castro) and wedge- Chicks Yes No Harris (1969)
rumped storm-petrel (Hydrobates
tethys)
Reptiles
. Walls (1978);
Yes. But not likely to be )
Tuatara (Sphenodon Fairy prion (Pachyptila turtur) Eg_gs and the major cause of No Markwell (1998);
punctatus) chicks population regulation Corkery et al.
' (2014,2015)
(Sglaiwsg'(c);iaggfgreen skink No. Stewart Island green
Chlg ’ Whenua Hou diving petrel No predation | skinks use the burrows, Fischer et al.
oronoton) and southern . . - No
grass skink (Oligosoma aff. (Pelecanoides whenuahouensis) events noted | but no predation event (2019)
olychrome) recorded.
Possibly. Skinks seen to
. . Bermuda petrel (Pterodroma scavenge including dead Madeiros (2005);
Zi;n;r%g?riil;mk (Plestiodon cahow) and white-tailed tropicbird Eﬁigcsk:nd chicks, abandoned eggs, | No Turner et al.
(Phaethon lepturus catesbyi) but no direct predation (2021)
events noted.
Cory’s Shearwater (Calonectris
borealis), Bulwer’s petrel
(Bulweria bulwerii), band-rumped . Matias et al.
Madeiran wall lizard storm-petrel, (Hydrobates castro), Chicks ves No (2009)
(Podarcis dugesi) white-faced storm-petrel
(Pelagodroma marina)
Monteiro’s storm-petrel Eggs and Bried and Neves
(Hydrobates monteiroi) chicks ves No (2015); Neves et
al. (2017)
Galédpagos storm-petrel;
Galépagos iguana Band-rumped storm-petrel
(Hydrobates castro) and wedge- Eggs Yes No Harris (1969)

(Conlophus spp.)

rumped storm-petrel (Hydrobates
tethys)
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Seychelles giant tortoise

Yes. But not likely to be

Zora and Gerlach

) Lesser noddy (Anous tenuirostris) | Chicks the major cause of No
(Aldabrachelys gigantea) population regulation. (2021)
Arthropods
Galédpagos storm-petrel;
Red rock crab (Grapsus Band-rumped storm-petrel
rapsus) p (Hydrobates castro) and wedge- Chicks Yes No Harris (1969)
grap rumped storm-petrel (Hydrobates
tethys)
Big-headed
Big-headed ant (Pheidole S:édztri]c?n Big-headed ant = no. Plentovich et al.
megacephala) and tropical | Wedge-tailed shearwater (Ardenna events (2009)
fire ant (Solenopsis pacifica) noted No
geminata) Tropical fire Tropical fire ant = yes
ant = chicks. P = Yes.
European fire ants European herring gull (Larus . DeFisher and
(Myrmica rubra) argentatus) Chicks ves No Bonter (2013)
White-Tailed tropicbird (Phaethon . Mejias et al.
. Chicks Yes No
Argentine ant (Linepithema lepturus catesbyi) (2017)
humile) Red-tailed tropicbird (Phaethon Chicks and Yes Yes Flores et al.
rubricauda) adults (2017)
Black-winged petrel (Pterodroma Black-winged petrel =
Phillip Island centipede n/gflpenn/s) Chicks yes_. ?;cl)glf)et al.
(Cormocephalus coynei) White-necked petrel (Pterodroma White-necked petrel = No

cervicalis)

no.
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5.2. Materials and methods

5.2.1. Study site

The study was conducted on Ilhéu da Praia, a 0.12 km? islet, situated 1.2 km
to the east of Graciosa, Azores, Portugal (39°03'N, 27°57'W). From 2000 to
2001, 150 artificial nest boxes were installed on the islet (nest box design
detailed in Bolton et al. 2004) and in 2015 an additional 14 nests were
installed on the islet (Veronica Neves personal communication) to provide
suitable nesting sites for the two sibling species of storm-petrels that breed on

the islet and often in the same nest boxes, but at different times of year.

5.2.2. Camera design and field deployment

To record the storm-petrels’ behaviours at the nest, and the potential threats
in the artificial nest boxes, a bespoke camera system based on Raspberry Pi
microcomputer technology (www.raspberrypi.org) was developed (camera

design detailed in Hereward et al. 2021 and in Chapter 4). These cameras
included a fisheye lens and a passive infrared sensor, and were programmed

to record 30 s videos whenever a change in infrared detection occurred.

Here we present the results from camera deployments during the chick-
rearing period of the Monteiro’s storm-petrel 2019 breeding season
(28/06/2019-18/08/2019; 52 camera deployments on 19 different nests;
chick age in days ranged from 1 to 74) and the band-rumped storm-petrel
2019-2020 breeding season (20/01/2020-04/03/2020; 33 camera
deployments on nine different nests; chick age in days ranged from 37 to 78).
One camera per nest box was deployed opportunistically across a sub-set of
appropriate nests for 24-hours at a time, with, typically, two individual
cameras being deployed on two different nests per 24-hour period. Repeat
deployments on the same nest were used where possible, to capture events
on a range of dates. However, these were not typically on consecutive days
but rather at intervals throughout each breeding season.

After a 24-hour deployment, the camera was typically collected during the
daily nest check (~10am-12noon, see below) and any videos recorded were
downloaded onto an external hard drive. Cameras were then re-deployed -
often on a different nest, in order to measure as much variation in chick age
as possible, within the logistical constraints of these deployments. Either a
different camera was deployed during the same daily nest check, or the same
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camera was re-deployed later in the afternoon, after any necessary camera
maintenance or repairs had been performed. The frequency of re-deployments
was dependent on the availability of solar power for recharging the
powerpacks. Full details of the camera build, programming, calibration,
piloting and the deployment success rates can be found in Hereward et al.
(2021), and in Chapter 4.

5.2.3. Daily nest monitoring

As part of ongoing fieldwork on breeding parameters (spanning April 2019 -
March 2020), nest checks were conducted daily to record the body mass and
fledging success of the chicks. The body mass growth curve of any chick that
was remaining at the end of the study season was assessed, and if the chick
was clearly close to fledging with regard to body condition, then it was
included in the group of fledged chicks (n=1 chick per season). Where adult
storm-petrels other than the chick’s own parents were present in the nest, the

ring number was read, and the species clarified.

5.2.4. Video analysis

To investigate diel variation in behaviours and potential threats, I analysed
one 30 s video per 1-hour period. 30 s videos allowed me long enough to
obtain an instantaneous view of events in the nest. The videos closest to each
1-hour interval, across each camera deployment, were selected and analysed
using an ethogram to categorise behaviour (Table 5.2). This followed a binary
coding (1 = occurred, 0 = did not occur, noting that more than one behaviour
could be recorded as occurring during a single 30 s observation, e.g. sitting
and preening). Where possible, additional videos were also analysed at 30 min
intervals; where available these were retained in the analysis because they
add to the temporal resolution of the data. The presence or absence of
possible threats was also noted (both direct interactions with the nest
occupant(s), and indir