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Abstract

The traits of organisms evolve by natural selection to maximise fitness; however, we do not observe
Darwinian Demons. This is because all organisms face various types of constraint, which ultimately
limit fitness. Reproduction is inextricably linked with fitness, and constraints on reproduction have

extensive implications for evolution and adaptation.

Two broad types of constraints on breeding are treated here. Firstly, breeding may be constrained by
life-history trade-offs, perhaps most fundamentally in that current reproductive effort is constrained
by its costs to future reproduction. Secondly, breeding may be constrained by the physical and
ecological conditions and finite resources that are accessible from the breeding site, to which
organisms may be tied to varying extents. The life-history and behaviour of animals are profoundly

affected by these constraints, and they are especially influential in long-lived species.

This thesis examines behavioural adaptations to each of these types of constraint in a long-lived
pelagic seabird: the Manx Shearwater, Puffinus puffinus. Firstly, | investigate how patterns of
behaviour vary between sexes and populations in preparation for breeding and how this variation is
related to the ecological and physiological constraints faced by the groups during breeding. Secondly,
| test the responsiveness of parents to changes in offspring hunger during food provisioning and
discuss the influence of constraint by costs to future reproduction. | tackle these questions using well-

established biologging methods to remotely monitor behaviour in a natural and experimental setting.
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Introduction

Animal life-history strategies have been shaped by natural selection to maximise inclusive
fitness within the limits imposed by ecological and physical conditions (Lack, 1954; West &
Gardner, 2013; Williams, 1966). Since the resources available to an animal during its lifespan
are limited, investment in one fitness-generating activity within its life cycle may be traded-
off against other such investments in the future (Bell, 1980; Stearns, 1989). Perhaps the most
fundamental example is the trade-off between current and future reproduction, which has
played a significant role in the evolution of animal life-history strategies (Roff, 2002). Selection
on animals to optimally allocate resources between current and future reproduction has
extensive implications for animal behaviour, including parental care, foraging behaviour and
breeding decisions, among others. Spatio-temporal variation in conditions can also alter the
way in which current reproductive effort is constrained by costs to future reproduction within
the lifetime of an animal (Erikstad et al., 1998; Roff & Fairbairn, 2007), and thus to maximise
fitness, animals may employ behavioural systems to strategically adjust the way they allocate
resources between current and future reproduction in the face of change, although how and

to what extent animals do this is poorly understood.

In addition to constraints from costs to future reproduction, behaviour during breeding is
constrained by the physical and ecological conditions and finite resources that an animal can
access within a certain radius of its breeding site, to which species and individuals within
species may be tied to different extents (Brooke, 2018; Clarke et al, 2006; Kappes et al., 2015;
Patil et al., 2015; Pierotti & Annett, 1991; Shaffer et al., 2003; Travaini et al., 2001). The
influence of an animal’s breeding behaviour on fitness is likely to be most significant in long-

lived species, in which each reproductive attempt represents a relatively small component of



potential lifetime reproductive success (Roff, 2002). In such species, any negative impact of
current reproduction on survival may have a magnified effect on lifetime reproduction, and
hence the fitness costs of equal reproductive effort (i.e. the proportion of the total energy
budget of an organism devoted to reproduction) are higher in long-lived species (Hirshfield &
Tinkle, 1975). As a result, long-lived species are expected to show specific behavioural
strategies to deal with these higher fitness costs of reproduction (Schultner et al., 2013), but
much remains to be understood regarding the strategies employed by different species, the

drivers underlying them and how they are adapted to changing conditions.

Seabirds as model species

Seabirds are excellent models to study behavioural adaptions to the constraints of breeding,
in part because their breeding biology involves several well-defined and major constraints.
Despite their pelagic habits, seabirds like all other birds can only breed on land. As a result,
their breeding sites are often separated by significant distances from foraging locations at-
sea, especially since food may be unpredictable and patchily distributed (Weimerskirch, 2007)
or depleted near to breeding colonies (Ashmole, 1963). Foraging thus requires substantial
commitments of time and energy to travel between the breeding site and foraging areas
(Brooke, 2018). Linked to this is the problem that breeding duties restrict the amount of time
that parents can spend away from the colony, effectively limiting the distance that seabirds
can travel and the resources they can access (Orians & Pearson, 1979). The influence of these
constraints is made more severe by the fact eggs and chicks are slow to develop, meaning
that breeding seasons are long (Warham, 1990). Indeed, those of the albatrosses are the
longest of any bird, and incubation alone can take as long as 81 days in the Royal Albatross

Diomedea epomophora (Boersma, 1982).



Aside from being tied to land, breeding seabirds are heavily constrained in their breeding
attempts by the high costs of increased investment in current reproduction on survival and
future reproduction (Catry et al., 2013; Fayet et al., 2016; Shoji et al., 2015) and hence fitness.
Despite encompassing a wide range of sizes, seabirds all have long lifespans, from the 27g
European Storm-Petrel Hydrobates pelagicus which can live for over 37 years (BTO, 2018) to
the 9kg wandering albatross Diomedea exulans which can live for over 50 years (Weimerskirch
& Jouventin, 1987). Like other long-lived animals, seabirds breed many times and produce
small or single-chick broods, meaning that each reproductive attempt represents only a small
component of potential lifetime reproductive success. Therefore, even small impacts on
survival can have large fitness consequences. Seabirds have evolved a range of behaviours
that minimise the impacts of breeding on survival, such as foraging strategies to balance
offspring demand against adult body condition (Erikstad et al., 1997; Shoji et al., 2015; Tyson

et al., 2017), but much remains to be discovered.

The Manx Shearwater

The Manx Shearwater, Puffinus puffinus, is a common Procellariform (population 680,000-
790,000, BirdLife International 2017 Species factsheet) with most of its global population
breeding on islands around Britain, and smaller populations scattered on islands across the
Northeast Atlantic (Brooke, 1990). The species overwinters in the South Atlantic off the coast
of Argentina and undertakes an annual trans-equatorial migration of >10,000 km between
these waters and the breeding grounds (Guilford et al., 2009; Kirk, 2016). Initial evidence for
the extraordinary at-sea movements of Manx Shearwaters was limited, coming from localised
at-sea surveys and recoveries of ringed birds washed ashore along migration routes and

overwintering areas. In the last decade, the miniaturisation of tracking technologies has
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revolutionised our ability to study at-sea behaviour and made it possible to track breeding
season foraging trips with high spatial and temporal precision using GPS loggers, or determine
migration routes and overwintering locations using archival light and immersion loggers - here
also referred to as geolocators. This advance in technology has led to an explosion in our
knowledge of seabird movements and behaviour at sea (Brooke, 2018), including those of the
Manx Shearwater (Dean et al., 2015; Guilford et al., 2009; Guilford et al., 2008). Despite this,

a raft of questions on the at-sea activity of the Manx Shearwater remain unanswered.

To answer the research questions addressed in this thesis, | used geolocators to collect data
on at-sea behaviour, both at fine temporal resolution over specific short periods within the
breeding season, and for longer periods at a relatively coarser resolution. A significant portion
of the data analysed in this thesis comes from a long-term dataset of geolocator data
collected at multiple breeding colonies around the UK by a succession of researchers over the
last 10 years, and to which | have added data for two years. Breeding data recorded
consistently over the last 9 years at the Skomer breeding colony was also invaluable for my
analyses. Where such data were not collected (e.g. at the Copeland breeding colony), the
Skomer database was used to inform methods to infer key breeding parameters from
geolocator data alone. It was possible to remotely and continuously monitor the at-sea and
breeding behaviour of many birds through a relatively inexpensive and time efficient method,

something that would have been impossible before geolocators.

Understanding the at-sea movements and behaviours of Procellariform seabirds such as the
Manx Shearwater is important for several reasons. From a scientific perspective, there are
numerous unanswered questions regarding life history strategies, at-sea behaviour and

parental care. From another viewpoint, the study of Procellariforms is crucial to ensure the
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continued existence of these ocean wanderers, many of which are threatened with extinction
(Phillips et al., 2016). Pelagic seabirds have also been shown to act as indicators of ocean
health and ecological performance (Einoder, 2009), from which better knowledge of their at-
sea and breeding activity is needed to inform marine conservation policy and enable the

targeted mitigation of the human impacts on seas.

Aims

This thesis aims to investigate behaviour during the breeding season and address how it is
adapted to maximise fitness in animals, with a focus on how behaviours are influenced by the
constraints of current breeding duties which limit access to resources and constraints
imposed by life-history trade-offs. Specifically, | will compare how patterns of behaviour vary
between sexes and populations in preparation for breeding and assess how variation in these
patterns is related to the different constraints faced by the groups during this period. | will
also test the responsiveness of parents to changes in offspring hunger during food
provisioning and discuss the influence of constraint by costs to future reproduction. Utilising
a long-lived pelagic seabird as a study species, | tackle these questions using well-established

biologging methods to remotely monitor behaviour in a natural and experimental setting.
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Abstract

In the interval between pre-breeding migration and egg-laying, Procellariform seabirds must
replenish depleted body reserves in preparation for the upcoming breeding attempt. During
this interval, males and females have asymmetric demands: the female must produce a large
egg, which imposes additional energetic and nutrient demands, while the male must prepare
body reserves for the first long incubation stint and may be constrained to remain near the
colony by the need to defend the nest site from prospecting pairs. To meet these demands,
all Procellariforms undertake a pre-laying exodus, usually involving a prolonged foraging trip
for the female, and in some species, the male. A variety of sex-specific exodus strategies have
been well documented in many species, however, relatively little is known about how exodus

varies across different colonies within the same species.

In this study, a geolocator dataset spanning 10 years was used to characterise the pre-laying
exodus in Manx Shearwater Puffinus puffinus from Skomer and Copeland — breeding colonies
separated by 330 km in the seas off Britain. Exodus lasted an average of 21 days in Copeland
females, significantly longer than in Skomer females by nearly three days. Geographical
distributions during exodus were found to be markedly different between sexes within both
colonies and between males from the two colonies, which mostly remained near to their
colony, while females from the two colonies showed a high degree of overlap in their

distribution along the continental shelf edge.

Behaviourally, there were both similarities and differences between sexes and colonies.
Males visited land regularly at both colonies, but Skomer males visited land on a greater
proportion of nights than Copeland males, which more often remained on land over the day.

On Skomer, males increased their night-time visit frequency as the end of exodus approached,
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whereas on Copeland there was no change in visit frequency over exodus. The mean amount
of daytime allocated to flight did not differ between sexes or colonies, while females spent
significantly more time resting and less time foraging compared to males, which was
consistent across both colonies. Comparing within sexes between colonies, there were no
differences in the amount of daytime allocated to different behaviours except that males
from Skomer spent significantly more time resting at-sea compared to Copeland males. This
may result from the Copeland males spending more time on land during the day, which they
compensate for by being more active at-sea. Over the course of exodus, the amount of
daytime allocated to different behaviours was relatively constant among males, whereas
females dramatically increased time spent resting and reduced foraging and flight as the end
of exodus approached, which may be explained by changing demands and flight/foraging

efficiency as egg development proceeds.
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Introduction

The energetic demands of organisms vary throughout the annual cycle (e.g. Green et al., 2009;
Hegemann et al.,, 2012; Mugaas & King, 1981), and for migratory species, migration and
reproduction are two of the most demanding stages. This is especially true in Procellariform
seabirds, which typically undertake long-distance migrations and have protracted breeding
seasons, involving long periods of fasting during incubation, time and energy-consuming
commutes between the breeding colony and foraging grounds, and the need to catch enough
prey to provision the chick while ensuring self-maintenance (Brooke, 2018). The long-term
demands of migration and breeding can be so severe that costs carry-over between seasons,

causing individuals to skip breeding in some years (Fayet et al., 2016; Shoji et al., 2015).

Between pre-breeding migration and egg-laying, Procellariforms remodel their physiology
and replenish their body reserves in preparation for breeding (Arizmendi-Mejia et al., 2013).
This is an important period, as body condition has a significant effect on breeding success
(Chastel et al., 1995), and body condition sufficient for breeding must be achieved rapidly if
there are benefits to early breeding (Perrins, 1966). At the same time, pair bonding, nest
maintenance, territory defence, copulation and egg development occur (Warham, 1990). Egg
development represents a significant added burden on the female. Procellariforms generally
produce a single, large, slow-developing egg (around 15% of the female body mass in Manx
Shearwater; Brooke, 1990), for which females must adjust their food intake to meet the
additional energetic and nutrient demands, while carrying an increasingly heavy load that
impairs flight and foraging efficiency (Williams, 2005; Witter & Cuthill, 1993). Meanwhile the
male must prepare for a potentially long period of fasting, since the female usually returns to

sea shortly after laying leaving the male to take the first long incubation stint (Warham, 1990).
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To improve body condition before incubation and meet the demands of egg development, all
Procellariforms undertake a pre-laying exodus, characterised by a period of absence from the
breeding colony prior to laying (Brooke, 2018). The nature of exodus varies extensively
between species in two major respects. Firstly, the duration of the exodus ranges from as
little as two days in Shy Albatross Thalassarche cauta (Abbott et al., 2006) to as much as two
months in Grey-faced Petrel Pterodroma macroptera (Imber, 1976). Secondly, the distance
travelled during exodus varies dramatically between species, with some remaining within a
few hundred kilometres of the colony while others travel thousands of kilometres from the
colony. For example, Shy Albatross forage within 300 km of the breeding colony during their
short exodus (Abbott et al., 2006), whereas Murphy’s Petrel Pterodroma ultima travel up to

3800 km away from their colony (Clay et al., 2017).

Despite relatively little sexual dimorphism in most Procellariforms, sex-specific strategies
during exodus are well documented, with significant variation in the magnitude and direction
of these differences between species. In some species including Balearic Shearwater Puffinus
mauretanicus (Guilford et al., 2012) and Manx Shearwater Puffinus puffinus (Guilford et al.,
2009), the female departs the colony for a relatively long period while the male continues to
visit the colony regularly, with the female travelling further from the colony than the male. In
other species like Northern Fulmar Fulmarus glacialis (Macdonald, 1977) and Sooty
Shearwater Ardenna grisea (Hedd et al., 2014), both the male and female depart the colony
for relatively lengthy periods, but the male does so for a shorter duration and remains closer
to the colony than the female. Finally, in some species, the male and female depart the colony
for similar lengthy periods but the male travels further from the colony than the female, as in
Barau’s Petrel Pterdroma baraui (Pinet et al., 2012), Murphy’s Petrel (Clay et al., 2017) and

Chatham Petrel Pterodroma axillaris (Rayner et al., 2012).
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Although some Procellariform species breed in a single restricted area, others breed in
multiple colonies that are geographically and ecologically distinct. Several studies have
identified differences in breeding behaviour between individuals from different colonies,
including differences in foraging trip duration and incubation stint lengths (for examples from
Albatross species see Hedd & Gales, 2005). In contrast, relatively little is known about
variation in exodus between colonies. Such knowledge is important because comparisons
between colonies can be used to test how geographical and ecological factors shape exodus,

whilst other factors that typically differ between species remain constant.

The current study aims to characterise the pre-laying exodus of Manx Shearwaters from two
breeding colonies 330 km apart in the seas off Britain. Specifically, it aims to elucidate
differences in exodus strategies between sexes and identify whether and how these strategies
differ between colonies. The pre-laying exodus of Manx Shearwaters breeding on Skomer
Island — one of the colonies studied here — has been studied previously for one season using
geolocator data (Guilford et al., 2009) and over four seasons using a combination of GPS and
geolocator data (Dean, 2012). These studies showed that female Manx Shearwaters from
Skomer usually undertake a longer-duration exodus trip and travel further from the colony
compared to males; females forage mostly around the continental shelf edge, while males
mostly remain within 150 km of Skomer. When the female is absent from the colony, the male

continues to visit the breeding burrow amid shorter foraging trips.

Here, this knowledge is extended by examining exodus from 10 years of geolocator data
collected at the Skomer and Copeland Manx Shearwater colonies. The dataset of salt-water
immersion and light data was used both to infer behavioural parameters and to estimate the

geographical locations of Manx Shearwater on a twice-daily basis. Firstly, the colony-visiting
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behaviour of males was examined to test whether this behaviour varies over the course of
exodus and between colonies. Secondly, the spatial distribution of birds during exodus was
characterised and compared across sexes and colonies to identify whether birds from
Copeland travel to the same or different areas compared to Skomer birds, and whether they
too show spatial segregation of sexes. Lastly, temporal and spatial variations in behaviour
during exodus were analysed to test whether males and females adjust their behaviour over
the course of exodus and in different locations, and whether birds from different colonies
show colony-specific behavioural strategies. This study is the first to identify how behaviour
changes over the course of exodus in Manx Shearwater, and it is also the first to identify the
exodus distribution of birds from the Copeland Islands, which show both similarities and

differences to Manx Shearwaters breeding on Skomer.
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Materials and methods

Study populations and geolocator deployments

This study is based on data collected between 2008-2017 from two breeding colonies of Manx
Shearwater: one on Skomer Island off the Pembrokeshire coast of Wales (51°440 N, 5°190 W)
and the other on Lighthouse Island in the Copeland Islands off the east coast of Northern
Ireland (55°696 N, 5°525 W). Both colonies are part of a long-term tracking programme that
has been ongoing since 2007. Breeding Manx Shearwaters were fitted with geolocators (from
BAStrack and Migrate Technology) weighing 2.5 grams or less. Each device was attached with
two lightweight cable ties to a plastic leg ring fitted around the tarsus. A metal BTO ring was
fitted to the other tarsus so that individuals could be identified on recapture. Geolocators
were normally retrieved and downloaded annually when birds were recaptured in their

breeding burrows, but some were retrieved after as long as three years at-sea.

Field work was carried out with approval from the British Trust for Ornithology, the Skomer
and Skokholm Islands Advisory Committee, the Countryside Council for Wales and the
University of Oxford Local Ethical Review Committee. To minimise possible impacts on birds,
handling time during deployment and retrieval of devices was kept to a minimum and did not
exceed 10 minutes. The relative weight of geolocators ranged between 0.2%-0.8% of adult
body weight, well under the suggested 3% limit (Phillips et al., 2003). Throughout the tracking
project, impact assessments have been undertaken to compare the study population on
Skomer (the most intensively monitored site) and an adjacent population of unmanipulated
Manx Shearwaters. These showed no detectable negative impact of tracking and monitoring,
including long-term geolocator deployment, on adult breeding success and survival in the

Skomer study population (Shoji et al., 2015; Tyson et al., 2017).
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Geolocator data

Electrical conductivity sensors on geolocators detected every three seconds whether they
were immersed in salt-water, and devices recorded the number of immersed detections in
10-minute bins as a score of 0-200 (completely dry to completely immersed). The maximum
ambient light intensity measured in each 10-minute bin was also recorded on geolocators,

with light intensities clipped to a maximum of 64 lux.

All geolocator data processing and analysis was carried out in R 3.4.4 (R Core Development
Team 2018). Pre-processing of raw geolocator data was first performed to: standardise data
to a consistent format (that used by Biotrack devices); split each immersion and light trace
into separate years; and to join trace sections that were recorded on the same bird in the
same year but on separate deployments. In total, 364 distinct years were accounted for from
Skomer birds and 156 distinct years from Copeland birds. Figure 1 shows an example of an
immersion and light trace recorded for a complete year. Traces varied in completeness from
two days to the full year (Supplementary Figure 1), and incomplete traces varied in which
portions of the year they covered. Gaps were also present within some traces in which the
geolocator battery died before the device was retrieved, or where a geolocator was not

immediately redeployed after retrieval of a previous deployment.

With all geolocator data organised into distinct years, data were filtered to remove traces that
lacked the potential to contain a full exodus period, leaving a subset of candidate exodus
traces (hereafter referred to as candidate traces). Three filtering steps were used: (i) traces
were removed if they did not contain any data from the potential period of egg laying, here
defined as the 20t April — 6% June; (ii) traces were removed if egg lay date was known from

monitoring records and was not contained in the trace; and (iii) traces were removed if they
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began during the incubation stage. For filtering, incubation was identified by visual inspection
of immersion traces for the distinctive pattern of sequential multi-day dry periods

interspersed with periods of mainly non-zero immersion scores (e.g. Figure 1).

Data were also filtered to remove traces that did not contain an incubation stage or a known
lay date. Although such traces may have contained an exodus, it would have been impossible
to identify the exodus from the immersion data since lay date could not be inferred without
incubation (see methods below). For Skomer, 97 candidate traces from 59 individuals were
identified from filtering the 364 original traces. Whilst for Copeland, 53 candidate traces from
30 individuals were identified from filtering the 156 original traces. These candidate traces

formed the dataset for the remainder of the analysis.
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Figure 1. An example immersion and light trace from a female Manx Shearwater, FB05298, which bred
on Skomer in 2009. Days spent at the colony can be identified as days that are dry and dark, since
Manx Shearwaters remain in their dark burrow when on land during the day. Prolonged periods of
dry-dark in June and July are incubation stints interspersed with foraging trips at sea. Periods on land
in April and May show pre-laying visits to the colony.
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Determination of sex

Sexing by cloacal inspection

Accurate determination of sex was essential, both because sex was required to identify
exodus from immersion traces, and because comparisons between sexes were a key aim of
this study. The Manx Shearwater is a sexually monomorphic species, and numerous attempts
to identify diagnostic plumage and biometric differences between males and females have
been unsuccessful (Brooke, 1990). However, Manx Shearwaters can be accurately sexed by
examining the cloaca of incubating birds immediately after their egg is discovered. At this
time, the male cloaca appears small and pink, whereas the female cloaca appears swollen and
chalky (Brooke, 1990). In this study, 48 individual birds from Skomer represented by 68
candidate traces were sexed by cloacal inspection. The remaining 11 individuals from Skomer
were not sexed by cloacal inspection, and since the colony was not monitored during the

laying period, none of the 30 individuals from Copeland were sexed by cloacal inspection.

Sexing by behaviour: colony attendance at the start of incubation

For individuals not sexed by cloacal inspection, sex was determined behaviourally from pairs
of immersion traces simultaneously recorded on breeding partners. Initially, a method was
trialled to determine sex by colony attendance at the start of incubation: if only one partner
was on land on the first day of incubation, then this partner was labelled as female; if both
partners were on land on the first day of incubation, then whichever partner returned to sea
first was labelled as female. To enable this, time spent on land was classified in candidate
traces as >3 hours of constant dry-dark, and behavioural traces were generated to show time

spent on land vs. at sea. The first day of incubation was defined as the first day on land that
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was proceeded by a prolonged continuous presence on land in alternating shifts between

partners (Figure 2).

The method was tested on 7 pairs of candidate traces recorded from 5 breeding pairs on
Skomer, all of which had been independently sexed by cloacal inspection (Figure 2). For 6
pairs of traces (A-E, G) sexes determined behaviourally by colony attendance at the start of
incubation matched those found by cloacal inspection. The remaining pair (F) were incorrectly
sexed, as the female took the first long incubation stint even though the male was on land

with the female for the first day of incubation (Figure 3).

The presence of a classification error in such a small sample of traces undermined the validity
of the incubation attendance method to accurately determine sex. Indeed, it has been shown
that even when both partners visit the colony simultaneously, they may not encounter each
otherinthe burrow (Tyson et al., 2017). In addition, the method assumes that the male always
begins incubating as soon as he finds an egg in his burrow, thought to be an adaptation to
allow the female to return to sea to replenish her body reserves, which become depleted
during the egg building process (Brooke, 1990; Dean, 2012). However, from personal
observations at the Skomer study site, females occasionally take the first incubation stint even
after males have visited and the egg has been present. In addition, most males (24/29 males
from paired candidate traces) were found to visit land for at least one full day during exodus,
and if this were to occur the day before the female returned to lay, then the male could be
erroneously classified as the female. Given these limitations, the method was deemed

unreliable, and an alternative method of behavioural sexing was used.
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Figure 2. Paired behavioural traces for the seven breeding pairs (A-G) from Skomer that were sexed
by cloacal inspection, with sex shown to the left of each trace. Light blue segments indicate time at
sea, and orange segments indicate time at the colony. White gaps in some traces are the result of gaps
between separate geolocator deployments. The first day of incubation is shown by vertical black lines.
The last day before incubation when both partners were on land is shown by vertical red lines. Through
the incubation attendance method, sex was correctly determined (i.e. matched sex determined by
cloacal inspection) for pairs A-E and G, whilst pair F was incorrectly sexed. Through the pre-laying
attendance method, sex was correctly determined for all individuals.
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Figure 3. The paired immersion traces used to generate the behavioural traces for breeding pair F
shown in figure 2. The start of incubation is marked by the vertical black line. The last day before
incubation when both partners were on land is shown by vertical red lines. Although both the female
(upper red trace) and male (lower blue trace) are on land on the first day of incubation, the female
remains at the colony to take the first incubation stint while the male returns to sea to forage. Sex was
incorrectly determined by the incubation attendance method, but correctly determined by the pre-
laying attendance method.
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Sexing by behaviour: pre-laying colony attendance

For Manx Shearwaters that had not been sexed by cloacal inspection, Kirk (2016) developed
a technique to infer sex from pre-laying behaviour identified in immersion traces, based on a
similar method applied in Balearic Shearwaters (Guilford et al., 2012). The method utilised
differences in colony attendance between males and females during the pre-laying exodus,
when the female departs the colony for upwards of 10 days while the male visits the colony
during his partner’s absence, often regularly (Brooke, 1990). Here, the start of exodus was
defined from paired geolocator traces as the last full day that both partners spent on land
together before incubation, and the end of exodus was defined from paired geolocator data
as the start of incubation (incubation defined as previously described). Looking specifically at
the exodus period for each bird in a pair, the individual that visited land with the highest

frequency was identified as the male and the other as the female (Figure 2).

Using a feature of the pre-laying exodus to determine sex raises the concern that bias could
be imposed, especially since comparisons of exodus between sexes were a key feature of this
study. However, no bias should occur so long as the method accurately determines sex.
Several lines of evidence support the use of pre-laying attendance as a highly accurate

method to determine sex, and hence the validity of its use in this study.

Firstly, from monitoring burrows at breeding colonies and from GPS and geolocator tracking
of individuals during pre-laying exodus, it has been firmly established that the male Manx
Shearwater visits the colony during exodus whilst the female is absent (Brooke, 1990; Dean,
2012; Guilford et al., 2009). Secondly, the method has been tested previously on geolocator
data from 31 individual Manx Shearwaters, and sex determined by pre-laying attendance

matched sex determined by cloacal inspection in all cases (Kirk, 2016). Finally, the method
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was tested on the same 7 pairs of immersion traces that were used to test the incubation
attendance method, and the sexes determined by pre-laying attendance matched those
determined by cloacal inspection for all 7 pairs (Figure 2). Given the weight of evidence
supporting the accuracy of the method, pre-laying attendance was used to behaviourally
determine sex for all simultaneously recorded breeding partners which were not sexed by

cloacal inspection.

Among Skomer birds, 7 pairs of candidate traces from 4 breeding pairs of Manx Shearwater
were sexed solely by inspection of paired immersion traces. For the 3 breeding pairs that were
recorded in 2 separate years, the assigned sexes matched between years. The 8 individuals
sexed by inspection of paired immersion traces were represented by 23 candidate traces.
Combined with candidate traces from individuals sexed by cloacal inspection, a total of 91
candidate traces from Skomer were successfully assigned a sex. 3 individuals from Skomer
represented by 6 candidate traces were not sexed, since there were no candidate traces from

their breeding partners*.

Among Copeland birds, 15 pairs of candidate traces were recorded from 11 breeding pairs /
21 individuals: 2 pairs were recorded in 2 separate years, 1 pair was recorded in 3 separate
years, and 1 individual was recorded in 2 separate years but with a different partner in each.
For individuals sexed repeatedly in different traces, the assigned sex was the same in every
case. Since no birds were sexed by cloacal inspection on Copeland, all 21 individuals were
sexed by inspection of paired immersion traces and were represented by 44 candidate traces.
9 individuals from Copeland represented by 9 candidate traces were not sexed, since there

were no candidate traces from their breeding partners*.
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*Due to reduced reliability of identifying exodus for a single trace without knowledge of its
sex, an individual was not sexed behaviourally if there was no candidate trace from the
breeding partner. Since sex was required for later stages of the analysis, candidate traces from

birds of unknown sex were dropped from the analysis.

Identification of exodus periods

Exodus periods were identified differently for males and females. For females, exodus was
defined as the period between the last full day on land before incubation begun (which
coincided with the male’s presence on land in all 29 paired candidate traces e.g. Figure 2) and
the day on which the egg was laid. For males, exodus was defined as the period between the
last full day on land before incubation that coincided with the female (this could only be
determined from paired candidate traces) and the first visit to land when the egg was present,
which usually corresponds to the first incubation stint because male procellariforms typically
start incubation as soon as they discover an egg in their burrow (Warham, 1990). Using these
definitions, two key dates were required to identify the end-date of exodus: (1) for males, the

start date of their first incubation stint, and (2) for females, the egg lay date.

Identification of exodus end-dates from lay dates identified in the field

During the laying period on Skomer, most study burrows were monitored daily to record
when an egg first appeared. A record of this data has been kept for Skomer study burrows
since 2009, from which lay dates were found for 52 candidate traces. These dates defined the
end of exodus in female candidate traces (n=25), while the first visit to land on or after the
lay date (determined from geolocator data) defined the end of exodus in male candidate
traces (n=27). The remaining 39 candidate traces from Skomer lacked lay dates as their
burrows were not monitored daily, and all 44 candidate traces from Copeland lacked lay dates
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as Copeland burrows were not monitored during the laying period. For these candidate

traces, the dates of the key breeding events were inferred from immersion traces.

Identification of exodus end-dates from paired candidate traces

Firstly, paired candidate traces recorded simultaneously on breeding partners were used,
with lay dates identified as the date on which incubation begun. As before, the first day of
incubation for paired traces was defined as the first day on land that was proceeded by a
prolonged continuous presence on land in alternating shifts between partners (Figure 2). This
was tested on 4 pairs of candidate traces from Skomer for which lay date had been recorded
in the field. Lay dates inferred from paired candidate traces matched exactly those recorded
in the field for all pairs, supporting the efficacy of the technique to accurately identify lay
dates. The technique was used to infer lay dates for 10 pairs of candidate traces from Skomer
and 15 pairs from Copeland for which lay dates had not been recorded in the field. These
dates defined the end of exodus in female candidate traces, while the dates of the first visit

to land on or after the lay date defined the end of exodus in male candidate traces

Identification of exodus end-dates from single candidate traces

For the remaining 19 candidate traces from Skomer and 14 candidate traces from Copeland
that lacked lay dates, simultaneous candidate traces had not been recorded for the breeding
partner and it was therefore not possible to classify incubation by a prolonged continuous
presence on land in alternating shifts between partners. Instead, an algorithm was developed
to identify incubation stints in single traces from the pattern and duration of visits to land,
which (as before) were classified from candidate traces as >3 hours of constant dry-dark. The
algorithm was refined using the 51 candidate traces from Skomer for which lay date had been
determined by daily burrow monitoring. The algorithm classified incubation stints in the
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following way: (i) incubation stints could only be assigned between 27t April — 26™ July, the
window in which incubation can occur; (ii) periods of >3 consecutive days on land within the
window were assigned as incubation stints; and (iii) if the earliest incubation stint was more
than 14 days before the start the of the next stint, then the early stint was discounted as a

pre-laying visit to land.

Using these parameters, the first incubation stint assigned by the algorithm matched the true
first incubation stint determined from the known lay date in 22/24 female and 25/27 male
candidate traces. For the other 4 candidate traces, the first incubation stint assigned by the
algorithm matched the second true incubation stint determined from the known lay date,
since each of the first true incubation stints in these 4 traces were only 2 days in length. Manx
Shearwater incubation stints typically last upwards of 5 days, but they can be as short as 1-2
days (Brooke, 1978). A lower threshold of 2 or more days on land meant the algorithm
correctly classified all first incubation stints in the 51 candidate traces with known lay dates,
however, this threshold classified pre-laying visits to land as the first incubation stint in 5
candidate traces. As the best compromise, the threshold of >3 days on land was used in the

final algorithm.

The start date of the first incubation stint assigned by the algorithm defined the end of exodus
in male candidate traces. However, the start date of the first incubation stint assigned by the
algorithm did not necessarily define the lay date (i.e. the end of exodus) in females. Female
Procellariforms usually incubate their newly laid egg until the male visits the burrow and takes
over incubation (Warham, 1990). If the male took over incubation and the female returned
to sea in <3 days after the egg was laid, then the start date of the first female incubation stint

assigned by the algorithm would not correspond to the lay date. If the male took over
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incubation and the female returned to sea in >3 days after the egg was laid, then the start
date of the first female incubation stint assigned by the algorithm would correspond to the
lay date. To distinguish between these two possibilities, a simple criterion was used to identify
lay date from the first incubation stint assigned by the algorithm for female candidate traces:
If the female visited land for 23 hours within 14 days of the start date of the first incubation
stint, then this day was assigned as the lay date, otherwise the start date of the first
incubation stint was assigned as the lay date. This method was tested on 24 candidate traces
from Skomer females, comparing lay dates assigned from incubation stints to those recorded

in the field. The lay dates matched for all candidate traces.

Using these methods to identify exodus end-dates from single traces, Incubation stints were
assigned to 19 candidate traces from Skomer and 14 candidate traces from Copeland that
lacked a known lay date and for which there was no candidate trace from the breeding
partner. These included 6 candidate traces from Skomer females and 9 from Copeland

females for which lay date was identified using the technique described above.

Identification of exodus start-dates from candidate traces

With the end dates of exodus identified for 91 candidate traces from Skomer and 44 candidate
traces from Copeland, exodus start dates were identified. For females (Skomer: n=40;
Copeland: n=24), the exodus start-date was defined as the last full day on land before the lay
date. This was chosen on the basis that, from paired data from breeding pairs (n=29 pairs),
the female’s last full day on-land always coincided with the male also being on land for the
full day, and this likely corresponds to when mating occurred (Dean, 2012). For males, the
exodus start-date was defined as the last full day on land before the lay date that coincided

with the female. This could only be determined for the 14 male candidate traces from Skomer
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and 15 male candidate traces from Copeland for which the partner candidate trace could be
examined, since most males (24/29 males from paired candidate traces) visited land for at
least one full day during exodus (range 1-7 days). This made it more difficult to reliably
determine exodus start-date for single male candidate traces, as full-day visits to land during

exodus must be distinguished from full-day visits to land at the start of or before exodus.

For the 33/36 single male candidate traces from Skomer and 5/5 single male candidate traces
from Copeland, the first full day on-land before a specific date (calculated as the end-date of
the exodus minus 10 days for Skomer or 11 days for Copeland — the minimum duration of
exodus among females for the respective colony) was used to define the exodus start-dates.
For such males, the defined exodus possibly excluded early portions of the full exodus, since
males are known to visit land during exodus, and any full-day visit to land prior to 10 / 11 days
before the end of exodus would be classified as the start of exodus, regardless of whether
this was the start of exodus or a visit to land during exodus. However, this limitation was
preferred to an alternative higher threshold (e.g. the mean duration of female exodus), which
would increase the likelihood of including pre-exodus periods within exodus. For analyses in
which partial exodus might introduce bias, these exodus periods were excluded and only
paired males (Skomer: n=14; Copeland n=15) were analysed. 3/55 single male candidate
traces from Skomer were dropped from the analysis, since, the candidate trace begun fewer

than 10 days before the end-date of exodus.

In summary, from 150 candidate immersion traces, 132 exodus periods from 76 individual
Manx Shearwaters were identified, including 88 exodus periods from Skomer (40 females, 48
males) and 44 exodus periods from Copeland (24 females, 20 males). Of these, 29 pairs of

exodus periods were simultaneously recorded for both partners of breeding pairs, consisting
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of 14 pairs from Skomer and 15 pairs from Copeland. A breakdown of the years in which

exodus periods were recorded split by sex and colony is presented in Table 1.

Males Females
Year Yearly Totals
Skomer Copeland Skomer Copeland
2008 5 0 4 0 9
2009 7 5 3 5 20
2010 4 5 3 6 18
2011 9 5 7 4 25
2012 6 0 5 0 11
2013 0 2 1 0 3
2014 4 0 9 2 15
2015 6 3 3 3 15
2016 7 0 4 1 12
2017 0 0 1 3 4

Table 1. Numbers of exodus identified from each island and sex by year.

Behavioural annotation

Behaviour at-sea

Immersion data were used to infer at-sea behavioural states for each 10-minute time bin. This
is possible because different behaviours correlate with different salt-water immersion scores
and patterns. In previous studies, high resolution biologging data (e.g. from GPS, dive loggers
and accelerometers) have been used in combination with immersion and light data to
annotate behaviour using various machine learning methods (Guilford et al. 2008, Dean et al.
2012, Freeman et al. 2013). In this study, a simple threshold method was used to classify
immersion data into 3 behavioural categories: (i) resting at-sea, with an immersion score
>96% wet; (ii) flying, with an immersion score <4% wet; and (iii) foraging, with an immersion

score >4% wet and <96% wet. A similar annotation system was used by Fayet et al. (2016) on
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immersion data from Atlantic Puffins Fratercula arctica. In Puffins, foraging typically involves
short flights interspersed with feeding from the water’s surface and diving under the surface,
leading to intermediate immersion scores. Manx Shearwaters forage in a broadly similar
fashion, and the use of immersion data to infer behaviour in the species has been validated

through co-deployments of geolocators, dive loggers and GPS (Dean et al., 2012).

Visits to land

In addition to behaviour at-sea, visits to the colony were classified from immersion data. Over-
day visits to the colony were identified using the threshold of >75% dry scores per day. This
threshold was validated by light levels during daylight hours that were equivalent to night-
time light levels, since Manx Shearwaters remain in their burrow when they are on land during
the day due to the high risk of predation on the surface (Brooke, 1990). Visits to land at night
were more difficult to identify, as they must be distinguished from periods of night-time flight.
Dean (2012) showed that Manx Shearwaters at-sea spent a large proportion (c.80-95%) of the
night immersed during exodus, leading to the expectation that night time flight should be
relatively short compared to visits to land, which may last most of the night (Brooke, 1990).
Figure 4 shows the frequency distribution of different durations of continuous dry periods
between civil dusk and civil dawn during exodus, from which it was clear that the lengths of
visits to land and night-time flight overlapped very little. More than 50% short (<3 hour) dry
periods occurred during nautical twilight, when Manx Shearwaters are known to be relatively
active and make short flights between rafting on the water, whilst the long (=3 hour) dry
periods occurred mostly after nautical dusk and before nautical dawn, when Manx
Shearwaters at-sea spend most time immersed (supplementary figure 2; Dean, 2012). Based

on this, visits to land at night were identified as >3 hours of continuous dry.
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Figure 4. Histograms showing the frequency of durations of continuous dry data for each sex between
civil dusk and dawn during exodus periods. Females usually do not visit land during exodus, and the
high frequency of short (< 3 hour) dry periods are interpreted as periods of flight during twilight and
night. Males are known to visit land during exodus, and here they show a bimodal distribution of
durations of continuous dry periods. The high frequency, short (< 3 hour) dry periods are interpreted
as short flights during twilight and night, while lower frequency, long (= 3 hour) dry periods are
interpreted as visits to the colony.

Determining locations from light data

Light data were used to determine the locations of geolocators. Light-level geolocation
requires twilight events (e.g. sunrise and sunset) to be defined using a light threshold to
identify transitions between day and night. From the timings of these twilight events recorded
by a known internal clock, latitude can be estimated by day length and longitude can be

estimated by the times of sunrise and sunset.

All processing and analysis of light data was carried out using the Geolight package in R.

Firstly, the ‘twilight’ function was used to automatically extract times of dawn and dusk for
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each day using a light threshold of 3 lux. All twilight times were visually checked against each
light curve to manually correct errors caused by irregularities in the light data. Secondly, the
‘coord’ function was used to calculate geographical coordinates for each pair of twilight
events, generating a location for each midday and midnight. To do this, the sun elevation
angle corresponding to the set light threshold must be inputted into the ‘coord’ function. To
determine the best sun elevation angle, locations were calculated for multiple elevation
angles between -8° and -2°, and for each angle, locations were plotted on maps of western
Europe and the surrounding seas (Supplementary Figure 3). Maps were compared visually to
gualitatively assess the plausibility of locations, specifically, the positions of clusters of Manx
Shearwaters relative to their colonies and the overlap of cluster-centres with land. A single
sun elevation angle of -5.5° was selected and used for all location calculations, which
minimised implausible cluster centres over land. Although not used for the selection of the
sun elevation angle, the value of -5.5° was further supported by the observation that location
clusters of Skomer individuals qualitatively matched those found by GPS tracking of Manx

Shearwater during exodus for an overlapping time period (Dean, 2012).

Locations were finally filtered to remove implausible locations that resulted from remaining
light curve errors, or from significant clock faults. This was done by visually checking the tracks
for each exodus period. Implausible locations were defined as tracks for which no single point
fell within the -20° to 5° longitude and 40° to 60° latitude. In addition, individual points were
removed if they were >1000km from the previous and subsequent positions. In total, final
locations were retained for 41 male and 35 female exodus periods from Skomer, and 19 male

and 20 female exodus periods from Copeland.
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Kernel density estimation and mapping

Kernel density estimation was used to generate occupancy contours from the light-derived
coordinate locations. This was carried out in ArcGIS 10.3 (ESRI), Geospatial Modelling
Environment (GME, Spatial Ecology) and R. For each sex from each colony, coordinates were
combined into a single csv file and point shapefiles were generated for each group. The point
shapefiles were processed using the ‘kde’ function in GME to generate raster representations
of kernel density estimates, with a bandwidth of 0.5° and a cell size of 0.1° to produce
contiguous cores without over-smoothing. 75%, 50% and 25% occupancy contours were
calculated from kernel density estimates using the ‘isopleth’ function in GME, and these final
polygon shapefiles were imported to R for plotting. Base maps, including bathymetry data to
illustrate the location of the continental shelf edge, were generated using the Marmap
package in R, using data downloaded from the NOAA bathymetry database. Areas and
overlaps of 25% occupancy kernel polygons were calculated using the ‘area’ and ‘intersect’
functions in the raster package in R. Percentage overlaps were calculated as the overlap area

divided by the total area of both overlapping kernels.

Statistics

Statistical analyses were carried out in R. All means have associated standard error, unless
otherwise stated. For comparisons of exodus metrics (exodus timings, visits to land,
behaviours) between sexes and colonies, means were calculated for each exodus, and group
means were calculated from these individual means to prevent longer exodus periods from
carrying more weight e.g. the mean proportion of days spent on land for each exodus was
calculated as the number of over-day visits to land divided by the total number of days in the

exodus, and population means were computed from these values. Comparisons of exodus
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metrics were made using welch two-sample t-tests, to account for the unequal variance
between groups. Multiple linear regressions were carried out using the ‘Im’ function in R for
normally distributed data, and logistic regression was performed using the ‘glm’ function in R
for binomially distributed data. To visualise temporal variation in behaviour over the course
of exodus, days were aligned from the end of exodus, and for each day before the end-date,
the mean number of hours spent in each behaviour during daylight was calculated and plotted
with 95% confidence intervals to represent whether days were significantly different between

sexes and colonies.

To visualise spatial variation in behaviour during exodus, 25% occupancy kernels were
calculated from subsets of daily locations at which each behaviour was predominant. Each of
these locations was weighted by the proportion of daylight (civil dawn to dusk) allocated to
that behaviour, such that locations with 90% of daylight allocated to behaviour-x carried twice
the weight of locations with 45% of daylight allocated to behaviour-x. The subset of daily
locations in which behaviour-x was predominant consisted of all locations at which the ‘daily
behavioural index’ for behaviour-x was greater than that of the other two behaviours. The
behavioural index B for day i was calculated for each behaviour within each exodus e, using
the formula: Be(j) = (be(i)— min(be)) / (max(be) — min(be)) where b is the proportion of daylight
allocated to the specific behaviour. The daily behavioural index for each behaviour ranged
from 0 to 1 within each exodus, therefore allowing predominant behaviour for each daily

location to be determined relative to the baseline levels of behaviour within each exodus.
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Results

Duration and timing of exodus

Mean duration, start-date and end-date of exodus were compared across colonies and sexes
(Table 2). Exodus duration of males and females was similar within colonies, at 18.7 days
(+1.48, n=14) and 18.3 days (+0.77, n=40) on Skomer, and 20.5 days (+0.90, n=15) and 21 days
(x0.77, n=24) on Copeland, respectively (welch two-sample t-tests; Skomer: df=20, t=0.24,
p=0.82; Copeland: df=31, t=0.38, p=0.71). Among males there was no significant difference in
exodus duration between colonies (welch two-sample t-test; df=21, t=1.07, p=0.29), while
exodus duration of Copeland females was 2.7 days / 15% longer than that of Skomer females

(welch two-sample t-test; df=57, t=2.48, p=0.016).

Mean exodus start-date and end-date did not differ significantly across colonies or sexes
(Table 2). Mean exodus start-date ranged from 27t April (+2.3 days, n=24) in Copeland
females to 30t April (+1.5 days, n=40) in Skomer females (welch two-sample t-test; df=42,
t=1.08, p=0.28), and mean end-date ranged from 17" May (+1.4 days, n=14) in Skomer males
to 19t May (+2 days, n=15) in Copeland males (welch two-sample t-test; df=21, t=1.078,
p=0.29). This concurs with a previous analysis of geolocator data which found no significant

difference in lay date between Skomer and Copeland Manx Shearwaters (Kirk, 2016).

Visits to land during exodus

Visits to land during exodus were compared across colonies and sexes (Table 2). Manx
Shearwaters only come ashore at night and usually return to sea before dawn, however they
sometimes remain in the burrow over-day (here defined as between civil dawn and dusk).

Females were not found at the colony over-day during exodus, as the last over-day visit before
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Table 2. Comparing exodus metrics between islands for each sex. All values are population means, calculated from the means of each individual so that longer
exodus periods did not carry more weight in calculations. Bracketed values are standard errors of the means.

Duration of

Proportion of nights  Duration of night-time  Proportion of days

Proportion of exodus

Sex Colony Number exodus (days) Start-date End-date spent at the colony visits to land (hours) spent at the colony spent on-land
28-Apr 17-May %4
Skomer 14 18.7 (1.48) (1.9days) (L4 days) 0.66 (0.06) 5.47 (0.16) 0.09*4 (0.02) 0.21(0.02)
Males
28-Apr 19-May %3 %4
Copeland 15 20.5 (0.90) (20days) (2.0 days) 0.51 (0.04) 5.09*3(0.18) 0.18*4(0.02) 0.24 (0.02)
30-Apr 18-May
*1 *2
Skomer 40 18.3*1(0.77) (15 days) (L3 days) 0.01*2(0.003) 4.63 (0.52) 0(0) 0.001 (0.0005)
Females
27-Apr 18-May
*1 *2 *3
Copeland 24 21.0%1(0.77) (23days) (L8 days) 0.02*2 (0.006) 4.04*3 (0.36) 0(0) 0.002 (0.0009)

Welch two-sample t-tests: 1t=2.48, p=0.016; 2t=2.12, p=0.041; 3t=2.62, p=0.024; # t=2.59, p=0.015. Only a selection of statistically significant results is shown here, see main
text for full test results of all comparisons.

Table 3. Number of days spent on land over-day during exodus.

Days on land 0 1 2 3 4 5 7
SkomerMales |5 1 5 1 1 O 1
CopelandMales | 0 2 3 3 3 0 1
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the lay date was used to define the start of their exodus. In contrast, some males were found
to occasionally stay in the burrow over-day (Table 3). Copeland males were significantly more
likely to remain in the burrow over-day at least once during exodus: 9/14 Skomer males spent
>1 days on land while all Copeland males (n=15) spent 21 days on land (chi-squared test; df=1,
X*>=4.21, p=0.04). Copeland males also spent a greater proportion of days on land during
exodus, with 9% (+2%, n=14) of days spent on land in Skomer males and 18% (+2%, n=15) of

days spent on land in Copeland males (welch two-sample t-test, df=26, t=2.59, p=0.015).

Manx Shearwaters more often visit land at night and returned to sea before dawn (Figure 5).
All males visited land on 24 nights during exodus (mean=10.7 +0.76, n=29). In contrast, no
female visited land on >2 nights during exodus (mean=0.2 +0.06, n=64). 52 females did not
visit land at all, 11 females visited land on 1 night, and 1 female visited land on 2 nights.
Skomer and Copeland males visited land on 66% (+6%, n=14) of nights and 51% (+4%, n=15)
of nights, respectively; although the difference was not significant (welch two-sample t-test;
df=23, t=2.03, p=0.054). Skomer females visited land on 1% (+0.3%, n=40) of nights,
significantly less than Copeland females which visited land on 2% (£0.6%, n=24) of nights
(welch two sample t-test; df=31, t=2.12, p=0.042). Within each colony, females visited land
on a significantly lower proportion of nights compared to males (welch two-sample t-tests;

Skomer: df=13, t=10.5, p<0.001; Copeland: df=14, t=11.5, p<0.001).

The mean duration of night-time visits to land was similar between colonies within each sex
(Figure 6). On average, Skomer male visits lasted 5.47 (+0.16, n=14) hours while Copeland
male visits lasted 5.09 (£0.18, n=15) hours (welch two-sample t-test; df=26, t=1.55, p=0.13);
Skomer female visits lasted 4.63 (+0.52, n=40) hours while Copeland female visits lasted 4.04

(£0.36, n=24) hours (welch two-sample t-test; df=5, t=0.93, p=0.39). There was no difference
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Figure 5. Frequency distributions for the number of 23-hour visits to land per exodus. All males (n=29)
visited land on at least 4 nights during exodus. 52/64 females did not visit land, while 11/64 females
visited land on 1 night and 1 female visited land on 2 nights.
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Figure 6. Frequency distributions for visit duration for all visits to land by males (n=605 visits) and
females (n=13 visits) during exodus. Males spent a mean of 5.13 (+0.04) hours on land per visit, while
females spent a mean of 4.21 (+0.28) hours on land per visit.
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in the mean duration of night-time visits between sexes on Skomer (welch two-sample t-test;
df=3, t=1.56, p=0.20), while Copeland male visits lasted significantly longer than Copeland
female visits (welch two-sample t-test; df=10, t=2.62, p=0.024). Overall, Skomer females and
Copeland females spent a similar proportion of their entire exodus on land, at 0.1% (+0.05%,
n=40) and 0.2% (+0.09%, n=24), respectively (welch two-sample t-test; df=26, t=0.96, p=0.35),
and Skomer males and Copeland males spent a similar proportion of their entire exodus on
land, at 21% (2%, n=14) and 24% (+2%, n=15), respectively (welch two-sample t-test; df=26,
t=0.96, p=0.35). However, males from both colonies spent a significantly greater proportion
of their entire exodus on land compared to their respective females (welch two-sample t-

tests; Skomer: df=13, t=9.52, p<0.001; Copeland: df=14, t=11.0, p<0.001).

Changes in visits to land over the course of exodus

Temporal variation in the duration and probability of visits to land was examined to test
whether visiting behaviour changed over the course of exodus. Exodus periods were aligned
from the end of exodus and the number of days before the end-date was treated as the

explanatory variable. Only male visits were analysed due to the rarity of female visits.

Firstly, the effect of days before the end of exodus on the duration of night-time visits to the
colony was analysed by separate linear regressions for Skomer and Copeland males*. Since
night-duration decreased during exodus and could potentially influence visit-duration, night-
duration was included as a covariate in the regression models. For both Skomer and Copeland
males, night-duration had a significant positive affect on visit-duration, whilst only for Skomer
males did days before the end of exodus affect visit-duration with a significant positive effect
i.e. visit-duration decreased as Skomer males neared the end of exodus. Overall, the models

incorporating night-duration and days before the end of exodus explained 27% of the variance
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in visit-duration on Skomer, and 34% of the variance in visit-duration on Copeland. Figure 7
shows how visit-duration and night-duration covaried with number of days before the end of
exodus, and how these relationships differed between colonies. The duration of Skomer male
visits was longer than Copeland male visits during the early stages of exodus but visit-duration

converged towards the end of exodus (Figure 7).

*OLS multiple linear regression; Skomer: df =150, intercept =0.76 £1.46 hours, night-duration
effect estimate = 0.56 £0.21 hours, p = 0.011, days before the end of exodus effect estimate
= 0.056 +0.017 hours, p = 0.001, adjusted R? = 0.267; Copeland: df = 145, intercept = -1.70
+0.83; night-duration effect estimate = 1.00 +0.13 hours, p < 0.001, days before the end of

exodus effect estimate = -0.006 +0.015 hours, p = 0.70, adjusted R? = 0.335.

Secondly, the effect of the number of days before the end of exodus on the probability of
night-time visits to land was tested and compared between Skomer and Copeland males. The
probability of visiting the colony on a night increased over the course of exodus in Skomer
males, whilst there was no detectable change in Copeland males (Figure 8). Averaged across
all nights during exodus for all Copeland males, individuals had a 0.52 +0.03 probability of
visiting land on a night, and there was no significant change in the probability with change in
days before the end of exodus (logistic regression, effect estimate = 0.015 +0.019, odds ratio
= 1.015, p = 0.431). In comparison, averaged across all nights during exodus for all Skomer
males, individuals had a 0.66 £0.03 probability of visiting land on a night. For Skomer males,
the probability of visiting land on a night increased significantly as the end of exodus
approached (logistic regression; effect estimate = -0.078 +0.022, odds ratio = 0.925, p <
0.001). From model estimations, Skomer males had a 0.49 +0.052 probability of visiting land

20 nights before the end of exodus vs. 0.81 £0.048 one night before the end of exodus.
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Figure 7. The relationship between the number of days before the end of exodus and the duration of
night-time visits to land by males. Solid lines show linear regression model predictions of visit-duration
explained by days before the end of exodus (shaded areas show *2SE). Dotted lines show linear
regression model predictions of night-duration explained by days before the end of exodus. At both
colonies, visit-duration decreased as males neared the end of exodus, but this covaried with night-
duration. On Copeland, the slope of visit-duration (0.055 +0.016 hours/day) did not differ significantly
from the slope of night-duration (0.061 +0.008 hours/day), while on Skomer, the slope of visit-
duration (0.087 +0.012 hours/day) differed significantly by 0.031 hours/day from the slope of night-
duration (0.056 * 0.004 hours/day). Using multiple regression to control for night-length within each
colony, there was no significant effect of number of days before the end of exodus on visit-duration
in Copeland males, while there was a significant positive effect in Skomer males.
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Figure 8. The modelled probability of visiting land at night among males is shown by the red lines,
with 95% confidence limits shown by dashed lines. Points represent the outcome of every night
for all individual males from each colony, 0 = no visit to land, 1 = visit to land. Skomer males show
a significant increase in the probability of visiting land as the end of exodus approaches, whilst
Copeland males show no significant change.

The spatial distribution of Manx Shearwaters during exodus

To identify general patterns in the spatial distribution of exodus trips, twice-daily locations
were used to generate kernel density estimates for each sex within colonies. Occupancy
kernels demonstrated similarities but also clear differences between sexes for both colonies
(Figure 9). The 25% and 50% occupancy kernels showed single, tightly clustered distributions
for Skomer and Copeland males, centred relatively close to their respective colonies in the

Celtic and Irish Seas. However, males made infrequent distant trips west of Ireland, as shown
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by the subsection of the Skomer male 75% occupancy kernel adjacent to the edge of the
continental shelf. 25% occupancy kernels highlighted two distinct areas for both Skomer and
Copeland females: one area that overlapped with their respective male 25% occupancy
kernels near to the colonies (69% overlap between Skomer males and females; 28% overlap
between Copeland males and females), and one larger area to the southwest of Ireland over
the continental shelf edge and the waters above the Porcupine Bight, where there was no

overlap with respective male 25% or 50% occupancy kernels (Figure 9).

Between colonies, females from Skomer and Copeland showed relatively similar distributions
to the southwest of Ireland with 41% overlap of 25% occupancy kernels in this area, although
Copeland females displayed a more westerly limit in their distribution. In contrast, females
from Skomer and Copeland showed more distinct 25% occupancy kernels near to the
colonies, with only 16% overlap: Skomer females were centred relatively close to Skomer in
the Celtic Sea off the southeast coast of Ireland, whilst Copeland females were centred further
north and closer to Copeland, mostly in the Irish Sea to the east of Ireland. Males from Skomer
and Copeland showed similar differences in their 25% occupancy kernels, with Skomer males
mostly distributed within the Celtic Sea and Copeland males mostly distributed within the

Irish Sea to the north, with only 8% overlap between 25% occupancy kernels.

Exodus distributions of Manx Shearwaters from Skomer were consistent with previous
findings from GPS data that demonstrated a similar segregation of males and females in the
regions found here (Dean, 2012). This study is the first to identify exodus distributions for
Copeland; males showed relatively distinct distributions compared to Skomer males but were
similar in that they remained relatively local to the colony, while females showed broadly

similar distributions to Skomer females, particularly along the continental shelf edge.
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Figure 9. Locations of Manx Shearwaters during exodus for males (blue shading) and females (red
shading) from Skomer (southern red circle) and Copeland (northern red circle). Shaded regions from
light to dark represent 75%, 50% and 25% occupancy kernels. Black points represent light-derived
locations of birds twice-daily during exodus. Contours at sea represent ocean depths from 500m to
2000m at 500m intervals.
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Behaviour at-sea during the exodus

Behaviour at sea was classified using immersion score thresholds to categorise 10-minute
time bins into flight, foraging or resting at-sea. For each exodus, two means were calculated
for each behaviour: total time allocated to each behaviour during daylight over (i) the total
number of days and (ii) the number of days spent at-sea (i.e. excluding days that were spent
in the burrow). Population means were calculated from these values and the mean allocation
of daytime to each behaviour (expressed in hours per day) was compared between sexes

within colonies (Table 4) and between colonies within sexes (Table 5).

There were both similarities and differences in the mean allocation of daytime to different
behaviours among sexes and colonies. Firstly, there were no significant differences in the
allocation of daytime to flight between sexes within colonies (welch two-sample t-tests;
Skomer: df=25, t=1.40, p=0.17; Copeland: df=29, t=1.22, p=0.23) or between colonies within
sexes (welch two-sample t-tests; males: df=26, t=0.82, p=0.42; females: df=43, t=1.33,

p=0.19), with means ranging between 2.7-3.5 hours of flight per day for all groups.

The mean allocation of daytime to foraging was similar between colonies for both sexes
(welch two-sample t-test; males: df=26, t=0.14, p=0.88; females: df=40, t=0.88, p=0.38). In
contrast, within both colonies males spent significantly more daytime foraging than females,
both averaged over the total number of days (welch two-sample t-test; Skomer: df=17,
t=2.17, p=0.044; Copeland: df=25, t=2.67, p=0.013) and over days spent at-sea (welch two-
sample t-test Skomer: df=25, t=6.24, p<0.001; Copeland: df=24, t=6.66, p<0.001). Of Skomer
birds, females spent a mean 7.07 +0.14 hours foraging per day, while males spent an
additional 0.79 hours / 11% longer foraging per day*, or an additional 1.55 hours / 22% more

time foraging per day at-sea. Of Copeland birds, females spent a mean 6.84 +0.22 hours
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foraging per day whilst males spent an additional 1.09 hours / 16% more time foraging per

day*, or an additional 2.63 hours / 38% more time foraging per day at-sea.

The mean allocation of daytime to rest at-sea was different between sexes within colonies
(welch two-sample t-tests; Skomer: df=27, t=5.04; p<0.001; Copeland: df=36, t=9.28;
p<0.001). It was also different between Skomer and Copeland males, but similar between
Skomer and Copeland females (welch two-sample t-tests; males: df=23, t=3.57; p=0.002;
females: df=44, t=0.69, p=0.50). Of Skomer birds, females allocated the most time to rest at-
sea, with a mean of 6.47 £0.23 hours per day, while males spent 1.96 hours fewer / 30% less
time resting per day*, or 1.47 hours fewer / 23% less time resting per day at-sea. Of Copeland
birds, females also spent the most time resting at-sea, with a mean of 6.74 £0.32 hours per
day, while males spent 3.61 hours fewer or 54% less time resting per day*, and 3.02 hours
fewer or 45% less time resting per day at-sea. Although Skomer and Copeland females
allocated similar amounts of daytime to rest per day at-sea, Skomer males spent significantly
more time resting per day than Copeland males: an additional 1.38 hours / 44% more time
resting at-sea per day* than Copeland males, and an additional 1.72 hours / 46% more time

resting at-sea per day at-sea than Copeland males.

* averaged over the total number of days in exodus.
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Table 4. Comparing behavioural metrics between sexes for each island. Bracketed values are standard errors.

Daytime flight Daytime foraging Daytime resting at-sea
Colony Sex Number (hours/day) (hours/day) (hours/day)
Over total days ~ Over days at-sea Over total days Over days at-sea Over total days Over days at-sea
Males 14 2.71(0.25) 2.98 (0.31) 7.86%1(0.34) 8.62%**3(0.21)  4.51 +0.32%**5 5.00%*7 (0.34)
Skomer
Females 40 3.12 (0.16) 3.12 (0.16) 7.07*1(0.14) 7.07*%%3(0.14)  6.47 +0.23***5 6.47**7(0.23)
Males 15 3.03 (0.31) 3.60(0.32) 7.93*2(0.34) 9.47***4(0.36) 3.13 +£0.22%**6 3.72**%8(0.28)
Copeland
Females 24 3.51(0.24) 3.51(0.24) 6.84*2(0.22) 6.84%**4(0.22) 6.74 +0.32%**6 6.74**%8(0.32)

Welch two-sample t-tests: 1t =2.17, p =0.044;2t=2.67, p =0.013; 3t =5.29, p< 0.001; *t = 5.64, p < 0.001; > t = 5.04, p < 0.001;
6t=9.28,p<0.001;7t=3.41, p=0.002; 8t =7.49, p < 0.001.

Table 5. Comparing behavioural metrics between islands for each sex. Bracketed values are standard errors.

Daytime flight Daytime foraging Daytime resting at-sea
Sex Colony Number (hours/day) (hours/day) (hours/day)
Over total days Over days at-sea Over total days Over days at-sea Over total days Over days at-sea
Skomer 14 2.71(0.25) 2.98 (0.31) 7.86 (0.34) 8.62 (0.21) 4.51*1(0.32) 5.00**2 (0.34)
Males

Copeland 15 3.03 (0.31) 3.60 (0.32) 7.93 (0.34) 9.47 (0.36) 3.13*1(0.22) 3.72**2(0.28)

Skomer 40 3.12(0.16) 3.12 (0.16) 7.07 (0.14) 7.07 (0.14) 6.47 (0.23) 6.47 (0.23)
Females
Copeland 24 3.51(0.24) 3.51(0.24) 6.84 (0.22) 6.84 (0.22) 6.74 (0.32) 6.74 (0.32)

Welch two-sample t-tests: 't =3.57, p = 0.016; >t = 2.87, p = 0.0009.

56



Temporal variation in behaviour at-sea over the course of exodus

The amounts of time allocated each day to different behaviours were examined over the
course of the exodus to test whether behaviour changed as the end of exodus approached.
Exodus periods were aligned from the end of exodus and the mean number of hours allocated

to each behaviour was calculated for each day.

Firstly, patterns in behaviours over time were compared between males and females pooled
from both colonies (Figure 10). Among males, time spent in flight (Figure 10A) was relatively
constant at 2.5-4 hours per day throughout the exodus. Females broadly matched males in
their allocation of time to flight per day over the exodus, however, females showed a more
distinct negative trend in flight per day towards the end of exodus, from a peak of around 6
hours per day 20-25 days before the end of exodus to a minimum of around 2 hours per day
1-5 days before the end of exodus. Overall, females tended to fly more than males at the start
of exodus (17-25 days before the end-date) and marginally less than males for the remainder

of the exodus (1-16 days before the end-date).

On every day during exodus males allocated more daytime to foraging than females, and less
daytime to resting at-sea from 18 days before the end of exodus onwards. These results were
consistent with the significant differences between sexes in mean daytime allocated to these
behaviours averaged over the whole of exodus (Table 4). Over the course of exodus, the
duration of daytime allocated to foraging (Figure 10B) and rest at-sea (Figure 10C) changed
markedly over the course of the exodus among females. The duration of day time spent
foraging was relatively constant at 7-8 hours per day for most of the exodus (8-25 days before
the end-date) but decreased after this to a distinct minimum of around 5 hours per day 3 days

before the end-date. This coincided with the day of minimum flight and maximum rest at-sea.
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Figure 10. Daily means of duration (A) in flight, (B) foraging and (C) resting at-sea during daylight
against the number of days before the end of exodus, for all females combined (in red) and all
males combined (in blue). Error bars show 95% confidence limits.
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In contrast, the allocation of daytime to foraging and resting at-sea among males changed
relatively little over the course of the exodus. The allocation of daytime to foraging was
between 8-10 hours a day throughout exodus, while the allocation of time to resting at-sea
increased slightly from around 3-4 hours per day at the start to around 4-5 hours per day

towards the end of exodus.

Temporal variation in behaviour was also compared between colonies for females (Figure 11)
and males (Figure 12 & Figure 13) separately. Between colonies, females showed remarkably
similar patterns of behaviour. The only notable difference was that over the last 2 days before
the end-date, Copeland females allocated around 1.5 hours more per day flying and around
1.5 hours less per day foraging than Skomer females. In comparison, males showed greater
differences between colonies. For males, daily means were calculated both including days on-
land (i.e. means of all days at-sea and on-land combined) and excluding days on-land (i.e.
means of days spent at sea). Firstly, the mean allocation of daytime to different behaviours
for days at-sea were examined (Figure 12). Flight and foraging were both relatively constant
during exodus for Skomer and Copeland males, although Copeland males tended to fly and
forage marginally more per day than Skomer males on certain days. Skomer males spent more
time resting than Copeland males, particularly towards the end of exodus (1-5 days before
the end-date), as reflected by the significantly greater allocation of daytime to rest at-sea
when averaged over the whole of exodus among Skomer males (Table 5). Secondly the
allocation of daytime to different behaviours over all days was examined (Figure 13). Flight
and foraging differences between Skomer and Copeland males were less apparent, while the
difference in time spent resting at-sea became more distinct. These differences indicate that
Copeland males may adjust their behaviour at-sea to compensate for the greater number of

days spent on land compared to Skomer males.
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Skomer Females vs. Copeland Females
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Figure 11. Daily means of duration (A) in flight, (B) foraging and (C) resting at-sea during daylight,
plotted against the number of days before the end of exodus, for Skomer females (in maroon) and
Copeland females (in orange). Error bars show 95% confidence limits.
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Skomer Males vs. Copeland Males
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Figure 12. Daily means of duration (A) in flight, (B) foraging and (C) resting at-sea during daylight
(averaged over days spent at-sea i.e. excluding days spent on-land over day), plotted against the
number of days before the end of exodus, for Skomer males (in maroon) and Copeland males (in
orange). Error bars show 95% confidence limits.
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Skomer Males vs. Copeland Males
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(averaged over all days i.e. including days spent on-land over day), plotted against the number of
days before the end of exodus for Skomer males (in maroon) and Copeland males (in orange). Error
bars show 95% confidence limits.
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Spatial distributions of behaviour at-sea during exodus

In addition to temporal variation during exodus, spatial variation in the allocation of time to
different behaviours at-sea was examined. For each sex within colony, 25% occupancy kernels
for foraging, flight and rest at-sea were generated from the subsets of locations at which each
behaviour was predominant, with each location weighted by the behavioural index score for
that behaviour (see methods). Kernels were mapped and used to assess how time spent

foraging, flying and resting at-sea varied within and between sexes and colonies (Figure 14).

Among males, there was a relatively high degree of overlap between the spatial distributions
of behaviours within colonies, and each behavioural kernel was distributed similarly to overall
male distribution within each colony (Figure 14, also refer to Figure 9). All three behavioural
kernels overlapped in 56% and 52% of the total area covered by behavioural kernels among
Skomer and Copeland males, respectively, which indicated that there was relatively little
spatial segregation of behaviours among males within each colony, at least at the resolution
of light-derived kernel estimates. Comparing Skomer males to Copeland males, there was only
1.7%, 4.3% and 0.4% overlap across foraging, resting and flying kernels, respectively, as the
two populations showed abutting distributions in which Skomer males occupied the Celtic

Sea while Copeland males were distributed further north in the Irish Sea.

Among females, there was relatively little overlap in the spatial distributions of different
behaviours within colonies (Figure 14). All three behavioural kernels overlapped in only 1.7%
and 1.6% of the total area covered by behaviour kernels for Skomer and Copeland females,
respectively. Among Copeland females, the foraging kernel was located mainly along the
continental shelf edge to the south and southwest of the Porcupine Bight, and exclusively in

this area for Skomer females. The foraging kernel of Copeland females included an additional
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region off the southeast coast of Ireland, although its area constituted only 5% of the total
foraging kernel. Resting kernels for Skomer and Copeland females were distributed both
along the continental shelf edge within or close to foraging areas (in regions that constituted
6% and 55% of the total area covered by resting kernels of Skomer and Copeland females,
respectively) and to the southeast of Ireland (in regions that constituted 94% and 45% of the
total area covered by resting kernels of Skomer and Copeland females, respectively). As
expected given the need to travel between their colonies and distant foraging grounds, flying
kernels of Skomer and Copeland females were distributed between their respective colonies

and foraging areas along the continental shelf edge*.

Comparing Skomer females to Copeland females, resting kernels overlapped by 10% and
flying kernels also overlapped by 10%, both less than half the 25% overlap observed between
the foraging kernels. Even though females were distributed further from their respective
colonies compared to males, there was a notably greater between-colony overlap of kernels
for each behaviour among females compared to males, particularly for foraging where female

kernels overlapped 14-fold more than male kernels.

*More detailed interpretation of flying kernels was omitted, since the precision and accuracy
of light-derived locations during long-distance movements (which are suggested by the large

allocations of time to flight) is limited.
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Discussion

Overview of results

The results of this study demonstrate numerous sex- and colony-specific strategies during the
pre-laying exodus, as well as some distinct similarities. Previous studies had shown that Manx
Shearwaters from Skomer have sex-specific distributions, in which males generally remain
close to the colony which they visit regularly, while females make distant, long-duration trips
to the south-west of Ireland, concentrated in areas around the continental shelf edge and
Porcupine Bight (Dean, 2012; Guilford et al., 2009). Similar conclusions were reached here
from data spanning a 10-year period, suggesting that the drivers of these at-sea distributions

have been maintained for at least this period.

In addition to the extended number of years over which exodus was examined, this study has
provided new insights into the amount of time that is devoted to different behaviours, both
over the entire exodus, and daily over the course of exodus. Overall during exodus, males
foraged more and rested less than females, but both sexes spent similar amount of time in
flight. In addition, the sexes were highly distinct in how their levels of different behaviours
changed during exodus; males maintained relatively constant levels of each behaviour, while
females decreased the time they spent foraging and flying and increased the time they spent
resting as the lay date approached. The temporal shifts in female behaviour were also
associated with location, with high foraging levels around the continental shelf edge, high

resting levels near to the colony, and high flight levels between them.

Finally, this investigation has gone beyond previous work by additionally contrasting exodus
across two colonies: Skomer, the subject of the previous exodus studies, and the Copeland

Islands, from which Manx Shearwater exodus has hitherto never been described. Copeland is
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inhabited by around 3000 breeding pairs of Manx Shearwater, around 100-fold less than the
breeding population on Skomer (CBO, 2018; Perrins et al., 2012), and is located approximately
300 km north of Skomer and about 250 km further from the continental shelf edge. Copeland
is however much closer than Skomer to the Irish Sea Front, an important foraging area for
Manx Shearwaters from both colonies and others during incubation and chick rearing (Dean
et al.,, 2012, 2015). It was therefore unclear whether and to what extent space-use and
behaviour during exodus would differ between Manx Shearwaters breeding on Copeland,

which face both different demographic and ecological constraints compared to Skomer birds.

Comparisons between Skomer and Copeland exodus locations showed many similarities in
female space use around the continental shelf edge, with the longer average duration of
exodus probably resulting from the extra travel time between Copeland and the shelf edge.
Copeland males occupied the Irish Sea south of Copeland, further north than the area of the
Celtic Sea used by Skomer males with virtually no overlap between their distributions.
However, males from both colonies were similar in that they remained near their respective
colonies. In a similar vein, females from both colonies allocated almost identical amounts of
time to different behaviours, both averaged over the entire exodus and daily over the course
of exodus, while males showed subtle but significant differences between colonies in their
levels of different behaviours. Generally, between-colony differences were much smaller than

the between-sex differences.

Finally, comparisons of metrics describing night-time visits to land between Skomer and
Copeland males highlighted further differences among males, notably: (i) Skomer males
decreased the duration of their visits over exodus beyond the level predicted by shortening

nights, while Copeland males only decreased theirs in proportion to shortening nights, (ii)
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Skomer males increased their visit frequency over the course of exodus from infrequent to
very frequent while Copeland males maintained a moderate visit frequency throughout, and

(iii) Copeland males remained at the colony over-day significantly more than Skomer males.

Egg production underlies sex-specific exodus behaviour

In a species with negligible sexual dimorphism and biparental care, the pre-laying exodus of
Manx Shearwaters is a unique period within the annual cycle in that males and females exhibit
highly distinct behaviour (Brooke, 1990; Dean, 2012; Guilford et al., 2009). These differences
are underpinned by an asymmetry between the sexes in their nutrient and energy demands,
imposed by differing reproductive roles. Specifically, females must produce the egg, while
males are clearly free from this constraint. Ultimately, the need to satisfy different energy
and nutrient demands is likely to drive the sex-specific strategies during exodus in Manx
Shearwater (Brooke, 1990; Dean, 2012; Guilford et al., 2009) and other Procellariforms such

as the Fulmar and Balearic Shearwater (e.g. Guilford et al., 2012; Mallory et al., 2008).

All Procellariforms lay a single, large, energy-rich egg, which in the Manx Shearwater
comprises about 15% of female body mass (Brooke, 1990; Warham, 1983). Producing such an
egg carries significant energy and nutrient demands, and as such egg production incurs costs
on other components of female fitness (Williams, 2005). Egg production requires the transfer
of large quantities of macronutrient, namely lipids and proteins, from the female to her
developing egg (Astheimer & Grau, 1990; Nager, 2006). Nutrients may be sourced from body
reserves and current diet, the relative contributions of which vary between species (Drent &
Daan, 1980; Meijer & Drent, 1999). As female Manx Shearwaters lose mass between
migration and departure on exodus, they are unlikely to have the body reserves necessary to

produce the egg, and therefore they must supply its production through increased dietary
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intake relative to energetic expenditure (Brooke, 1977). Females gain overall mass including
the mass of the egg, showing that their dietary intake relative to energetic expenditure
increases during exodus (Brooke, 1990; Dean, 2012). However, if the mass of the egg is
discounted, females in fact lose body mass, suggesting that the level of dietary intake relative
to normal expenditure plus expenditure on the egg is insufficient to maintain body condition
(Brooke, 1990; Dean, 2012). In contrast, males also lose mass between migration and the start

of exodus, but they are then able to gain mass during exodus (Brooke, 1990).

Although the energy and nutrient demands of egg production are likely to be highly influential
in shaping sex-specific exodus strategies, other changes related to egg development may also
have an influence. For example, the significant mass of the egg increases wing loading and
reduces flight and foraging efficiency as it grows during the exodus, and it may also disturb
the normal centre of gravity or alter buoyancy during foraging dives (Ropert-Coudert et al.,
2007; Warham, 1977). The decrease in active behaviours (flight and foraging) and increase in
resting in females over the course of exodus suggests that egg-induced costs to flight and
diving may play a significant role, with females perhaps accumulating most resources towards

the beginning of exodus when these costs are minimal.

At-sea distribution and behaviour

Male body weight increases over exodus while remaining near to their respective colonies,
demonstrating that local waters are sufficient to supply males and their fitness is not food-
limited during exodus (Brooke, 1990). However, females from both Skomer and Copeland
make costly journeys to distant areas during exodus, which implies that the benefits of visiting
these areas outweigh the costs of travelling there and improve fitness, since they would

otherwise forage locally around the colony. Females foraged less and rested more than males
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during exodus, despite additional demands of producing the egg, suggesting that the foraging

areas they visited were more productive for prey than those visited by males.

Previous analyses based on oceanic chlorophyll concentrations have suggested that the areas
visited by females are in fact less productive than areas closer to the colony (Dean, 2012).
However, the mass gain of females (egg mass included) during exodus relative to their mass
loss prior to exodus (when they are located in waters near to the colony; Kirk, 2016) suggests
that the areas visited by females are more productive than local waters, and that it is more
likely that chlorophyll concentration was a poor indicator of relative prey abundance in the
two areas (Grémillet et al., 2008). Greater prey abundance in the areas visited by females is
supported by the fact that the sea floor topography of continental shelf edges likely interacts
with ocean currents and tides to cause upwellings and mixing of the water column (Sharples
et al., 2009), generating foraging conditions that attract Procellariforms, of which many
species are known to favour foraging over shelf edges (Christensen-dalsgaard et al., 2018;

Pollock et al., 2000; Studwell et al., 2017; Wynn & Krastel, 2012).

Dean (2012) found that individuals from Skomer, and particularly females, were flexible in
their destination between years, with individuals foraging in the Celtic Sea in some years and
along the continental shelf edge in others. Those birds that foraged along the shelf edge made
direct commutes to and from Skomer, which suggests that the two occupancy kernel cores
for Skomer females found here reflect separate birds that foraged either distantly or locally,
rather than birds that foraged in both areas within the same exodus (Dean, 2012). Switching
between distant or local foraging grounds was related to local foraging conditions, with

females favouring local foraging when local productivity was high (Dean, 2012).
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Drivers of male visits to land

Once pairs have established a nest, completed courtship and copulated, they are no longer
tied to land by these activities and might be expected not to visit land before laying, given the
travel costs of doing so. In several species including the Short-tailed Shearwater Ardenna
tenuirostris (Serventy, 1967) and Great Shearwater Ardenna gravis (Brooke, 1990), both sexes
follow this prediction and completely desert the breeding colony for several weeks prior to
laying. However, the results of this study show that Manx Shearwater males continue to visit
the colony on over 50% of nights during exodus, implying that there must be some benefit to
doing so that outweighs the costs of travelling there. Comparisons across Procellariform
species that with synchronous breeding at the colony level is associated with both males and
females departing the colony for long periods, whilst asynchronous breeding at the colony
level is associated with males that continue to visit the colony during exodus (Brooke, 1990).
This suggests that the continued presence of other individuals at the colony during exodus is
an important driver for males to continue to visit, which has led to several hypotheses

attempting to explain why this is so (Brooke, 1990).

One hypothesis proposes that competition for nest sites at breeding colonies may favour
males that defend their nest from pairs still prospecting for breeding burrows (Brooke, 1990).
In Manx Shearwater, the existence of intraspecific competition for burrows is supported by
frequent territorial fights during the pre-laying period, high population densities at many
colonies, and the observation that birds that would not usually breed will occupy and breed
in artificial burrows when they are made available (Brooke, 1990). There is clear observational
evidence for burrow competition in other Procellariforms including Great Shearwater

(Rowan, 1965), Sooty Shearwater (Richdale, 1963) and Short-tailed Shearwater (Serventy,
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1967), in which breeding birds outnumber available burrows by such an extent that up to
300,000 eggs may be laid on the surface and fall victim to predation (Brooke, 1990). There is
also experimental evidence that shows the presence of breeders is important for burrow
retention in Cassin’s Auklet Ptychoramphus aleuticus: burrows from which breeding pairs
were removed were mostly reoccupied in the same season by new breeding pairs which had
never bred previously (Manuwal, 1974). Similar results were obtained in Eurasian
Oystercatcher Haematopus ostralegus (Harris, 1970). Interspecific competition for burrows
could also favour burrow defence (Brodier et al., 2011; Sullivan & Wilson, 2000), and this may
be pertinent to Manx Shearwaters breeding alongside Atlantic Puffins Fratercula arctica at

some colonies (Ashcroft, 1976; Brooke, 1990).

A second hypothesis posits that males may benefit from visiting land by securing extra-pair
copulations (EPC) potentially leading to extra-pair paternity (EPP). The occurrence of EPP is
highly variable across species and populations of birds (Petrie & Kempenaers, 1998), but is
less common in seabirds compared to terrestrial bird taxa but does occur in several species
(Huyvaert & Parker, 2010; Jouventin et al., 2007; Quillfeldt et al., 2012; Sakao et al., 2018). To
date, EPP has not been genetically tested in Manx Shearwater and EPC has not been
knowingly observed, but this does not rule out its occurrence, especially given the difficulty
of observing any copulations in nocturnal, burrow-nesting shearwaters. Indeed, EPP has been

confirmed in the closely related Short-tailed Shearwater (Austin & Parkin, 1996).

These two hypotheses make opposite predictions about how the probability of visiting land
on a night might change over the course of exodus. The EPC hypothesis predicts that males
will have a greater probability of visiting land on a night at the start of exodus and that this

will subsequently decrease, since later copulations are less likely to improve fitness and
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receptive females will become less numerous over time (Brooke, 1978; Perrins, 1966). The
burrow-defence hypothesis predicts that males will have a lower probability of visiting land
on a night at the start of exodus and that this will subsequently increase, as the increasing
frequency of returning females carrying eggs increases the risk of burrow eviction over time.
In this study, the probability of visiting land on a night among male Manx Shearwaters from
Skomer was found to significantly increase over the course of exodus, supporting the burrow
defence hypothesis as the primary driver of male visits refuting the EPC explanation, although
not ruling it out. However, the probability of visiting land on a night among Copeland males
did not change over the course of exodus, suggesting that one or several factors driving male
colony visits are different on Copeland, perhaps due to the smaller size of the colony or the
lack of interspecific competition for burrows from Atlantic Puffins (Ashcroft, 1976; Brooke,
1990). Alternatively, different spatial distribution of prey resources around Copeland and
Skomer could shift the relative costs of visiting each colony, and thus also affect the
differences in male visits (Dean et al., 2012). Genetic paternity testing in Manx Shearwaters
from both colonies, as well correlative and experimental investigation of the risks of losing
the breeding burrow to other pairs are needed to further clarify the factors driving male Manx

Shearwaters to visit land.

In addition to normal night-time visits to land frequently made by males at both colonies,
over-day visits to land occurred. These were ubiquitous among Copeland males during
exodus, whereas significantly fewer Skomer males made over-day visits. The adaptive value
of over-day visits during exodus has not been discussed previously in the literature and is
likely different to that of night-time visits. Nest defence is an unlikely explanation, since
burrow prospecting only occurs when shearwaters are active on the colony-surface at night.

It could be the case that an individual’s condition and local foraging or weather conditions
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may favour remaining in the burrow over day (Schreiber, 2001). Alternatively, days spent at
the colony could represent instances where males have found and are mating with an extra-
pair female, since social pairs typically spent a full day on land before departing on exodus,

presumably engaged in copulation (Brooke, 1990; Dean, 2012).

Conclusions and future directions

This study has corroborated previous work on the at-sea distribution of Manx Shearwaters
from Skomer during exodus and demonstrated further differences between male and female
exodus strategies, particularly with respect to their different allocations of time to different
at-sea behaviours, which are relatively constant in males but change in females as they
develop their egg. In addition, this work is the first to describe the pre-laying exodus of Manx
Shearwaters breeding on the Copeland Islands, which show many remarkable parallels with
Skomer birds as well as subtle differences. The shared use by females of the waters around
the continental shelf edge and Porcupine Bight strongly suggest that this area is highly
important for Manx Shearwaters during exodus. Further tracking studies are recommended
to investigate the variation in behaviour between a greater diversity of different colonies,
which would allow higher resolution contrasts to be made to help clarify the differing effects
of location, resource availability and colony demographics on the costs of breeding, and the

behavioural strategies that Manx Shearwaters use to deal with them.
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Supplementary Figure 1. Histograms showing the frequency of different lengths of immersion traces
after pre-processing of the entire Manx Shearwater long-term geolocator dataset from Skomer (n =
364) and Copeland (n = 156).
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Supplementary figure 2. Histograms showing the frequency of durations of continuous dry data for
each sex within nights including and excluding nautical twilight. Top row: night bounded by civil
dawn/dusk, sun elevation angle -6°. Bottom row: night bounded by nautical dawn/dusk, sun elevation
angle -12°. Short (< 3 hour) and long (> 3 hour) dry periods are interpreted as periods of flight and
periods on land, respectively. There is a 4-fold and 2-fold increase in the frequency flight for males
and females, respectively, for night bounded by civil rather than nautical dawn/dusk, while there is
minimal change in the frequency of periods on land. This shows that >50% of night-time flights occur
during nautical twilight i.e. when the sun is between 6° and 12° below the horizon.
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Supplementary figure 3. Maps showing light-derived locations of birds during exodus from each island
and sex calculated using three sun elevation angles. These maps illustrate the effect of sun elevation
angle on positions: more negative angles shift points south, while less negative angles shift points
north. The sun elevation angle of -5.5° was selected as the most plausible value by visual examination
of positions.
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Abstract

The offspring of many species require substantial parental care before they develop to
independence. Offspring that receive more care are generally more likely to survive and
breed, and thus parents benefit from providing more care to offspring. However, parental
care is often costly for parents and has been shown to reduce their body condition and
survival. In iteroparous species, parents are expected to balance investment in current
reproduction against future reproduction to maximise lifetime reproductive success. Parental
care will therefore not always be delivered to meet the needs of the offspring if costs to future
reproduction outweigh the benefits to the current breeding attempt. This trade-off between
current and future reproduction is most acute in long-lived species in which each reproductive

attempt represents only a small proportion of lifetime reproductive potential.

With long-lifespans and slow life-history strategies, procellariform seabirds are expected to
prioritise their own survival over the success of a single breeding attempt. This led to a
hypothesis that parents provide a fixed level of parental investment independent of chick
need. However, evidence from long-term studies and experimental manipulations of chick
need and parent condition suggest that procellariform parents adopt a flexible investment
strategy in which they are responsive to their own condition and the needs of their chick.
Parental care adjustment has been well documented over the course of a breeding attempt,
but much less is known about whether parents respond to changes in chick need over a long
period of time or immediately change their behaviour following an interaction with their
offspring. Understanding the time frame within which parents respond to chick need will help
identify the mechanisms behind the adjustment of parental care, and ultimately help

understand the evolution of parental care strategies.
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In this study | investigate whether parents immediately adjust their foraging and provisioning
behaviour in the subsequent foraging trip and provisioning visit in response to chick need. To
test this, | used field experiments to artificially increase the chick need perceived by a parent
and bird-borne geolocators to measure and compare the behaviour of the parents before and
after the exposure to their offspring. Results showed a direct effect of increased provisioning
to the hungry chick treatment, but no detectable effect of the hungry chick treatment on
either subsequent foraging behaviour or provisioning. Taken together with the results of
previous studies, this suggests that parents use chick hunger mediated through begging to
inform provisioning load during a feeding visit and chick body condition to inform subsequent

foraging effort and provisioning.
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Introduction

Parental care functions to increase the survival and fitness of offspring, and hence increase
the fitness of the care-giving parent (Clutton-Brock, 1991). It is exhibited by many taxa across
the animal kingdom, including fish, amphibians, reptiles, arthropods and other invertebrates,
but it is most widespread among birds and mammals (Royle et al., 2012). Parental care may
be delivered by one or both parents and encompasses a diverse array of parental behaviours,
ranging from the building of elaborate nests to distraction displays to lure predators away
from vulnerable young (Hansell, 2000; Weston & Elgar, 2005). Although parents benefit from
increasing the fitness of their current offspring, parental care can be costly because the time,
energy and other resources invested in care may be traded-off against parent survival and
future reproduction (Owens & Bennett, 1994). In iteroparous species, parental care is thus
optimised by natural selection to maximise lifetime reproductive success, balancing the
benefits of investment in current offspring against the associated costs to future reproductive
success (Trivers, 1972; Williams, 1966). Since the costs and benefits of providing care may
vary as conditions change, parents must constantly make and update decisions between

investing in current reproduction and ensuring their own survival.

In order to make appropriate decisions that ultimately improve lifetime reproductive success,
animals use information from both intrinsic and extrinsic sources to update their behavioural
strategies (McFarland, 1977). There are numerous relevant factors that parents may consider
in deciding how to allocate investment between offspring care and self-maintenance. As an
indicator of adult survival (Chastel et al., 1995), parent body condition can have a significant
effect on parental care decisions in some species, and parents in good body condition have

been shown to invest more in their offspring than parents in poor body condition (Erikstad et
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al., 1997; Johnsen et al., 1994; Tveraa et al., 1998). Parents may also regulate their parental
investment according to the needs of their offspring. Nutritional status as a proxy for chick
need may be assessed by parents as offspring body mass (Tveraa et al., 1998) or the amount
of food already provisioned (Ricklefs, 1987). Alternatively, offspring may communicate their
need to parents through signals such as begging calls (Quillfeldt et al, 2004; Rector et al.,
2014). However, such systems are vulnerable to exploitation as offspring benefit from
conveying exaggerated need due to parent-offspring conflict (Trivers, 1974). Although the
effects of many factors on parental investment decisions have been well characterised, there
is a paucity of information on the mechanisms by which parents assess these factors, the
timescales over which these operate, and how parents integrate multiple sources of

information (Riou et al., 2012).

Decisions between investing in current reproduction and own survival are particularly critical
in long-lived animals that have slow life-history strategies (Roff, 2002). Each reproductive
attempt represents only a small component of lifetime reproductive success, and since future
reproductive potential is high, costs to adult survival will have large consequences for lifetime
reproductive success and fitness. Long-lived animals must therefore strike a fine balance
between providing sufficient care to their offspring while minimising negative impact on their
own survival, and in general they are expected to prioritise their own survival over the success
of a single reproductive attempt (Mauck & Grubb, 1995). Long-lived animals are also more
likely to experience greater interannual fluctuations in conditions over the course of their
lifetime which may alter the optimal parental care strategy, and their ability to adjust their

current strategy appropriately can have significant impacts on fitness (Erikstad et al., 1998).
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Seabirds are all long-lived species with slow life-history strategies, and over their lifetime they
may produce many small or single-chick broods (Ricklefs, 1990). Long incubation times and
the slow development of semi-altricial chicks mean that each reproductive attempt involves
a long and demanding period of biparental care (Schreiber & Burger, 2001). Seabird offspring
are totally reliant on parental food provisioning to reach fledging age and condition. Under a
certain threshold of provisioning, chicks will not survive. Above this threshold, increasing food
provisioning may increase offspring fitness as higher fledging mass leads to higher subsequent
survival and recruitment in many species (Perrins et al., 1973; Maness & Anderson, 2013;
Morrison et al., 2009; Perrins, 2014; Sagar & Horning, 1998). Seabird parents therefore
benefit from provisioning lots of food to their young, however this can be challenging for
seabirds. Food is generally unpredictable and patchily distributed at-sea (Weimerskirch, 2007)
meaning that parents must make time and energy consuming journeys to find food, which
may also be distant to the colony if local prey have been depleted (Ashmole, 1963). In
addition, parents are constrained in the time they can spend at-sea before they must return
to feed the chick, effectively limiting the distance that they can travel and the quantity and
quality of resources they can access, while carrying heavy food loads back to the colony may

add to travel times and energetic costs (Orians & Pearson, 1979; Wetterer, 1989).

Despite strategies to deal with these problems such as dual foraging (Shoji et al., 2015) and
coordinated biparental provisioning (Tyson et al., 2017; Wojczulanis-Jakubas et al., 2018),
increased foraging effort and provisioning for chicks may still be have substantial costs on
parental nutritional status, which can result in reduced survival and reproductive success in
subsequent breeding attempts (Catry et al., 2013; Fayet et al., 2016). Parents are therefore
predicted to carefully control their investment in food provisioning to avoid costs to future

reproduction. It has been suggested that some seabird parents provide a fixed level of
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parental investment to prioritise their own survival over the needs of their offspring, with
evidence supporting this from several seabird species (Hamer & Hill, 1994; Navarro &
Gonzalez-Solis, 2007; Takahashi et al., 1999). However, more recent findings suggest that
most seabirds utilise a conservative but flexible investment strategy, whereby parents are
responsive to offspring but only when costs to themselves are minimal (Harding et al., 2009;

Tveraa et al., 1998; Weimerskirch et al., 2001).

Studies investigating the relationship between chick need and parental investment through
provisioning have typically focussed on long term natural trends (e.g. Gray et al., 2014;
Weimerskirch et al., 2001) or the effects of experimental manipulations that alter the benefits
and/or costs of provisioning for a significant portion of the breeding season (e.g. Cook &
Hamer, 1997; Gjerdrum, 2004; Harding et al., 2009; Tveraa et al., 1998). These approaches
show effects averaged over a breeding season but reveal little about the time-scales over
which parents assess and respond to changes in chick need. Whether parents adjust their
provisioning behaviour immediately after being exposed to a change in chick need is currently
poorly known (Quillfeldt et al., 2004). Improved understanding of the time-scales over which
parents respond to chick need would provide insights into the mechanisms behind these

responses and ultimately the evolution of parental care strategies.

In this study, Manx Shearwaters are examined as a model seabird to test the hypothesis that
increased chick need during a single feeding visit results in an immediate parental response
of increased foraging effort and food provisioning to the chick. Parents were tagged with
miniature geolocators to measure their at-sea foraging effort during chick-rearing. To
manipulate apparent chick-need, tagged parents were exposed to a hungry chick after they

had fed their own chick upon return from an at-sea foraging trip. Chicks were returned to
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their original burrows after the parent returned to sea, with the hungry chick treatment used
only once for each tagged-parent. Chicks were weighed on the night of manipulation and the
subsequent feeding visit to estimate food provisioning. The foraging effort of parents was
measured both before and for two trips after the manipulation to detect potential changes in
their foraging effort. | used these data to test (i) whether parents fed more to hungry chicks,
(ii) whether they increased the amount of food brought to the chick on the post-treatment
visit, (iii) whether they increased their foraging effort after exposure to the hungry chick and

(iv) whether they shortened the duration of foraging trips after exposure to the hungry chick.
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Materials and methods

Study population and geolocator deployment

The experiment was carried out on Skomer Island, Wales (51°440 N, 5°190 W), inhabited by
300,000 breeding pairs of Manx Shearwater (Perrins et al., 2012). Manx shearwaters breed in
burrows and only return to the colony at night. They do not recognise their chick and will feed
any chick they are presented with, including an additional chick present alongside their own
(Harris, 1966). A study population of 90 breeding pairs in the North Haven sub-colony was
monitored from early April 2017 to record parent identities, egg lay dates and egg hatch
dates. 28 burrows in which the chick could be easily accessed were randomly selected for the
experiment. Pairs of study and replacement chicks with the same or similar hatch dates were

randomly chosen from hatch dates ranging between 28™ June — 19t July (median 7t July).

To detect when parents returned to their burrow, knock-down sticks were set up in burrow
entrances with visual checks of the sticks made every 15 minutes during the night. Birds were
captured by hand inside the nest. Once captured, C65 geolocators from Migrate Technology
were deployed on one chick-rearing Manx Shearwater in each of the 28 breeding burrows
between 24t July — 17t August. Geolocators were attached using two lightweight Panduit
cable ties fastened to a BTO metal leg ring fitted to adult tarsi earlier in the season or in
previous years. 26 devices were retrieved between 15" August — 10" September. 2 devices
were not retrieved as the individuals were only recaptured in the subsequent breeding season

and geolocators had been lost in the intervening period.

Bird handling time during deployment and retrieval of geolocators was generally less than 3
minutes and always less than 10 minutes. Geolocators weighed 1 gram, less than 0.3% of

typical adult body weight and well under the 3% maximum (Phillips et al., 2003). All work was
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carried out with permission from the British Trust for Ornithology Unconventional Methods
Technical Panel and Oxford University’s Local Ethical Review Process, and followed methods

used in previous studies (Fayet et al., 2016; Guilford et al., 2009).

Experimental design

Following geolocator deployment, geolocator-tagged parents were left for 2-14 foraging trips
(5-26 days) to allow the devices to record unmanipulated behaviour. Tagged parents were
then subjected once to either the control or hungry chick treatment when they returned to
their burrow (see experimental treatments section below). The last foraging trip before the
treatment was termed trip 1 and the first trip after the treatment was termed trip 2.
Geolocators were left on for another trip — trip 3 — after which tagged parents were captured
to retrieve the devices. See figure 3 for a summary. The design aimed to test whether parents
altered their foraging and provisioning behaviour immediately after the treatment and

whether any response persisted after a subsequent visit to the burrow.

From the night of the treatment until the subsequent visit to the burrow, chicks in the
experiment were weighed at 21:00 GMT every evening before adults returned to the colony.
To quantify feeds, chicks were weighed 30 minutes and 60 minutes after either parent
returned to the burrow. During this hour, the burrow entrance was blocked to prevent the
other parent feeding the chick at the same time. If both parents returned in the same night,
only the feeds of the first adult were recorded to minimise overall disturbance to the chick
and parents. No weights were taken on the 16™ August as heavy rain and wind made it unsafe

to remove chicks from their burrows.

Of the 28 tagged parents in the experiment, 2 evaded capture after trip 3 and devices were
not retrieved, while 5 evaded capture until near the end of the breeding season and were not
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exposed to the experimental treatments. Overall, data were gathered from 10 parents in the
hungry chick group and 11 parents in the control group. Data from one control parent lacked
trip 3 as the device was retrieved early as the field season was ending. In addition, data from
one parent in the control group were discounted because the condition of its chick and
burrow were highly unrepresentative of the population. Specifically, the burrow was flooded
with water and mud, and the chick was always wet. The chick was severely underweight for
its age (Figure 1), with a Grubbs test supporting the chick’s mean weight as an outlier (G=3.12,
p=0.006). The chick perished soon after the experiment and was the only one of 74 chicks in
the study colony which did not fledge. The chick and burrow were in this condition before the
GLS was deployed on the parent. Overall, we collected complete datasets (from trip 1 to 3)

for 10 birds in the treatment group and 9 birds in the control group.
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Figure 1. A scatterplot showing the relationship between chick age and weight for all measurements
made during the experiment. Red circles show measurements of the control treatment chick in burrow
122, which was severely underweight for its age and excluded from the analysis.
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Experimental treatments

Two treatments were used in this experiment — a hungry chick and a control treatment — one
of which was applied once to each tagged parent. All chicks in the 28 study nests were paired
with another chick of the same age outside of the study nests, which would act as hungry
replacement during the chick-swap manipulation. The 28 tagged parents were not pre-
allocated to either treatment group. Instead, treatments were assigned alternately to parents
as they returned to their burrow after phase 1. This was done to account for possible effects
of temporal changes in environmental variables (e.g. prey distribution, wind conditions, water
turbidity) on foraging and provisioning over the study period, by having both treatments
balanced across the duration of the study. There was no significant difference in the mean
dates of treatment between the control and hungry chick groups (welch two-sample t-test;

df=18, t=0.72, p=0.48), with a mean of 17" August and 15% August, respectively.

In both treatments, the tagged parent was blocked in its burrow within 15 minutes of arrival
and left to feed its chick for 30 minutes. In the control treatment, the original chick was then
removed from the burrow, weighed and placed back into its original position in the burrow.
In the hungry chick treatment, the original chick was removed from the burrow, weighed and
housed in a secure box indoors overnight, and its paired replacement chick, which had been
kept unfed by blocking the entrance to its burrow, was weighed and swapped into the same
position as the original chick in the study burrow. Both treatments took under one minute to
complete, after which the study burrow was left blocked for a further 30 minutes to expose
the tagged parent to a hungry chick. In both treatments, the chick in the study burrow was
then removed, weighed and returned to the study burrow, which was unblocked and not

disturbed again. At dawn, all chicks were returned to their original burrows.
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To source hungry replacement chicks, each study burrow was assigned a group of potential
replacement chicks from the North Haven sub-colony, chosen to match the hatch date of
study chick as closely as possible. During trip 1 of each study burrow, the entrance of one
potential replacement chick burrow was blocked before dusk to ensure that the replacement
chick would not be fed that night. If the tagged parent of the paired study burrow returned
and was assigned to the hungry chick group, then the unfed replacement chick was used for
the swap. If the tagged parent of the partnered study burrow did not return or was assigned
to the control group, then the burrow of the potential replacement chick was unblocked to
allow parents to access their chick. Hatch dates of original and replacement chicks matched
by 12 days for 6 swaps, and by 4, 6, 8 and 12 days in the other 4 swaps. For the latter swaps
in which precise matches were not possible, a replacement chick of similar weight to the
original chick was selected. Burrows of potential replacement chicks were not blocked for
more than one night during the study to minimise possible impacts on the parents and chicks.

Replacement chicks all continued to be fed by their parents and fledged after the experiment.

Quantification of foraging behaviour from geolocator data

Geolocators were set to record maximum light intensity every 5 minutes and salt-water
immersion (i.e. whether the device was immersed in saltwater or not) as a series of wet-dry
transitions at 6 second resolution (mode 9 on the device). The number of wet/dry transitions
has been used as an indicator of foraging activities in procellariforms as it corresponds to
short bouts of flight searching for prey alternated with short wet bouts when birds land on
the water or dive to catch prey (Dias et al., 2012). Wet/dry transitions were counted in 5-

minute bins and a daily foraging score was calculated as the number of 5-minute bins that
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contained at least one transition in each day. Only transitions during daylight (light >2 lux)

were counted as Manx Shearwaters are not known to forage at night (Shoji et al., 2016).

To validate daily foraging score as a good estimate of foraging effort, a separate geolocator
dataset collected on breeding Manx shearwaters was compared against simultaneously
recorded dive data from dive loggers, co-deployed with geolocators on 17 chick-rearing Manx
Shearwaters in the same sub-colony and season (July and August 2017) as the current study.
From the geolocator data, daily foraging score was calculated as described above. From dive
data, an equivalent daily dive-bout score was calculated as the number of 5-minute bins that
contained a dive (defined as changes in depth of >1m), and a daily dive-number score was
calculated as the number of dives per day during daylight (Figure 2). To assess daily foraging
score as a measure of foraging, linear mixed-effects models (LMMs) were performed with
daily dive-bout score and daily dive-number as the response variables, daily foraging score as
the fixed effect, and random intercepts for individual. Models confirmed that daily foraging
score was a strong predictor of daily dive-bout score and daily dive-number, explaining a high
proportion of variance in both dive scores (Figure 2; LMMs: daily dive-bouts, n=91 days,

R?=0.76, x3=94.4, p<0.001; daily dive-number, n=91, R2=0.67, x3=43.7, p<0.001).
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Figure 2. Graphs showing the relationship between daily foraging score, calculated from wet-dry
transition data, and two different measures of daily foraging extracted from depth recorders. Lines
show the linear regression model predictions for each relationship.

Foraging trip metrics

Foraging trip duration (i.e. the number of days at-sea between successive visits to the colony)
was calculated from visits to land estimated from immersion and light data. Periods of at least
30 minutes of continuous dry starting at least 40 min after dusk and ending at least 30 min
before dawn (where dusk and dawn were the start and end times of nights, defined where
light intensity was below 2 lux) were classified as visits to land. These thresholds were chosen
after examination of both the frequency distributions of different length dry periods at night
in the geolocator data (supplementary figure 1) and of the lengths of burrow visits precisely
recorded from RFID sensors placed at burrow entrances during the 2018 field season
(Supplementary figure 2; see Tyson et al., 2017 for detials of RFID setup). RFID data showed
that the mean burrow visit duration was 2.95 hours (SD=%1.3, n=1400) with only 3.6% of visits

lasting fewer than 30 minutes. RFID data also showed that burrow visits were infrequent just
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after dusk and just before dawn. Specifically, only 1% of burrow visits started before 40
minutes after civil dusk*, and only 1% of burrow visits were ongoing within 30 minutes of civil
dawn. These periods are also the most likely periods of the night to contain flight at-sea as

birds may be flying to or from the colony or may engage in pre-rafting flights.

In addition to trip duration, other foraging trip metrics were calculated from daily foraging
scores. Trip total foraging scores were calculated as the sum of daily foraging scores for each
foraging trip, whilst trip daily foraging scores were calculated for each foraging trip as the
average daily foraging score over that entire trip. These scores were used as proxies for

foraging effort.

Provisioning was also quantified for trips 1 and 2 by weighing chicks 30 and 60 minutes after
adults returned to the burrow during both the hungry chick and control treatments and on
the subsequent visit to the burrow. Chicks were weighed in the field on a digital scale accurate
to one decimal place, with weights rounded to the nearest gram. Since wind and uneven
ground may have increased random measurement error, a 3-component Gaussian mixture
model was fitted to the data using the ‘normalmixEM’ function from the Mixtools package
(Benaglia et al., 2009) in R 3.4.4 (R Core Development Team 2018) to attempt to distinguish
random errors from true weight changes. The model predicted distributions with means of -
0.4g (SD=%3.6), 10.1g (SD=%3.0) and 52.0g (SD=%2.2), termed no feed, small feed and large
feed, respectively. Data points were labelled as no feed, small feed or large feed, depending

on to which distribution they had the highest probability of belonging.

*Night defined by civil twilight, with a sun elevation angle of -6°. This corresponds closely to
that defined by the 2-lux light threshold used in this study.
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Statistics

Statistical analyses were performed in R 3.4.4. All means have associated standard error,
unless otherwise stated. The normality assumptions of statistical tests were checked by visual
inspection of histograms in R, and non-parametric statistical tests were used if data normality
assumptions were not met. For control vs. treatment group comparisons of foraging score,
Welch two-sample t-tests or Wilcoxon rank sum tests were used, while paired t-tests or
Wilcoxon signed rank tests were used for between-trip comparisons to account for between-
individual variation. Chi-squared tests and Fishers exact tests were used to compare

frequency data. The Im function in R was used to run ordinary least squares regressions.
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Results

Chick weight and age

Mean chick weight and age on the night of the treatment were compared between the control
and hungry chick groups. Mean chick weight on the night of treatment was 434g (+14g, n=10)
for control chicks and 397g (+x23g, n=10) for study chicks in the hungry chick treatment group;
there was no significant difference between the groups (welch two sample t-test; df=14,
t=1.37, p=0.191). There was also no significant difference between the age of the control and
treatment group chicks at the time of the treatment (welch two-sample t-test; df=17, t=1.34,
p=0.198), with a mean of 42 days (+2.7 days, n=10) and 37 days (+2.5 days, n=10),
respectively. Chick age had no effect on: chick total weight gain in the hour after the adult
returned (OLS regression; F123=1.04, p=0.319), trip daily foraging score (F1,57=1.18, p=0.283),
trip total foraging score (F1,57=0.29, p=0.595) or trip duration (F1,57=0.39, p=0.533). Chick age

was therefore not included in the analyses that follow.

Chick provisioning

Direct effect of exposure to increased chick need during treatment

To assess whether the treatment caused parents to feed more food to the hungry
replacement chick than they would to their own partially satiated chick, weight gain (a proxy
for feed size) of replacement chicks over minutes 30-60 of the hungry chick treatment was
compared against weight gain of original chicks over minutes 30-60 on nights of the control
treatment. Mean weight gain of replacement chicks was marginally larger than that of original
chicks over minutes 30-60, at 7.4g (+4.9g) and 1.5g (+1.4g), respectively (wilcoxon rank sum

test; n1=10, n,=58, W=397, p=0.063). Mean weight gain of original chicks over minutes 0-30
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Figure 3. A summary figure to show the design of the experiment and the observed effects of the
treatment on parent foraging and provisioning behaviour. Vertical arrows represent the passage of

time while horizontal arrows show the translocation of chicks in and out of nests.
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did not differ significantly between the nights of the hungry chick treatment and nights of the
control treatment, with feeds of 60.7g (£6.4g, n=10) and 71.5g (+3.5g, n=61), respectively
(welch two-sample t-test; df=15, t=1.48, p=0.159). Mean total weight gain of chicks over
minutes 0-60 was similar between both groups, at 68.1g (+7.4g, n=10) on nights of the hungry
chick treatment and 73.8g (+3.5g, n=58) on nights of the control treatment (welch two-sample

t-test; df=13, t=0.69, p=0.500).

Weight changes over minutes 30-60 were typically small, and it was possible that some weight
changes were due to random measurement error in chick weights taken in the field. To
attempt to distinguish measurement errors from true weight changes, a 3-component normal
mixture model was fitted to the data. The model predicted groups with means of -0.4g
(SD=%3.6g), 10.1g (SD=%3.0g) and 52g (SD=%2.2g), and weight changes were labelled as no
feed, small feed or large feed based on which distribution they had the highest probability of
belonging. The relative frequencies of feeds over minutes 30-60 between the control and
hungry chick treatments differed significantly, with 30% (3/10) of replacement chicks
receiving food compared to 5% (3/58) of original chicks (Table 1; chi-squared test; df=2,
x*=7.86, p=0.02; fisher’s exact test; p=0.037). This suggested that the hungry chick treatment

made parents more likely to feed over minutes 30-60 compared to the control treatment.
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Table 1. The number of different feed types between 30-60 minutes after adult return, with feeds
classified using the 3-component normal mixture model.

Original chick Replacement chick
No feed 55 7
Small feed 1 2
Large feed 2 1

Chi-squared test; df=2, x?=7.86, p=0.02; fisher’s exact test; p=0.037.

Subsequent visits to the nest

To test whether the hungry chick treatment influenced food provisioning during the tagged-
parent’s first visit to the burrow after the treatment, chick weight changes were compared
within treatment groups between the night of the treatment and the subsequent visit to the
burrow (trip 1 and trip 2). Paired tests were used to account for between-individual
differences. Although burrows were monitored at 10-minute intervals every night, visits to
land identified from GLS data showed that 6/10 parents in the hungry chick group and 6/10
parents in the control group evaded detection during their first visit to land after the hungry

chick treatment, so sample sizes for paired tests were limited to 4 for each group.

In the control group, mean chick weight gain over minutes 0-30 did not differ significantly, at
79.3g (£9.6g) on the night of the treatment and 72.5g (+9.8g) on the subsequent visit to the
burrow (paired t-test; df=3, t=0.38, p=0.729). Mean chick weight gain over minutes 30-60 also
did not differ significantly, at 3g (+1.3g) on the night of the treatment and -2g (+2g) on the
parent’s subsequent visit to the burrow (Wilcoxon signed rank test; n=4, W=6, Z=1.67,

p=0.25). Finally, mean chick weight gain over minutes 0-60 did not differ significantly, at 82.3g
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(+10.1g) on the night of treatment and 70.5g (+10.6g) on the parent’s subsequent visit to the

burrow (paired t-test; df=3, t=0.60, p=0.589).

In the hungry chick group, mean chick weight gain over minutes 0-30 did not differ
significantly, at 58g (+7.7g) on the night of the treatment and 66.5g (+12.3g) on the
subsequent visit to the burrow (paired t-test; df=3, t=0.76, p=0.501). Mean chick weight gain
over minutes 30-60 also did not differ significantly, at 15.8g (+11.7g) on the night of the
treatment and -0.5g (£2.5g) on the parent’s subsequent visit to the burrow (wilcoxon signed
rank test; n=4, W=8.5, Z=1.29, p=0.375). Finally, mean chick weight gain over minutes 0-60
did not differ significantly, at 73.8g (+10.8g) on the night of treatment and 66g (+11.5g) on

the parent’s subsequent visit to the burrow (paired t-test; df=3, t=2.53, p=0.086).

Parent foraging behaviour

Trip total foraging scores derived from light/immersion data were compared between the
hungry chick and control groups for each numbered trip (Figure 4A). There was no difference
between the trip total foraging scores of the two groups for any of the trips (Table 2). There
was also no difference between the trip daily foraging scores (trip total foraging/trip duration)

of the two groups (Figure 4B; Table 3).

In addition to comparing foraging scores of each trip between groups, trips were also
compared within groups to test for any change in foraging behaviour between trips in
response to the treatment (Figure 4A). Between trips, there were no significant differences
in trip total foraging score within the hungry chick or the control groups (Table 2). There were
also no significant differences in trip daily foraging scores between trips within the hungry

chick and control groups (Figure 4B; Table 3).
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Table 2. Mean trip total foraging scores for each experimental trip within treatment groups. Trip total
foraging scores represent the total foraging effort for each foraging trip (unit = number of 5 min bins
with at least one wet/dry transition). Numbered arrows relate to statistical comparisons, below.

Trip1 Trip 2 Trip 3
Control 103.6 (+31.1,n=10) <> 85.0(t13.4,n=10) <«» 158.7 (+61.7, n=9)
4 5
e §2 §3
7
Hungry chick 153.1 (+35.7, n=10) <E> 161.3 (£58.9, n=10) <«» 236.4(+59.3, n=10)

Wilcoxon rank sum tests: 'n1=10, n,=10, W=26, p=0.076; 2n1=10, n»=10, W=51.5, p=0.940; 3n1=9, n»=10, W=39,
p=0.661. Wilcoxon signed rank tests: “n=10, W=33, 7=0.56, p=0.625; 5n=9, W=12, 7=1.25, p=0.238; 5n=10, W=29,
Z=0.15, p=0.922; 'n=10, W=20, Z=0.76, p=0.492.

Table 3. Mean trip daily foraging scores for each experimental trip within treatment groups. Trip daily
foraging scores represent the average daily foraging effort for each trip (unit = number of 5 min bins
with at least one wet/dry transition). Numbered arrows relate to statistical comparisons, below.

Trip1 Trip 2 Trip 3
Control 71.8 (3.6, n=10) <+» 70.1(%5.0,n=10) <> 80.4 (£7.5, n=9)
4 5
§ g §s
Hungry chick 72.6 (£3.3, n=10) <§> 62.6 (£8.0, n=10) <Z> 77.4 (7.0, n=10)

Welch two-sample t-tests: 'df=17, t=0.17, p=0.870; 2df=15, t=0.80, p=0.435; 3df=16, t=0.29, p=0.774. Paired t-
tests: 4df=9, t=0.38, p=0.710; >df=8, t=1.14, p=0.286; °df=9, t=1.60, p=0.145; "df=9, t=2.15, p=0.060.
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Figure 4. Box plots showing the distributions of the trip total foraging scores (A) and trip daily foraging
scores (B) for hungry chick and control groups, separated into experimental trips. Thick horizontal
black lines show medians, orange boxes show interquartile range, whiskers show range.
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Foraging trip duration

Foraging trip duration during trips 1-3 of the experiment ranged from 1-7 days, with 66% of
trips lasting 1 day (Figure 5). Foraging trip duration in the Manx Shearwater has previously
been shown to be bimodally distributed (Shoji et al., 2015). Following Shoji et al. (2015),
foraging trips were classified as either short trips of 1-3 days or long trips of 4 or more days
(Table 4), which are functionally distinct and prioritise chick provisioning and adult self-
maintenance, respectively (Shoji et al., 2015; Tyson et al., 2017). Between the hungry chick
and control groups for each trip, there were no significant differences in the proportions of
short and long trips (fisher’s exact test; phase 1: OR=2.16, p=1; phase 2: OR=2.16, p=1; phase

3: OR=7.15, p=0.141).

In addition to comparing trip duration between hungry chick and control groups for each trip,
trip duration was also compared between trips within groups to test whether the treatment
had any effect on trip duration. Wilcoxon signed rank tests showed no significant change in
trip duration between trips in either group (wilcoxon signed rank test; hungry chick: trip 1-2,
W=19, 7=0.10, p=1; trip 2-3, W=10, Z=0.57, p=0.594; control: trip 1-2, W=1, Z=1, p=1, trip 2-

3, W=0, Z=1.73, p=0.25).
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Table 4. Counts of long (>3 days) and short foraging trips (<3 days) during each experimental trip for
the hungry chick group and the control group.

Trip duration (days) Short Long Total

. Hungry chick 8 2 10
Trip1
Control 9 1 10
. Hungry chick 8 2 10
Trip 2
Control 9 1 10
. Hungry chick 5 5 10
Trip 3
Control 8 1 9
o
<
Qo _|
[sp}
>
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=
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foraging trip duration (days)

Figure 5. A bar chart showing the frequencies of different duration foraging trips during trips 1-3 of
the experiment for the hungry chick and control groups pooled together.
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Discussion

Direct provisioning response to hungry chicks

At least 3 and possibly up to 7 of the 10 replacement chicks were fed by tagged parents, which
was significantly greater than the proportion of original chicks that were fed in the same
interval during the control treatment. Replacement chicks also received larger food loads on
average than control chicks during this interval, although this difference was not statistically
significant. Together, these results show that the hungry chick treatment was an effective
manipulation of chick demand, while they also demonstrate that parents were able to
respond to the changes in chick demand within a chick-feeding visit by providing food to

hungry replacement chicks after they would normally have stopped provisioning.

Since the treatment manipulated short-term chick hunger rather than chick mass or body
condition, hungry replacement chicks were believed to have elicited the direct provisioning
response through begging vocalisations. Manx Shearwater chicks have been shown to beg
equally in response to parent and non-parent vocalisations played back over a speaker
(Brooke, 1978), and indeed replacement chick begging to foster parents was observed during
the experiment. Begging is known to indicate offspring hunger in many species (Mock et al.,
2011). Variables of chick begging intensity have been shown to change after food deprivation
of just four hours in three auk species (Klenova, 2015), while in the Manx Shearwater, begging
variables are positively correlated with the number of days since the chick was last fed and

represent honest signals of need in the species (Quillfeldt et al., 2004).

Given that unfed original and replacement chicks would likely have been equally hungry and
begged at equal intensity when first provisioned, one might simplistically predict that they

would be fed equally if begging was the sole determinant of provisioning load. However,
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parents provided far smaller food loads to replacement chicks after feeding their own chick.
To a large extent, this is probably due to parents having little food left after the first 30
minutes of a chick-feeding visit when most provisioning occurred. Indeed, provisioning has
been estimated to take only 20 minutes in Manx Shearwaters (Brooke, 1990), and the closely
related Short-tailed Shearwater is known to entirely empty its stomach contents during
provisioning (Brooke, 1990; Fitzherbert, 1985). However, the results here show that parents
were able to feed more to replacement chicks after they would normally have ceased
provisioning, from which we can infer that unlike in the Short-tailed Shearwater, adult Manx

Shearwaters may retain some food after provisioning (Fitzherbert, 1985).

It is unlikely that adult food retention results from chicks becoming fully satiated, since Manx
Shearwater chicks have been shown to take on larger quantities of food than observed here
(Brooke, 1990; Gray & Hamer, 2001; Hamer et al., 1998). Alternatively, it is possible that the
retention of modest amounts of food by adults is an example of parents strategically
allocating their resources between their chick and maintenance of their own body condition,
mediated by chick need signalled honestly through begging (Quillfeldt et al., 2004), as is seen

in the Grey-headed Albatross Thalassarche chrysostoma (Phillips & Croxall, 2003).

The fact that parents provisioned replacement chicks also shows that parents were unable to
specifically recognise their own chick. This contrasts with certain auks, gulls and penguins in
which parent-offspring recognition has been identified (Beer, 1969; Evans, 1970; Jones et al.,
1987; Lefevre et al., 1998; Seddon & van Heezik, 1993; Tschanz & Hirsbrunner-Scharf, 1975),
but is in agreement with previous chick-swap studies in the Manx Shearwater and several
other seabird species in which parents were apparently unable to recognise their offspring

(Erikstad et al., 1997; Fayet et al., 2016; Tveraa et al., 1997). Alongside ‘twinning’ experiments
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(Harris, 1966) this study provides one of the most direct examples of this inability, as parents
did not discriminate against replacement chicks despite being swapped during a provisioning
visit. The lack of parent-offspring recognition in the Manx Shearwaters and some other
seabirds is probably a consequence of their burrow-nesting habit, since recognising their own
offspring is of little fitness value for a parent if foreign chicks are rarely, if ever, encountered
(Brooke, 1978, 1990). Conversely, the seabird species in which parent-offspring recognition
has been demonstrated are all surface-nesters that breed in close proximity to each other,

where parents must correctly locate their chick among many others (Lefevre et al., 1998).

Hungry chicks have no immediate effect on subsequent foraging effort and provisioning

By the end of the chick-feeding visit during the hungry chick treatment, replacement chicks
had received far less food overall compared to control chicks. Thus, before leaving for their
next foraging trip, parents in the treatment group would be exposed to a much hungrier chick
that probably signalled its greater demand through begging. Despite this, there were no
significant differences in trip daily foraging score, trip total foraging score and trip duration
between groups and between trips within each group, nor any significant differences in
provisioning between groups or before and after treatment. Hence, there was no detectable
immediate effect of exposure to higher chick need on parent foraging effort or provisioning
after the treatment. These findings contrast with previous studies which found that Manx
Shearwater parents responded to experimentally decreased chick need by reducing their
provisioning (Hamer et al., 1998; Hamer et al., 2005), while responses to chick need have also

been shown under natural conditions (Quillfeldt et al., 2004).

It is noted that the lack of immediate effects on subsequent foraging effort and provisioning

may be a result of the small sample sizes, which, along with high levels of residual variation,
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may have meant that possible effects fell below the detection threshold of the statistical tests.
Particularly with respect to provisioning, conclusions were limited by small sample sizes since
some parents returned to the colony undetected after trip 2 and hence their provisioning was
not recorded. It is unclear how these parents evaded detection, as burrow checks were
carried out every 15 minutes and RFID data showed most burrow visits last at least 30
minutes. It is possible that parents had arrived through alternative entrances as burrow
systems are known to be complex (Brooke, 1990). For the purposes of this discussion the
statistical findings are treated as accurate reflections a lack of parental response, however, a
further repeat study expanding the number of study birds in both treatment groups would be

necessary to confirm this.

Previous studies that found Manx Shearwater parents adjusted their provisioning in response
to chick demand used long-term manipulations of chick need through supplemental chick
feeding (Hamer et al., 1998; Hamer et al., 2005). This method simultaneously manipulated
chick demand both in terms of hunger mediated by begging and other indicators of chick need
such as chick body condition. In contrast, the short-term chick-swap method used here
systematically manipulated only chick hunger, with no effect on subsequent provisioning. This
shows that chick body condition, not hunger, was the cause of parental response in the
supplemental chick feeding experiments (Hamer et al., 1998; Hamer et al., 2005). Unlike in
many passerines which adjust subsequent provisioning is in response to chick begging
(Hussell, 1991), chick begging in seabirds like the Manx Shearwater may be a poor indicator
of chick need since chick hunger may change rapidly between provisioning visits depending

on the length of foraging trips and in relation to feeds provided by the partner (Ricklefs, 1987).
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Concurring with the finding in this study showing that hungry chicks were fed more, Quillfeldt
et al. (2004) found that, under natural conditions, Manx Shearwater chick begging intensity
was positively correlated with feed size during a provisioning visit. They did not test whether
chick demand mediated by begging influenced subsequent provisioning by parents, as has
effectively been done in the present study. They did, however, find that female parents whose
chicks were in higher body condition (i.e. had lower demand) at the end of each provisioning
subsequently carried out longer duration foraging trips (i.e. reduced parental effort; Shoji et
al., 2015). When the results of the present and aforementioned studies (Hamer et al., 1998;
Hamer et al., 2005; Quillfeldt et al., 2004) are taken together, a system emerges in which
adults use chick begging intensity and chick body condition as functionally distinct indicators
of current and future chick need, respectively. Specifically, it seems that adults may use
information on current chick body condition to predict future chick demand, and adjust
subsequent foraging effort accordingly (Hamer et al., 1998; Hamer et al., 2005; Quillfeldt et
al., 2004), but then integrate this with new information obtained during the current visit to

update provisioning decisions (Quillfeldt et al., 2004).

Conclusions and future directions

In summary, this study found that increased chick demand through exposure of parents to a
hungry chick during a single provisioning visit led only to increased provisioning to the hungry
chick during that visit, with no effect on subsequent foraging effort or provisioning. Alongside
parental responses to chick demand found previously in the Manx Shearwater (Hamer et al.,
1998; Hamer et al., 2005; Quillfeldt et al., 2004), two distinct but interacting indicators appear
to be employed by parents to control their provisioning: (i) chick begging vocalisations

reflecting chick hunger, to which parents only make provisioning responses within visits, and
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(ii) chick body condition reflecting long-term chick need, to which parents respond by
adjusting subsequent foraging effort and provisioning at the next visit. Several previous
experimental studies in various species have, often inadvertently, manipulated both of these
indicators of chick demand simultaneously, which has led to unclear and to seemingly
inconsistent interpretations of parental responsiveness to chick demand (Bertram et al.,

1996; Harding et al., 2002).

This system may provide fitness benefits to parents in several ways. For one, it may provide a
safeguard against dishonest signalling of need from chicks that results from parent-offspring
conflict (Riou et al., 2012), since increased provisioning during visits due to chicks
exaggerating their need with increased begging would lead to eventual increase in chick body
condition and resulting parent response of decreased foraging effort and provisioning. More
generally, feedback loops associated with this system may have important implications for
the control their parental investment in the face of changing conditions (Erikstad et al., 1998),
for example, negative feedback loops may act as dampers preventing parent over-response
to changing conditions. Modelling this system to explore its potential properties may be an

exciting avenue of future research.
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Supplementary figure 1. Histograms showing the frequency of visits to land estimated from GLS data.
The histogram to the left shows duration of time from the first 30-minute period of dry to the last 30-
minute period of dry in a night, while the histogram to the right shows the duration of each dry period
of 30 minutes or more during the night. Night was determined from light data and shortened by 40
minutes after dusk and by 30 minutes before dawn.
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Supplementary figure 2. A histogram showing the frequency of different durations of visits to the
burrow measured by RFID sensors, with durations measured from the first entrance to last exit of the
burrow each night.
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Introduction

This thesis identifies previously unknown behaviours and helps to better understand others
in relation to how a long-lived pelagic seabird deals with the demands of breeding. In the first
chapter, I introduced two ways in which animals are constrained in their reproductive output
during a breeding attempt. Firstly, an animal will be constrained by the physical and ecological
conditions and the finite resources within the accessible radius of its breeding site, to which
different species may be tied to different extents. Secondly, an animal will be constrained in
its current reproductive effort by the costs to future reproductive success that result from
life-history trade-offs. | investigated behavioural adaptations to these constraints in a long-
lived pelagic seabird, the Manx Shearwater, a species in which both types of constraint play a
major role in shaping life-history traits. In this final chapter, | summarise my main findings
before ending with a brief discussion of how my results, and seabird research generally, are

important to the conservation seabirds and the marine environment.

Summary of main results

Sex- and colony-specific strategies during pre-laying exodus

Making inferences on movement and behaviours from light and salt-water immersion data
collected on geolocators over a 10-year period, | examined the pre-laying exodus of Manx
Shearwaters from two breeding colonies 300 km apart in the Irish and Celtic Seas. In line with
previous studies carried out on Skomer Island, Manx Shearwaters from Skomer showed highly
distinct sex-specific strategies, in which males generally remained close to the colony which
they visited regularly, while females made distant, long-duration trips to the south-west of
Ireland, concentrated in areas around the continental shelf edge (Dean, 2012; Guilford et al.,
2009). The daily allocations of time to different at-sea activities were described for the first
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time across the duration of exodus, which revealed novel changes in behaviour as the egg lay
date approached, with females showing much greater shifts in behaviour than males over the
course of exodus. Different daily allocations of time to different at-sea behaviours were also

associated with different locations in females, but not in males.

The pre-laying exodus of Manx Shearwaters had never previously been investigated beyond
birds breeding on Skomer, thus it was unclear to what extent exodus would differ for birds
breeding on the Copeland Islands, which lie substantially further away from the continental
shelf edge. Comparisons between Skomer and Copeland exodus locations showed many
similarities between female space use, whilst males occupied distinct areas near to their
respective breeding colonies. In a similar vein, females showed almost identical patterns of
daily allocation of time to different behaviours over the course of exodus. While males
showed some between-colony differences in their daily allocation of time to different
behaviours, these were much smaller than differences between males and females. Finally,
comparisons of metrics describing night-time visits to land between Skomer and Copeland
males highlighted further differences among males, notably: (i) Skomer males decreased the
duration of their visits over exodus beyond the level predicted by shortening nights, while
Copeland males only decreased theirs in proportion to shortening nights, (ii) Skomer males
increased their visit frequency over the course of exodus from infrequent to very frequent
while Copeland males maintained a moderate visit frequency throughout, and (iii) Copeland

males remained at the colony over-day significantly more than Skomer males.

Overall, this study demonstrated how Manx Shearwaters have adapted their behaviour in
response to the demands of breeding, highlighted by the contrasts between the behavioural

strategies of males and females - both need to improve their body reserves to sustain them
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through later stages of breeding (Chastel et al., 1995), but are separately constrained by the
need to supply and carry the developing egg, and the need to defend the breeding burrow,
respectively (Arizmendi-Mejia et al., 2013; Dean, 2012; Perrins, 1996). This study also shows
that the effects of different breeding locations on pre-laying exodus strategies are complex,
with behavioural similarities and differences between the two colonies probably emerging
because of their different proximities to food resources. Males appear to remain near to their
respective colonies because the benefits of defending their burrows (and potentially gaining
extra-pair copulations) outweigh the benefits of travelling to richer feeding grounds such as
the continental shelf edge. Evidence that males gain mass during the pre-laying exodus
(Brooke, 1990) also suggests that local feeding grounds are sufficient for males to improve
their body condition (Arizmendi-Mejia et al., 2013). In contrast, females lose mass during
exodus (Brooke, 1990), which suggests that even the richer foraging grounds along the

continental shelf edge may be insufficient to improve body condition during egg building.

Further work to investigate the variation in behaviour between a greater diversity of different
colonies is suggested, which would allow higher resolution contrasts to be made to help clarify
the differing effects of location, resource availability and colony demographics on the costs

of breeding, and the behavioural strategies that Manx Shearwaters use to deal with them.

Short-term parental response to offspring demand

This experimental study used behavioural inference from geolocator data alongside
measurements of chick food loads to test whether Manx Shearwater parents immediately
adjust their foraging effort or provisioning in response to an increase in chick demand,
manipulated by exposing each study parent to a hungry chick after they had fed their own

chick. Results showed that parents respond to chick hunger, mediated by chick begging
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vocalisations (Quillfeldt et al., 2004), by adjusting the proportion of their current stomach
content allocated to the chick, but make no adjustments of subsequent foraging effort or
provisioning in response to the chicks current hunger. Previous studies had shown chick
demand predicted subsequent provisioning and foraging effort (Hamer et al., 1998; Hamer et
al., 2005) but were unable to distinguish whether this was a response to chick hunger or
longer-term body condition (Bertram et al., 1996). By showing that hunger does not predict
subsequent foraging effort or provisioning, the hungry chick experiment shows that longer-

term body condition alone influences future behaviour.

Emerging from this study is a potential system that may function to optimally regulate Manx
Shearwater forging and provisioning effort by using two distinct but interacting signals of
chick demand. Firstly, chick begging vocalisations reflecting chick hunger, to which parents
only make provisioning responses within visits, and secondly, chick body condition reflecting
long-term chick need, to which parents respond by adjusting subsequent foraging effort and
provisioning at the next visit. Since chick hunger and body condition are not independent, this
provisioning regulation system is likely to have feedback properties, of which one function
may be to safeguard parents from the dishonest signalling of need by chicks that might result
from parent-offspring conflict (Riou et al., 2012). More generally, the potential feedback loops
and emergent properties of this system may have important implications for the control of
parental investment in the face of changing conditions (Erikstad et al., 1998), for instance,
negative feedback may prevent a parent from over-responding to rapidly changing
environmental conditions. Modelling this system to explore its potential properties is

suggested as potentially rewarding area of future research.
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Implications for conservation

As apex predators in marine food webs, seabirds can be vulnerable to perturbations at lower
trophic levels and environmental change, and as such they may act as effective indicators of
marine ecosystem health (Einoder, 2009; Gremillet & Charmantier, 2010; Lyday et al., 2015;
Parsons et al., 2008; Walsh, 2017). Many seabirds are also threatened with extinction, and as
a group they are among the world’s most threatened birds (Croxall et al., 2012; Phillips et al.,
2016). The anthropogenic threats faced by seabirds at-sea are diverse, and they include
depleted fish stocks (Cury et al., 2011), plastic pollution (Wilcox et al., 2015), climate change
(Grémillet & Boulinier, 2009; Sydeman et al., 2012) and light pollution (Davies et al., 2014;
Syposz et al., 2018), among many others (Anderson et al., 2011; Masden et al., 2010). Threats
on land can be severe, particularly invasive species such as mice, rats and cats, which have
decimated some seabird colonies (Russell & Holmes, 2015; Spatz et al., 2017). Although the
problem of invasive species persists at numerous seabird islands, progress is being made in
eradication (Jones & Kress, 2012). Minimising threats to seabirds at-sea, however, faces many
more challenges, in part because the at-sea movements of seabirds are not always well-
known and can span entire oceans, and in part because applying and enforcing conservation
policy can be logistically and politically difficult in both international waters as well as within

many national jurisdictions (Aswani et al., 2018; Lewison et al., 2012; Yorio, 2009).

Given the high conservation priority status of seabirds, the numerous threats they face and
the difficulties overcoming these threats with limited resources for marine conservation, it is
essential that seabird conservation is targeted effectively (Gill et al., 2017). Seabird research
plays an important role in ensuring that this can happen, helping to prioritise threats and

identify particular areas or times at which conservation measures need to be applied (Croxall
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et al., 2012). As a case study, research into the at-sea movements and behaviour in the Manx
Shearwater has already helped inform UK conservation policy, with the assignment of the
Irish Sea Front as a marine Spatial Protection Area as a result of at-sea surveys and tracking
studies showing the area as an important foraging area for large number of Manx Shearwaters
from multiple breeding colonies (Dean et al., 2012; Kober et al., 2012). Although the research
presented in this thesis was not motivated by conservation, it may bear some influence in
future conservation decisions. In particular, the findings in my second chapter corroborate
previous studies showing that continental shelf edge and Porcupine Bight (areas with no
special protection measures) to the southwest of Ireland are hotspots of activity for female
Manx Shearwaters on their pre-laying exodus, a critical period influencing later reproductive
success (Chastel et al., 1995; Dean, 2012; Guilford et al., 2009). Additionally, the results here
show that this area has been utilised by at least two major breeding colonies over a 10-year
period, further advocating the potential special importance of this area for globally important
numbers of Manx Shearwater. Further tracking of pre-laying exodus from other major
colonies is advised, using both low-impact geolocators to test for broad patterns of shared
space use, and later using high-resolution GPS tracking to pinpoint more precisely the areas
of importance. This broader understanding will help to refine our knowledge of Manx
Shearwater resource requirements during exodus and the risks associated with deterioration
of their foraging areas, which can then be used to inform whether and how conservation

measures should be applied.
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Final remarks

The findings in this thesis have added to our knowledge about the at-sea behaviour of the
Manx Shearwater. It is thanks to this already extensive knowledge that more refined and
effective scientific study is possible, and with each new finding comes many more questions.
| hope that some of the ambiguities and new questions raised from the findings in this thesis
will aid others in formulating their research, to both broaden our scientific understanding and

further enrich our appreciation for the myriad species with which we share the planet.
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