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ABSTRACT

Climate change is an imminent threat to biodiversity worldwide, but especially at high latitudes.
In particular, marine heatwaves are increasing in frequency, with one of the largest on record
occurring in the north Pacific in 2014-15. To understand the resilience of wildlife to climate
change, we need to understand the importance and implications of foraging specialization. This
is especially true for surface-feeding seabirds that do not have the capacity to modulate depth in
the water column. In this thesis, I first complete a literature review examining climate change
and its links to seabird foraging specialization, and then use GPS tracking to analyze the
influence of specialization on productivity of a surface-foraging seabird. As central place
foragers, seabirds must leave to forage and return to the nest during the breeding season.
Changes in seabird productivity or population sizes may indicate changes in the marine
environment. Marine heatwaves can have dramatic impacts on the marine ecosystem, with
bottom-up effects on seabirds. Specialization in foraging behaviour may be beneficial as some
individuals consistently return to reliable prey patches. This may become less advantageous,
though, in highly variable environments. To explore this idea, I tested how individual variation
in foraging trip characteristics impacted breeding success in black-legged kittiwakes (Rissa
tridactyla) on Middleton Island, Alaska before, during, and after an intense marine heatwave.
Foraging trip characteristics were highly variable between individuals and years. Though none of
the foraging trip characteristics alone influenced reproductive success, age and consistency in
behaviour between foraging trips did. Individuals with smaller variance between two foraging
trips during incubation were more likely to fledge a chick than those with a larger variance.
Additionally, there was evidence of a maximum distance threshold, suggesting that, rather than

increasing foraging range in response to potentially challenging foraging conditions, kittiwakes
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were increasing time spent foraging in a specific area. While Pacific Decadal Oscillation (a long-
term pattern of oceanic climate variability in the Pacific) clearly impacted reproductive success,
it did not influence individual foraging behaviour. In summary, individual consistency in
foraging behaviour, even during poor conditions, positively influenced reproductive success. Our
results suggest that individuals that are more consistent in foraging behaviour may be better able
to cope as climate change progresses but these benefits may wane as events such as marine

heatwaves continue to occur unpredictably.
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RESUME

Les changements climatiques sont une menace importante pour la biodiversité dans le monde
entier, mais surtout aux hautes latitudes. En particulier, les vagues de chaleur océanique sont de
plus en plus fréquentes, I’une des plus importantes jamais enregistrées ayant eu lieu dans le
Pacifique Nord en 2014-15. Pour comprendre la résilience de la faune aux changements
climatiques, nous devons comprendre I’importance et les implications de la spécialisation du
comportement d’alimentation. Ceci est particuliérement vrai pour les oiseaux marins se
nourrissant en surface qui n’ont pas la capacité de moduler leur profondeur dans la colonne
d’eau. Dans cette these, j’effectue d’abord une revue de la littérature sur les changements
climatiques et ses liens avec la spécialisation du comportement d’alimentation des oiseaux
marins, puis j’utilise des données de suivi GPS pour analyser I’influence de la spécialisation sur
la productivité d’un oiseau marin se nourrissant en surface. En tant qu’espéces dont le
comportement d’alimentation se fait a partir d’un point central, les oiseaux marins doivent partir
a la recherche de nourriture et revenir au nid pendant la saison de reproduction. Les changements
dans la productivité ou la taille des populations d’oiseaux marins peuvent indiquer des
changements dans I’environnement marin. Les vagues de chaleur océaniques peuvent avoir des
impacts dramatiques sur 1’écosystéme marin, avec des effets ascendants sur les oiseaux marins.
La spécialisation dans le comportement d’alimentation peut étre bénéfique, car certains individus
reviennent constamment vers des sites de proies fiables. Cependant, cette spécialisation peut
devenir moins avantageuse dans des environnements tres variables. Pour explorer cette idée, j’ai
testé I’impact de la variation individuelle des caractéristiques des voyages d’alimentation sur le
succes reproducteur des Mouettes tridactyles (Rissa tridactyla) sur I’ile de Middleton, en Alaska,

avant, pendant et apres une vague de chaleur océanique intense. Les caractéristiques des voyages
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d’alimentation étaient trés variables entre les individus et les années. Bien qu’aucune des
caractéristiques des voyages d’alimentation n’ait influencé a elle seule le succes reproducteur,
I’4ge et la constance dans le comportement entre les voyages d’alimentation I’ont fait. Les
individus avec une plus petite variance entre deux voyages d’alimentation étaient plus
susceptibles de donner naissance a un poussin que ceux avec une plus grande variance. De plus,
il y avait des preuves d’un seuil de distance maximale, ce qui suggere que, plutot que
d’augmenter la distance de recherche de nourriture en réponse a des conditions de recherche
potentiellement difficiles, les mouettes augmentaient le temps passé€ a chercher de la nourriture
dans une zone spécifique. Alors que 1’oscillation décennale du Pacifique (un mode¢le a long
terme de variabilité du climat océanique dans le Pacifique) a clairement eu un impact sur le
succes reproducteur, elle n’a pas influencé le comportement individuel de recherche de
nourriture. En résumé, la constance individuelle dans le comportement de recherche de
nourriture, méme dans de mauvaises conditions, a influencé positivement le succes reproducteur.
Nos résultats suggerent que les individus qui ont un comportement plus constant en matiere de
quéte alimentaire peuvent etre mieux équipé a faire face a la progression des changements
climatiques, mais ces avantages peuvent s’estomper si des événements tels que les vagues de

chaleur océanique continuent a se produire de maniere imprévisible.
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Figure 7. Correlations between duration of the first foraging trip compared to the second during
incubation and chick rearing. The relationship between trip one and two were significantly
correlated during incubation for birds which successfully fledged a chick (solid line in left panel:
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GENERAL INTRODUCTION

The United Nations proclaimed 2021-2030 as a Decade of Ocean Science for Sustainable
Development in an effort to stop and reverse the ongoing damage to ocean health. Humans are
having an impact on the ocean through overfishing (Bearzi et al. 2006; Daskalov et al. 2007),
pollution (Eriksen et al. 2014), and climate change (Bates et al. 2012). This campaign aims to
generate knowledge needed to face these challenges, inform policy to restore ocean health and
support sustainable development goals. Two of the desired outcomes of this campaign are a
healthy, resilient ocean and a predictable ocean in which we can understand and respond to
changes. One of the challenges listed is to understand the impacts of current stressors on ocean
ecosystems, and to develop ways to protect and restore ecosystems and biodiversity.
Understanding how individual differences in behaviour impact reproductive success, especially
during a period of environmental change, is one way to contribute to the knowledge of how to

maintain a resilient ocean and maintain biodiversity.

Distributed across the globe in a variety of marine habitats, seabirds can be excellent
indicators of ocean health. Studying seabird foraging behaviour can be one tool for
understanding ocean resilience and biodiversity; in my literature review I will discuss a few
reasons this is possible. There are many factors that can influence foraging behaviour. Time of
year is particularly important, as some species during the breeding season become tied to a
central location, such as a nest or colony, which can restrict those foraging movements. Age
(Votier et al. 2017), sex (Patrick and Weimerskirch 2014b), and personality (Harris et al. 2020)
can all influence individual foraging behaviour as well. Because seabirds are frequently top
marine predators, changes in seabird diet (Cunningham et al. 2018) and reproductive success
(Arimitsu et al. 2021) can be signals of changes in the lower trophic system. Technological

advances in GPS tracking now allows researchers to use seabirds to understand forage fish
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distributions (Charrassin et al. 2002), and how that changes within and between seasons. This
information is becoming increasingly valuable as events such as marine heatwaves increase in
frequency with climate change (Oliver et al. 2019a), which can have negative impacts on fish
stocks critical to the humans and marine life which rely on them (Cheung and Frélicher 2020).
Black-legged kittiwakes (Rissa tridactyla) are a small gull species which frequently live in large
colonies and primarily feed on forage fish, making them excellent indicator species as changes in
diet, reproductive success, or survivorship could indicate changes in the marine environment.
Middleton Island has one of the longest histories of seabird monitoring in Alaska (Rausch 1958),
and also hosts a large colony of breeding black-legged kittiwakes. The colony of kittiwakes on
Middleton has experienced large changes in population size over the past few decades, which is
due in part to changes in prey (Hatch 2013) warranting further investigation.

The goal of this thesis is to explore individual differences in foraging behaviour in black-
legged kittiwakes using biologging and to explore how these differences impact reproductive
success in a changing environment. There have already been studies on the foraging behaviour of
black-legged kittiwakes and their reproductive success at the population level, there has yet to be
a study that connects the two at the individual level. For my study, I used eight years of GPS data
from black-legged kittiwakes on Middleton Island, Alaska. These years of tracking data span pre,
during, and post-marine heatwave in the Gulf of Alaska. Using these data, I tested the impact of
individual variation in foraging trip characteristics (total trip distance, duration, maximum
distance, and number of foraging patches) on reproductive success. I also looked at other factors
including age and consistency in foraging behaviour and how those played a role in reproductive

success as well.
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For central place foragers, when food becomes scarce, species (and perhaps individuals
within a species) must either expand their foraging range or spend more time foraging in one
area. Understanding the consequences of these changes in foraging behaviour is important as
climate change continues to force species to make these changes. Long term ecological research
stations, such as the one on Middleton Island are critical to begin answering some of these
questions. This thesis aims to begin to fill the knowledge gap of how individual differences

influence reproductive success.
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LITERATURE REVIEW

In the first section of this literature review I will discuss seabird foraging ecology.
Seabirds are central place foragers, which is an important constraint in their behaviour. I then
explain some of the factors influencing foraging behaviour including sex, age, and personality.
Next, I summarize how seabird foraging, diet, and reproductive success can be used as
bioindicators of the health of the greater marine environment. This is particularly important, as
climate change and events such as marine heatwaves disrupt food webs. I will describe both
regime shifts and marine heatwaves, their differences, and how they both have negative impacts
on all trophic levels, including seabirds. Black-legged kittiwakes are one species of seabird
which have been impacted by marine heatwaves and changes in prey availability. I will discuss
black-legged kittiwake life history, and some of the challenges the species is currently facing.
Middleton Island, located in the Gulf of Alaska, hosts a large colony of black-legged kittiwakes
which has experienced a great change in population size over the past few decades. The unique
research station on Middleton has provided researchers with a greater ability to closely monitor
individual birds over many years, allowing us to answer questions that would be difficult in other
breeding sites, including how individual consistency in foraging behaviour impacts reproductive

SucCCcess.
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Foraging ecology

Foraging is a critical aspect of ecology as it is essential for survival and the ability to
reproduce. Seabirds are central place foragers, meaning during the breeding season they need to
return to a specific location (the nest) to feed their chicks. This puts additional pressure on
foraging, as the birds are constrained in how far they go or how long they forage because they
must return to the nest. Increased time spent foraging during chick rearing can negatively impact
reproductive success (Boersma and Rebstock 2009). One of the reasons for this is that it can
make the nest vulnerable to predators (Hunt Jr. 1972). This can be mediated by both adults
taking turns attending the nest (Roberts and Hatch 1993), but this may be more difficult to
balance during years of environmental stress when foraging efforts have to increase, and in many
cases both parents must leave the offspring unattended at the nest to meet their growing
nutritional needs.

Meeting the nutritional needs of seabird offspring requires biparental care, which means
that each sex may have different foraging behaviour. One of the causes of this may be sexual
dimorphism. While for most seabird species the differences between male and females are only
slight, for species where there are notable size differences this may influence foraging behaviour
(Lewis et al. 2005). Sex can also influence consistency in foraging behaviour, in one species of
seabird females were consistent in their foraging behaviour, where males switched from foraging
at sea to foraging in rice field habitats during the weekends when fishery discards were not
available (Garcia-Tarrason et al. 2015). Indeed sexual niche segregation and specialization may

be beneficial for reproductive success (Patrick and Weimerskirch 2014b).

Age can also influence foraging behaviour. Older breeding birds can have higher

foraging site fidelity and are more consistent in the routes they take than younger birds (Votier et
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al. 2017). This could be the result of learning over time (Riotte-Lambert and Weimerskirch 2013;
Wakefield et al. 2015) as memory has been identified to be an important factor for some seabirds
(Irons 1998). Another study looking at two albatross species found that foraging capabilities
improved with age until around 26, after which there was evidence for senescence with older
birds taking longer foraging trips (Frankish, Manica, and Phillips 2020).

Although some of the variation in foraging behaviour is associated with sex and age,
there is also considerable variation that is not explained by either parameter. Although many
seabirds are considered generalists, there is growing evidence for individual specializations
which may help to further reduce niche overlap and competition and could benefit reproductive
success (Woo et al. 2008; Ceia and Ramos 2015). Individual specializations can be prey-based,
with some individuals within a typically generalist species specializing on only one or a few prey
types (Masello et al. 2013). Some of these specializations are place-based, with some individuals
being highly consistent in their foraging locations both within and between years (Wakefield et
al. 2015). One study found that while some individuals were more specialized in habitat selection
than location, it was site fidelity that influenced reproductive success regardless of age (Patrick
and Weimerskirch 2017). In a diving bird, there has been evidence of individual consistency in
dive depths in a colony where all birds that were tracked were found to forage in the same
vicinity (Kotzerka, Hatch, and Garthe 2011) which may be another way to reduce competition.

One possible cause for these differences in consistency in behaviour is personality.
Personality can be defined as consistent individual differences in behaviour over time and in
different contexts. Boldness, one type of personality trait, has been found to be both repeatable
(Collins et al. 2019) and heritable in seabirds (Patrick, Charmantier, and Weimerskirch 2013).

Seabird foraging behaviour has been linked to differences in boldness with bolder individuals
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foraging closer to the nest and being more consistent in foraging locations than shyer individuals
(Patrick and Weimerskirch 2014; Harris et al. 2020). Though the reason for this correlation is
still unknown, one theory is that bold individuals may be more willing to compete for closer
optimal foraging locations than shyer individuals (Kriiger et al. 2019). Furthermore, sex and
personality were found to influence reproductive success depending on environmental conditions

(Patrick and Weimerskirch 2014b).

Seabirds as bioindicators

A bioindicator is an organism whose life history traits (such as density, survivorship,
reproductive success etc.) can be studied and used as a proxy for the health of the ecosystem they
inhabit. Bioindicators may provide early warning signals of changes in the environment, and in
some cases, even identify the cause. Seabirds have been identified as being excellent
bioindicators, as they are spread throughout the globe, many are conspicuous which makes for
easier observational studies, and they are typically at or near the apex of the marine food web.
They require different types of habitats for breeding (land) and foraging (ocean). Changes in
survivorship or reproductive success for seabirds may indicate changes in their breeding or

foraging habitats.

Seabirds have been used to track forage fish populations for decades (Cairns 1988; Hatch
and Sanger 1992; Velarde and Vieyra 1994; Piatt et al. 2007; Brisson-Curadeau et al. 2017,
Sydeman et al. 2022). During the breeding season, adult seabirds leave to forage and return to
the nest to provision food for their chicks. When the adults return to land, they provide
researchers with opportunities to study diet based on what the birds are bringing back for their

chicks, and can provide insight into the forage fish available in the area. One study used GPS
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loggers and diet sampling to test the use of rhinoceros auklet (Cerorhinca monocerata) chick diet
as a method to understand forage fish populations in the Gulf of Alaska and found that the
auklets were returning to the nest with sand lance in areas where trawlers had previously not
found any (Cunningham et al. 2018). This suggests that auklets may be able to provide more
fine-scale resolution of abundance and distribution than previous methods. Another study found
correlations between pollock cohort strength and the proportion of pollock in puffin diets,
suggesting that puffins may also serve as bioindicators of the distribution and abundance of an
important commercial fishery species and can provide important information for fishery
management (Hatch and Sanger 1992; Sydeman et al. 2022). In addition to studying diet to gain
information on forage fish abundance, other studies have found that reproductive success (Hatch
2013; Arimitsu et al. 2021), chick growth rates (Suryan et al. 2002), stress hormone levels
(Kitaysky et al. 2006), and survivorship (Paredes et al. 2014) can all be indicators of food stress
and poor foraging conditions.

Traditional methods of sampling oceanographic conditions can be cost prohibitive and
difficult to replicate. New technological advances have opened up the opportunity to gain
oceanographic information from seabird diets and movement. Stable isotope analysis has created
opportunities to use seabirds as indicators of toxins in lower trophic levels (Elliott and Elliott
2013). GPS devices can provide information on locations birds are foraging, which may give
insight into their patchy prey distribution (Schneider and Piatt 1986). Temperature and depth
loggers attached to seabirds provide information on differences in temperature at associated
depths along the water column (Daunt et al. 2003). Diving seabirds are particularly useful for
these types of studies, as they can frequently dive over 100 meters (Croll et al. 1992), penguins

can even dive over 450 meters (Kooyman and Kooyman 1995). This has answered questions
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about why some areas are more productive than others using data gained from seabird foraging
effort (Charrassin et al. 2002). Another study used tracking data to find that seabirds began
breeding during a time of low prey availability, but prey availability increased over the breeding
season, peaking during the time of chick fledging, suggesting that seabirds may be able to adjust
breeding times so that optimal oceanographic and prey conditions occur when it is most
important (Passuni et al. 2016). Using seabirds as tools to understand foraging behaviour and
oceanographic conditions is critical, as changes in the marine environment can negatively
influence forage fish abundance, resulting in breeding failure for seabirds (Frederiksen, Mavor,

and Wanless 2007; Arimitsu et al. 2021).

Regime shifts and marine heatwaves

Regime shifts are dramatic shifts from cool to warm conditions (or the reverse) and are
thought to be driven by changes in prey, coastal development, and climate change (Parsons and
Lear 2001; Beaugrand et al. 2002; Rocha et al. 2015). These regime shifts are often characterized
by sudden changes from one regime to the other, are low-frequency events occurring on large
spatial scales, and impact multiple trophic levels (Lees et al. 2006). Regime shifts have been
noted across the globe, and have impacted numerous seabird populations (Cury and Shannon
2004; Durant et al. 2004; Flint 2013; Passuni et al. 2018). Though some species may benefit
from increases in temperature from climate change, there are more which are experiencing

negative impacts from these changes (Descamps et al. 2017).

Lower sea surface temperature during the breeding season is associated with higher
breeding success, especially for non-diving seabirds such as kittiwakes (Carroll et al. 2015).

Some species even opt to skip breeding altogether in years of higher sea surface temperature
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(Cubaynes et al. 2011). Increases in sea surface temperature have also been found to cause a
decrease in foraging success and chick growth both within and among seasons (Peck et al. 2004).
This means that not only does prey availability change annually, but there may be daily
fluctuations as well. Though one study suggests that pursuit-diving birds and pinnipeds may be
restricted in range due to water temperature not because of lack of prey in warm water, but rather
ectothermic prey may be able to take advantage of higher temperatures making it more difficult
for seabirds and pinnipeds to capture (Cairns, Gaston, and Huettmann 2008). The rate of
warming may actually be more important than the warming itself, with sharper increases in
temperature coinciding with sharper declines in seabird populations (Descamps et al. 2017).

Marine heatwaves differ from (but may be influenced by) climate change and regime
shifts, and are defined as “discrete prolonged anomalously warm water events in a particular
location” (Hobday et al. 2018a). A study on the marine heatwave frequency from 1925 to 2016
discovered that both frequency and duration of marine heatwaves has increased over time, with
the number of marine heatwave days increasing 54% globally (Oliver et al. 2018). One model
analyzing the future of marine heatwaves predicts a continued upward trend through the 21
century due to anthropogenic impacts (Oliver et al. 2019a).

Marine heatwaves have profound impacts on the marine ecosystem, which we are only
beginning to understand. Intense marine heatwaves can exacerbate issues caused by climate
change such as coral bleaching, causing mass bleaching events even in heat-tolerant corals (Le
Nohaic et al. 2017; Klein et al. 2022). Marine heatwaves can also cause shifts in distributions of
fish stocks and decrease biomass faster and more dramatically than typical in regime shifts
(Cheung and Frolicher 2020). First detected in 2013, one of the largest and most persistent

marine heatwaves occurred in the North Pacific and lasted through 2016. During the heatwave
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there were widespread breeding failures for multiple species of seabirds as well as a mass
mortality event of common murres (Piatt et al. 2020). While the cause of death for most of these
birds was determined to be starvation likely due to lack of prey availability (Jones et al. 2018;
Piatt et al. 2020), other factors may also be in play. Along with marine heatwaves, over the past
few decades frequency and intensity of harmful algal blooms have also increased (Gobler et al.
2017). The heatwave in the North Pacific created conditions favorable for the growth of
Alexandrium catenella which produces the neurotoxin called saxitoxin (Vandersea et al. 2018).
In specimens tested, saxitoxin was detected in both individuals that died, and healthy individuals,
with the highest concentrations detected in the liver of murres that died during the event (Van
Hemert et al. 2020) suggesting that this neurotoxin may have exacerbated already challenging
foraging conditions. Since the 2014 die-off, there have been other die-offs of various sizes and
impacting different species almost every year in Alaska. Testing of carcasses found once again
that saxitoxin was present in 60% of all individuals tested (Van Hemert et al. 2020), and while
starvation still appears to be the main cause of death, further studies need to be done to explore
how the neurotoxin is impacting the birds antemortem. In addition to the breeding failures and
mass mortality events, higher levels of a hormone associated with nutritional stress were found
in one species of zooplanktivorous seabird, whereas a more generalist seabird was found to have
relatively stable hormone levels suggesting that generalists may be slightly buffered from these

warming events (Tate et al. 2021).

25



563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

Black-legged kittiwake life history

Black-legged kittiwakes (hereafter referred to as “kittiwakes”) are a small, pelagic gull in
the Laridae family that live in the arctic and subarctic regions of the Atlantic and Pacific.
Kittiwakes primarily nest on coastal cliffs but will also opportunistically use human-made
structures (Gill and Hatch 2002) in colonies of a few individuals to thousands. The global

population is estimated to be around 14,600,000 -15,700,000 (Wetlands International 2016).

Kittiwakes have an average life span of 13 years but can live into their early 20’s (Hatch,
Roberts, and Fadely 1993). Kittiwakes also have high mate retention and high nest site fidelity
(Fairweather and Coulson 1995), making them excellent candidates for long-term studies as the
same individuals will return to the same colony year after year. While many bird species are
socially monogamous there are few that are sexually monogamous, often resulting in extra-pair
offspring (Griffith, Owens, and Thuman 2002). Even though they often breed in large colonies
where extra-pair copulation opportunities would be easily accessible, the black-legged kittiwake
is one of few species that is sexually monogamous with very rare extra-pair copulation attempts
(Helfenstein et al. 2004). It is suggested that this certainty in paternity may influence a more
equal effort of male and females in raising chicks (Xia 1992; Coulson and Johnson 1993). This
equal effort by both parents makes kittiwakes even better candidate species to study behaviour as
sex should be less likely to be the cause of individual differences.

Black-legged kittiwakes will typically lay one to two eggs, with three egg clutches only
occasionally being recorded (Maunder and Threlfall 1972). In nests with two chicks, facultative
siblicide often occurs with the first chick to hatch generally having faster growth rates and being
more aggressive towards the second chick to hatch (Braun and Hunt 1983). This appears to be

influenced by environmental conditions with higher rates of aggression occurring during years
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where food availability is lower (White et al. 2010). Productivity may vary based on population,
with Pacific populations having generally lower productivity but higher survivorship compared

to those in the Atlantic (Hatch, Roberts, and Fadely 1993).

The diet of black-legged kittiwakes primarily consists of forage fish such as capelin,
herring, and sand lance, but they will also eat small crustaceans such as euphausiids (Barrett
2007). Contrary to other closely related gull species, kittiwakes do not often utilize fishery
discards (Camphuysen et al. 1995; Harris and Wanless 1997). While they do occasionally forage
solitarily, kittiwakes frequently forage in flocks. Those foraging in flocks have been found to
have a higher chance of success than those foraging individually (Bayer 1983). Kittiwakes are
surface feeders and plunge divers (Drury 1978, Bayer 1983) meaning they typically feed on fish
at the surface of the water and can only dive around a meter into the water making them
especially sensitive to changes in the distribution of prey in the water column (Furness and
Tasker 2000).

Though it is one of the most abundant gulls, kittiwakes were recently listed as a
vulnerable species. In 2017 the International Union for Conservation of Nature (IUCN) changed
the designation for black-legged kittiwakes from least-concern to vulnerable, citing global
population declines (IUCN 2018). Some of the challenges kittiwakes are facing include
competition with fisheries (Frederiksen et al. 2004), pollution (including oil spills) (Goyert et al.
2017), and climate change (Carroll et al. 2015). The largest factor contributing to the decline
appears to be food availability. Adult kittiwakes nesting in a colony in a food-poor area were
found to have a greater decrease in body condition over the breeding season compared to adults
in colonies in food-rich areas (Kitaysky, Wingfield, and Piatt 1999). Declines in food supply

have also been found to be linked to both increases in the stress hormone corticosterone, and in
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turn declines in productivity (Kitaysky, Piatt, and Wingfield 2007; Buck, O’Reilly, and Kildaw
2007). In the North Sea, where black-legged kittiwake populations have declined over 50% since
the 1990’s, warmer winters and the presence of a sandeel fishery were found to negatively
impact breeding success and adult survival (Frederiksen et al. 2004). While fisheries may have
some impact on food availability, there is more evidence for environmental changes being the
cause. In both the southeastern Bering Sea and Gulf of Alaska, increases in sea surface
temperature were associated with a decrease in the presence of capelin and other fatty fish in
black-legged kittiwake diets as well as a decrease in reproductive success (Hunt, Decker, and
Kitaysky 1996; Arimitsu et al. 2021). When there was a switch from warm to cool conditions,
capelin increased in availability and kittiwakes responded with a notable increase in number of
chicks fledged per nest (Hatch 2013). Having a lipid-rich diet is important, as diets low in lipids
cause slower growth, increases in stress hormones, and impacts learning capabilities of chicks
(Kitaysky et al. 2006). To deal with changes in prey availability, kittiwakes respond by
increasing foraging effort, which may lead to increases in adult mortality (Paredes et al. 2014).
Part of this increase in foraging effort may be from changing prey selection, resulting in longer

foraging trips, and in turn slower chick growth and reduced chick survival (Suryan et al. 2002).
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Middleton Island as an opportunity to study kittiwakes

v ] 0 75 150 km

Figure 1. Middleton Island (starred) is located in the Gulf of Alaska.

Middleton is an approximately 2200-acre island located 120km south of Cordova, Alaska
in the Gulf of Alaska and has a unique history (Figure 1). An Air Force base was constructed in
1958 during the Cold War and was decommissioned in 1963. In 1964 a large earthquake raised
the island 3.7m. It has one of the longest histories of seabird monitoring in Alaska. The first bird
survey was conducted in 1956 (Rausch 1958) and more frequent surveys led by USFWS began
after 1974. Since 1981 kittiwakes have been studied every year on Middleton (Gill and Hatch
2002). In 1986 the first pair of black-legged kittiwakes were discovered nesting on the
abandoned radar towers, increasing to 1200 pairs in 1997 (Gill and Hatch 2002). By 1994
enough kittiwakes were nesting on the tower that researchers decided to repurpose the radar
tower to more closely study the birds nesting on it by installing more platforms for the birds to

nest on and installing one-way windows in front of each nest (Figure 2). Since then, the tower
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640  has been used every year to monitor the population and explore questions that would otherwise

641  be difficult to answer given black-legged kittiwakes usual cliff-nesting locations.
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643  Figure 2. A radar tower on Middleton Island has been repurposed with one-way glass to study

S )

642 Iy

644  nesting black-legged kittiwakes and pelagic cormorants.
645

646 Since the 1970s many kittiwake colonies in Alaska (including Middleton) experienced
647  chronic breeding failure, with almost half of the colonies studied failing entirely (Hatch et. al.
648  1993). A previous study on Middleton had discovered signs of food stress during this time of
649  breeding failure (Roberts and Hatch 1993). In most cases, there are a number of confounding

650  factors that could lead to breeding failure and it would be difficult to point to prey availability

651  alone as the cause of reduced productivity. However, the unique design of the tower on
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Middleton provided an opportunity to try to answer this question. Beginning in 1996, a subset of
the kittiwake pairs nesting on the tower were supplementally fed during the breeding season to
determine if food availability was what was limiting reproductive success (Gill and Hatch 2002).
The results of this study found that supplementally fed pairs fledged twice to three times as many
chicks per nest compared to unfed birds (Gill and Hatch 2002) showing that food availability
was indeed negatively impacting reproductive success of kittiwakes on Middleton. This
supplemental feeding experiment has continued every year since, and is now one of the longest
ongoing studies on Middleton as a way to monitor annual forage fish conditions as when forage
fish conditions are good, there is less of an impact of supplemental feeding on reproductive
success than in years where forage conditions are poor (Lanctot et al. 2003). Other studies have
built on this ongoing experiment. One of those studies found that supplementally fed adults
reduced their daily energy expenditure, suggesting that in addition to reproductive success food
availability may influence parental effort (Jodice et al. 2011). Another found that supplementally
fed birds had decreased stress hormones, helping to validate the connection between food

availability and nutritional stress (Kitaysky et al. 2010).

Changes in prey abundance in the diet of kittiwakes on Middleton in the early 2000s and
2008-2011 suggested that there may have been a potential regime shift from the warm conditions
that began in 1977, influencing the population declines, to cooler conditions (Hatch 2013). This
was predicted to indicate a shift to favorable conditions for kittiwakes for the following 20-30
years (Hatch 2013), but then the major marine heatwave occurred in the North Pacific which
lasted through 2016 (Hobday et al. 2018b). This had dramatic impacts on the whole Gulf of

Alaska including changes in prey availability and reproductive success for kittiwakes on
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Middleton, which persisted even after the end of the heatwave (Arimitsu et al. 2021; Suryan et

al. 2021).

The miniaturization of biologgers, permitting examination of foraging behaviour directly,
created an additional component to understand the impact of food shortages on kittiwakes at
Middleton. Indeed, the tower on Middleton lends itself well to conducting studies on foraging
behaviour. Advances in GPS technology have allowed devices to now be small enough for most
birds, which provides an opportunity to gain even greater insight on foraging behaviour (Lépez-
Lopez 2016). However, many devices still require two captures, one to deploy and another to
retrieve the unit. Capturing birds can be very challenging. With their usual cliff-nesting
proclivities, capturing kittiwakes once let alone twice can be difficult. The one-way glass in the
tower allows researchers to get close enough to the birds to be able to easily identify each bird
(based on colour bands) and capture them more easily than if they were on a cliff. The first GPS
deployments to occur on kittiwakes occurred on Middleton in 2007, and found that foraging
behaviour was highly variable between individuals (Kotzerka, Garthe, and Hatch 2010). Since
then, other studies have incorporated the use of accelerometers to answer questions on
physiology, the impact of wind on foraging, and how heatwaves impact foraging behaviour

(Table 1).
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698  Table 1. A summary of published studies using GPS on black-legged kittiwakes on Middleton
699  Island

Title Year Reference
GPS tracking devices reveal foraging strategies of 2010 Kotzerka, Garthe, and Hatch
black-legged kittiwakes 2010

Windscapes shape seabird instantaneous energy costs 2014  Elliott et al. 2014
but adult behavior buffers impact on offspring

Accelerometry reveals an impact of short-term 2016 Chivers, Hatch, and Elliott

tagging on seabird activity budgets 2016

A comparison of techniques for classifying behavior 2019 Patterson et al. 2019
from accelerometers for two species of seabird

Coping with the commute: behavioural responses to 2020 Collins et al. 2020
wind conditions in a foraging seabird

Breeding seabirds increase foraging range in 2020 Osborne et al. 2020
response to an extreme marine heatwave

Accelerometry predictions muscle ultrastructure and 2020  Lalla et al. 2020
flight capabilities in a wild bird

Increased summer food supply decreases non- 2020 Whelan et al. 2020
breeding movement in black-legged kittiwakes

The effects of food supply on reproductive hormones

and timing of reproduction in an income-breeding 2021 Whelan et al. 2021
seabird
Resting costs too: the relative importance of active 2022 Tremblay et al. 2022
and resting energy expenditure in a sub-arctic seabird
700
701 In contrast to the highly variable nature of foraging in kittiwakes (Kotzerka et al. 2007),

702  other studies on Middleton have found that both nesting rhinoceros auklets and pelagic

703  cormorants (Phalacrocorax pelagicus) exhibited individualized foraging site fidelity (Kotzerka,
704  Hatch, and Garthe 2011; Cunningham et al. 2018). However, most of the studies conducted thus
705  far on kittiwakes have looked at the behaviour of all birds, rather than focusing on the behaviour

706  of individuals. My thesis will be building on the findings from the first study on kittiwakes
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(Kotzerka, Garthe, and Hatch 2010) and the results of the analysis on foraging behaviour during

the marine heatwave (Osborne et al. 2020) to look at how individual variation in foraging
behaviour impacts reproductive success using GPS data collected before, during, and after the

2013-2016 marine heatwave.
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Chapter 1: Winners stay and losers shift: repeatability in foraging behaviour predicts

reproductive success

Note on this chapter

This chapter corresponds to a manuscript in which I am first author to be submitted to the journal
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ABSTRACT

Consistent use of a winning foraging strategy can be profitable when individuals use memory to
return to successful food patches. However, in environments where patches are unpredictable,
such consistency in foraging behaviour may be less profitable. To test this idea, we explored how
individual variation in foraging trip characteristics impacts breeding success in black-legged
kittiwakes (Rissa tridactyla) on Middleton Island, Alaska, during a period of highly variable
environmental conditions—the largest recorded marine heatwave. As anticipated, foraging trip
characteristics were highly variable, within and between years and individuals. While
characteristics of foraging trips alone did not influence annual breeding success, both age and
consistency in those trip characteristics explained variation in breeding success. Individuals with
smaller variance in foraging trip characteristics among trips, and thus higher consistency in
foraging behaviour during incubation, were more likely to fledge a chick. There was a maximum
distance threshold in foraging implying that individuals searched within a restricted area,
increasing foraging time rather than distance when searching was not profitable, and providing
additional support for the idea that kittiwakes are most successful when foraging in known areas
rather than exploring new areas. The Pacific Decadal Oscillation, which is associated with large
scale shifts between cold and warm ocean climate and ecosystem regimes in the region, impacted
breeding success, but did not change foraging behaviour. However, as mean time spent resting
(in incubation) and flying (in chick rearing) increased during a foraging trip, breeding success
decreased. Based on nearly a decade of data, we conclude that consistency in behaviour, even
during challenging foraging conditions, enhances breeding success. As climate change and
marine heatwaves continue to increase in intensity, individuals less consistent in foraging

behaviour may be unable to compensate.

36



775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

Keywords:

Biologging, GPS tracking, Individual variation, Movement behaviour, Predictability, Seabirds

INTRODUCTION

Individuals, populations, and species vary in their movement patterns due to both extrinsic and
intrinsic factors (Hayes and Jenkins 1997; Zimmer et al. 2011; Hertel et al. 2020; Shaw 2020).
For example, climate can alter the distribution or amount of prey throughout the environment
(Ropert-Coudert et al. 2009; Damien and Tougeron 2019; Osborne et al. 2020; Suryan et al.
2021). Alternatively, intrinsic factors, such as age and reproductive status, can lead to variation
in movement patterns and distribution (Le Vaillant et al. 2012; Wakefield et al. 2015; Graf et al.
2016; Cunningham et al. 2017; Votier et al. 2017). However, an intriguing portion of variation in
movement behaviour is inherent to the individual, resulting in consistent individual differences
in movement that persist across time and context (Irons 1998; Woo et al. 2008; Jakubas et al.

2018; Hertel et al. 2020; 2021).

Foraging movement is a particularly critical subset of animal movement because
successful foraging is essential for animals to acquire resources from the environment to allocate
to survival and reproductive fitness components (Ritchie 1990; Patrick and Weimerskirch 2014a;
2014b; Haave-Audet et al. 2022). Several types of individual foraging specialization or
consistency have been shown in foraging movement, such as dietary specialization, spatial
fidelity and repeatability of dive depth (Tinker et al. 2007; Woo et al. 2008; Masello et al. 2013;
Patrick et al. 2014; Harris et al. 2020; DeSantis et al. 2022), making consistency in foraging a
trait with potentially strong links to individual variation in fitness. For example, within-year

foraging site fidelity was associated with higher reproductive success in albatrosses, possibly
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because those individuals that mastered a single tactic were more proficient foragers than those
that switched tactics (Patrick and Weimerskirch 2017). In other cases, individual specialization
may not be associated with lifetime fitness because the benefits of one strategy may only occur
in some years depending on the predictability or abundance of prey (reviewed by Woo et al.
2008). Furthermore, consistency in foraging behaviour may only be present, or consequential,
during years with low food availability (Trevail et al. 2021; Laskowski et al. 2021). For example,
adult penguins with more consistent foraging behaviour had higher growth rates during a year of
poor environmental conditions when prey availability was low (Traisnel and Pichegru 2019).

In marine environments, food resources often follow a heterogeneous or “patchy”
distribution (Davoren et al. 2003; Bertrand et al. 2021a; 2021b). If these patches are predictable
and constant through time, consistency in foraging behaviour is more likely to confer fitness
advantages than when patches shift or disappear. For marine predators that breed on land while
foraging at sea, such as seabirds, shifts in prey distribution caused by changes in environmental
conditions increase the effort needed to find food, which can negatively impact reproductive
success in long-lived species (Osborne et al. 2020; Fromant et al. 2021). Thus, some degree of
behavioural flexibility is likely necessary to cope with extreme events. However, it is unclear
whether consistency in foraging behaviour continues to confer benefits when individuals face

extreme shifts in environmental conditions.

Here, we examine foraging behaviour and breeding success of black-legged kittiwakes
(Rissa tridactyla, hereafter “kittiwakes”) before, during, and after an extreme marine heatwave to
see if individual behaviour changed during this time of major environmental change, and if those
responses impacted breeding success. Among seabirds, kittiwakes are especially sensitive to

changes in the distribution of prey in the water column, as they are primarily surface feeders and
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can only plunge dive to depths of about one meter (Maunder and Threlfall 1972; Hatch et al.
1993). We used a study population breeding on Middleton Island, Alaska, in which sharp
fluctuations in breeding success have been linked to a large-scale climate oscillation (Pacific
Decadal Oscillation, PDO); breeding output tends to increase during cool climate phases but
decline in warm phases (Hatch 2013). The current study ran from 2012-2020, starting during a
cool phase with favourable breeding conditions, which was disrupted in 2014 when a marine
heatwave occurred in the North Pacific Ocean (“the Blob”; Yang et al. 2019). The heatwave
lasted several years and extended throughout the water column making it the largest marine
heatwave since the 1980s (Hobday et al. 2018; Suryan et al. 2021). This impacted all levels of
the marine ecosystem with sharp declines in phytoplankton surface biomass, capelin and herring
abundance, seabird breeding success, and sea lion pups during the heatwave (Suryan et al. 2021).
The warm temperatures persisted at depth after surface amelioration of the heatwave in 2016
(Suryan et al. 2021) and the kittiwakes used a large foraging range both during and after the
heatwave (Osborne et al. 2020). In 2019, another marine heatwave occurred in the same location

in the North Pacific although it was shorter in duration and not as pervasive (Cornwall 2019).

As the core areas of the population’s foraging range overlapped before, during, and after
the heatwave (Osborne et al. 2020), we hypothesized that individuals with higher foraging
consistency would have higher breeding success because the core areas represented predictable
food patches. We also hypothesized that changes in foraging behaviour at the individual and
population level would be linked to breeding success. Specifically, we predicted that individuals
foraging closer to the colony and for shorter durations would have higher breeding success.
Following Daunt et al. (2002), we predicted the presence of a maximum distance threshold

where birds search longer over a restricted space rather than expanding foraging range to search
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farther for food. We also predicted that annual population-wide foraging range and duration
would closely track sea surface temperature as a proxy for fish availability, and that in turn
would be associated with population average reproductive success. As kittiwakes in the North
Pacific have declined at some locations (e.g. >90% at Middleton Island alone; Hatch 2013) and
the species is now listed in the Atlantic region as Vulnerable (IUCN 2022), understanding how
intraspecific variation in behaviour is linked to reproductive success is a critical step to establish

conservation measures.

METHODS
Reproductive monitoring

We conducted the study from 2012 until 2020 on Middleton Island, in the Gulf of Alaska
(59.48°N, 146.38°W; Figure 3). On the island, black-legged kittiwakes nest on an abandoned US
Airforce radar tower behind one-way mirrored glass (Gill and Hatch 2002). To identify
individual birds, adults were banded with a unique combination of colour bands. Many birds
were of known age as they were banded as chicks on the tower. For those that were banded as
adults, we estimated age by adding five years to the year banded, which is the average age first
captured as an adult (Elliott et al. 2014). We monitored nests daily from May-August and any

changes to nest contents (eggs laid/lost, chicks hatched/lost).
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Figure 3. Study area for nest monitoring and GPS deployment was Middleton Island, located in

the Gulf of Alaska.

GPS deployments

For GPS deployments, we captured breeding adult kittiwakes at the nest using a leg hook
during either incubation or chick rearing. All GPS were deployed on birds that had a least one
egg or chick. During 2012, 2013 and 2015, GPS units (14 g, iGotU, Catnip Technologies, Hong
Kong) were attached to the dorsal feathers using marine adhesive tape (TESA) and zip-ties. In
2016-2020, GPS-accelerometers (9 g, AxyTrek, Technosmart, Rome, Italy) were attached to the
central two retrices similarly using TESA tape, zip-ties, and superglue. Birds were recaptured to
remove the GPS unit after at least 24 h, with most retrieved within 96 h (mean + standard

deviation: 85 + 44 h).
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Ethical note

All birds monitored and handled were covered under McGill Animal Care Permit 2015-

7599 and US Fish & Wildlife Permit 85004C.

Statistical Analysis
Foraging trip characteristics

We completed all statistical analyses in R (version 4.0.3, R Core Development Team
2020). Foraging trips were defined as departures from the colony extending farther than 1 km
and lasting more than 30 minutes. These trips were then subset to include only complete foraging
trips where the kittiwake travelled at least 5 km from the colony to exclude loafing around the
island. From those, we calculated foraging trip characteristics: maximum distance from the
colony (km), duration of foraging trip (h), and total distance traveled (km). To classify foraging
behaviour into transit flight, area-restricted search, and rest we used a Residence in Space and
Time (Torres et al. 2017; radius = 1.116081; threshold = 0). We then defined foraging patches as
consecutive points classified as area-restricted search to calculate the number of foraging patches

for each foraging trip.
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Figure 4. Example movement data from two birds GPS-tracked on the same dates during chick
rearing in 2018. The two individuals exhibit different foraging patterns and locations. Yellow

point indicates the Middleton Island kittiwake colony, where GPS devices were deployed.

Principal component analysis of foraging trips

We used a principal component analysis (PCA) to determine if there were correlations
among foraging trip characteristics including maximum distance, duration, total distance,
number of foraging patches and the standard deviations of maximum distance, duration, and total
distance (Figure 5). To include the standard deviations of variables, we removed deployments
where there was only one foraging trip and used this reduced dataset (n = 243 deployments, 913
foraging trips) for all subsequent analyses. Transformations of the data yielded non-normal
distributions and so the data were not transformed. PC1 accounted for 61.3% of the variation and
all of the foraging trip characteristics were correlated in the same direction (Table 2). PC2
accounted for 25.1% of the variation with all of the foraging trip characteristics loaded positively

and all of the standard deviations loaded negatively.
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Table 2. Principal component analysis of foraging trip characteristics for the subset of data in

which each deployment had more than one foraging trip. Proportion of variance explained for

each principal component and the loadings for each foraging trip characteristic including

maximum distance, duration, total distance, number of patches, and the standard deviation of

maximum distance, duration, and total distance. PC1 explained 61% of the variation with all of

the characteristics having similar loadings.

PC1 PC2 PC3
Proportion of variance 0.613 0.251 0.062
Loadings
Maximum distance 0.370 0.339 0.603
Duration 0.427 0.175 -0.413
Total distance 0.423 0.329 0.163
Number of patches 0.396 0.300 -0.255
Standard deviation of 0.273 -0.545 0.455
maximum distance
Standard deviation of 0.370 -0.375 -0.408
duration
Standard deviation of total 0.365 -0.468 -

distance
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Figure 5. PCA of foraging trip characteristics and standard deviation (SD) of foraging trip
characteristics. The PCA shows that all characteristics are correlated in the same direction on the
PC1 axis. On the PC2 axis, all of the foraging trip characteristics are correlated in the positive

direction and all of the standard deviations are correlated in the negative direction.

Foraging trip characteristics and fledging success

To test for effects of foraging trip characteristics on fledging success, we fitted
generalized linear mixed models (GLMM) with a binomial link using /me4 (Bates et al. 2015).
We tested for an effect of age on fledging success (defined as fledging at least one chick or not)
using fixed effects of age, breeding phase, (incubation or chick rearing) and their two-way

interaction, and random intercepts of bird ID and year (known age: N = 229 deployments; 863
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foraging trips). The dataset with birds of known and assigned age was then used for all models
with age as a fixed effect. We then modeled fledging success in response to fixed effects of PC1
(representing all foraging trip characteristics), age, breeding phase, and two-way interactions
with age and breeding phase, with random intercepts of bird ID and year. Using the same
methods, we then separately tested for fixed effects of maximum distance and trip duration
because they were correlated with PC2 in opposite directions. We determined significance for
the variables using p values.

To further test whether consistency in foraging behaviour is associated with fledging
success, we subset the data for individuals that made at least two foraging trips within a
deployment. We separated those data into groups based on the breeding phase during which the
bird was tracked (incubation or chick rearing) and whether or not they fledged chick(s). For each
group, we then used a Pearson correlation analysis to test for consistency in foraging trip
characteristics for the first and second foraging trips.

To test for a maximum distance threshold, we used the package segmented (Muggeo
2003) to analyze linear models for maximum distance in response to duration for each year in
this study. This package updates linear models with segmented relationships and then uses Score
statistic tests to determine if there is evidence of at least one break-point in the model where the
slope changes.

We obtained PDO index values (NOAA, ERDDAP) and calculated average PDO index
during the breeding season (May-August) for each year. We used linear models to test for an
association between PDO and average population-level breeding success, as well as PDO and

average population-level foraging behaviour.
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Activity budgets and fledging success

To test whether time spent in area-restricted search (a proxy for active foraging effort)
influenced fledging success, we modeled fledging success in response to time spent in area-
restricted search as the fixed effect, and year and bird ID as random intercepts. To test for a
population-level relationship between mean time spent in each behaviour (flying, area-restricted
search, and resting) and mean breeding success for the colony, we used linear models on time
spent in each behaviour and the mean number of chicks fledged per year for both incubation and

chick rearing.

RESULTS

We obtained GPS data from 160 deployments during incubation and 183 deployments
during chick rearing (343 deployments total) between 2012-2020 (Table 3). This included 1015
foraging trips, 863 of which were for birds of known age. The mean (+ standard deviation)
maximum distance from the colony for a trip was 52.8 (+ 40.6) km, total distance traveled was
163.9 (£ 142.3) km, duration of trip was 10.0 (£ 13.8) h, and number of foraging patches was
10.4 (= 8.6). While there were only 23 more deployments of similar duration in chick rearing
compared to incubation, there were more than double the number of foraging trips during chick-

rearing.
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Table 3. Number of kittiwake GPS deployments each year and breeding phase, with the number

of foraging trips within those deployments recorded in parentheses.

2012 2013 2015 2016 2017 2018 2019 2020 Total
Incubation 0 70 (107) 0 0 23(41)  24(59)  35(57) 8 (16) 160 (280)
Chick 9(14)  39(196)  7(12) 8(35)  44(152) 42(228) 31(83)  3(15) 183 (735)
Rearing
Total 9(14) 109(303)  7(12) 8(35)  67(193) 66(287) 66(140) 11(31) 343 (1015)

Foraging trip characteristics and fledging success

The interaction between age and breeding phase had a significant impact on fledging
success in all models. That is, fledging success decreased with age (‘senescence’) but only
during incubation. Of all the foraging trip characteristics we analyzed, only PC1, which included
the standard deviation of all trip characteristics, was significantly associated with fledging
success (Table 4, Figure 6). Thus, while the foraging trip characteristics alone did not impact

fledging success, variation in the foraging trip characteristics did.
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Table 4. Associations between fledging success (FS), age, breeding phase, and

foraging behaviour for black-legged kittiwakes at Middleton Island. In all models, bird ID and

year were included as random intercepts.

Model Variables Estimate  Std. Error z P

FS ~ Age*Phase
Age (scaled) -0.73 1.49 -0.49 0.62
Phase -34.7 4.34 -7.97  <0.0001
Age (scaled)*Phase 9.15 2.40 3.80 <0.001

FS ~ Duration*Phase -

Age*Phase Duration -0.07 0.067 -1.06 0.29
Age (scaled) -0.98 1.80 -0.54 0.59
Phase -29.9 5.15 -5.81 <0.0001
Duration*Phase -0.10 0.13 -0.78 0.44
Age (scaled)*Phase 7.47 2.64 2.83 <0.01

FS ~ Max

distance*Phase + Max distance (scaled) -0.47 0.35 -1.39 0.17

Age*Phase Age (scaled) -0.81 1.53 2050 0.61
Phase -31.1 4.78 -6.13  <0.0001
Max distance (scaled)*Phase -0.76 1.14 -0.59 0.56
Age (scaled)*Phase 7.43 2.44 3.07 <0.01

FS ~ PC1*Phase+

Age*Phase PC1 -1.36 0.34 402 <0.0001
Age (scaled) -1.75 2.31 -0.76 0.45
Phase -31.8 7.02 -4.60  <0.0001
PC1*Phase 0.76 0.79 0.96 0.34
Age (scaled)*Phase 8.56 3.42 2.53 <0.05
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Figure 6. The association between foraging trip characteristics (PC1) and fledging success
(whether or not the bird fledged at least one chick) differed between breeding phases of foraging
trip characteristics. During incubation, there was a weak association between PC1 values and
fledging success; during chick rearing, higher PC1 values associated with further foraging
distances and durations were associated with lower fledging success. The log of PC1 was used to

better visualize the data. Vertical jitter added to show point density.

For all three foraging trip characteristics (duration, maximum distance, and total distance)
the first and second trip characteristics were significantly positively correlated among kittiwakes
that successfully fledged chicks, regardless of breeding phase (Figure 7). There were no
significant correlations between trip duration and total distance for the first and second trips for
birds that did not successfully fledge a chick during incubation. However, there was a significant
correlation between maximum distance during incubation and chick rearing and total distance
during chick rearing for those which did not successfully fledge a chick (Table 5). These

correlations were strongest for birds during incubation which successfully fledged a chick. In
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1014  short, though there is still some success for birds with more variable foraging trips, kittiwakes

1015  with consistent foraging behaviour during incubation achieved higher fledging success.
1016

1017  Table 5. Correlation analysis between the first and second foraging trip for each individual
1018  separated by phase and fledging success. For each foraging characteristic, the two trips during
1019  incubation were significantly correlated for kittiwakes that were successful in fledging a chick.
1020  The correlations were not significant for kittiwakes that failed to fledge a chick during

1021  incubation, with the exception of maximum distance, but maximum and total distance for trip
1022 one and two were still significantly correlated for those which failed to fledge a chick during

1023 chick rearing.

DF t P r
Duration
Incubation + Fledged 38 4.98 <0.0001 0.628
Incubation + Failed 44 0.986 0.330 0.150
Chick rearing + Fledged 122 3.26 <0.01 0.283
Chick rearing + Failed 28 1.63 0.115 0.293
Maximum distance
Incubation + Fledged 38 6.18 <0.0001 0.708
Incubation + Failed 44 3.43 <0.01 0.460
Chick rearing + Fledged 123 7.05 <0.0001 0.536
Chick rearing + Failed 28 3.90 <0.001 0.593
Total distance
Incubation + Fledged 38 5.59 <0.0001 0.672
Incubation + Failed 44 1.19 0.241 0.176
Chick rearing + Fledged 123 5.44 <0.0001 0.440
Chick rearing + Failed 28 2.90 <0.01 0.480
1024
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Figure 7. Correlations between duration of the first foraging trip compared to the second during
incubation and chick rearing. The relationship between trip one and two were significantly
correlated during incubation for birds which successfully fledged a chick (solid line in left panel:
r3s=0.628, P <0.0001). During chick rearing the correlation was also significant for those
which successfully fledged a chick, but this relationship was weaker (solid line in right panel:
ri22=0.283, P <0.01). Filled circles represent birds which fledged at least one chick and open

circles are for birds whose nest failed.

Maximum distance and duration

A segmented line better represented the relationship between trip duration and maximum
distance for all study years (P < 0.05) except for 2012 (P =0.2). As trip duration increased,

maximum distance increased up to about 10 h trip duration; after the breakpoint, the slope
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1040  decreased (Figure 8). The relationship varied slightly between years with the mean breakpoint at
1041 8.6 h =4.8 (mean =+ standard deviation). The lowest breakpoint occurred at 4.7 h in 2015 and the

1042 highest breakpoint occurred at 18.0 h in 2016.
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1044  Figure 6. Multiple segmented linear models, rather than single linear models, best explained the
1045  relationship between trip duration and maximum distance in every year (P < 0.05) except for
1046 2012 (P =0.2). Trip duration increased with maximum distance, but at around 8 h, on average,

1047  that increase dropped.

1048
1049  PDO, fledging success, and foraging trip characteristics

1050 At the population level, we found a strong negative relationship between mean PDO
1051  index during the breeding season and the mean number of chicks fledged per nest (Figure 9).
1052  However, PDO was not related to any of the foraging trip characteristics or standard deviations

1053  of foraging trip characteristics (Table 6).
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Figure 9. There was a significant negative relationship between mean PDO index during the
breeding season (May-August) and the mean number of chicks fledged per nest (¢;5 =-2.15, P
<0.05).
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Table 6. Results of a correlation analysis between PDO and both mean number of chicks fledged
and averaged foraging trip characteristics for the GPS-tracked kittiwakes. PDO index during the
breeding season (May-August) was significantly correlated with mean number of chicks fledged,

but not correlated with foraging trip characteristics.

~PDO Estimate SE t P
Mean Chicks Fledged (DF = 15) -0.17 0.08 -2.15 <0.05
Foraging trip characteristics (DF = 6)

Duration 1.08 1.54  0.702 0.51
Maximum distance 3.99 7.24  0.553 0.60
Total distance 4.37 194  0.225 0.83
SD Duration 1.20 1.08 1.11 0.31
SD Maximum distance 2.70 278 0971 0.37
SD Total distance 9.01 9.65 0.934 0.386

Time allocation and fledging success

The two years where marine heatwaves started coincided with the highest time spent in
area-restricted search during chick rearing. However, time spent in area-restricted search had no
significant impact on fledging success among kittiwakes tagged during incubation (z =-0.22, P =
0.82) or chick rearing (z =-1.42, P = 0.16). Overall, we found that, on average, fewer chicks
fledged during years when kittiwakes spent more time resting on water during incubation (#; = -
8.24, P <0.01) and when kittiwakes spent more time in transit flight during chick rearing (= -

2.50, P <0.05) (Table 7, Figure 10).
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1083  Table 7. Relationship between mean time spent in each behaviour while away from the colony

1084  on foraging trips and mean chicks fledged per year for black-legged kittiwakes during incubation

1085  and chick-rearing.

Estimate SE t P
Incubation (DF = 3)
Transit flight -0.11 0.13 -2.52 0.09
Rest -0.08 0.01 -8.24 <0.01
Area-restricted search -0.08 0.04 -2.09 0.13
Chick rearing (DF = 6)
Transit flight -0.10 04 -2.50 <0.05
Rest -0.02 0.03 -0.81 0.45
Area-restricted search -0.01 0.03 -0.50 0.63
1086
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1089  Figure 10. Fewer chicks fledged during years when kittiwakes spent more time resting on water

1090  during incubation, and when kittiwakes spent more time in transit flight during chick rearing.

56



1091

1092
1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

DISCUSSION

2015-2016

Figure 11. All foraging trip data from 2012-2020. Foraging range expanded after the onset of the
heatwave (2015-2016) and these ranges persisted even after the heatwave ended. Each colour

represents one year, with overlapping tracks shown in the colour scale.

Contrary to our predictions, breeding success was not associated with any absolute
foraging parameter, but rather with the individual’s age and the variability of foraging
parameters as represented by PC1. Kittiwakes with higher breeding success were more consistent
in their foraging behaviour during incubation, relative to unsuccessful breeders (Figure 7).
Though maximum foraging distance increased with trip duration, there was a threshold beyond

which maximum distance plateaued (Figure 8). This implies that unsuccessful individuals must
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find a profitable foraging patch within the fixed annual colony foraging area rather than
extending their foraging trip, providing additional support for the idea that kittiwakes are most
successful when foraging in known areas rather than when exploring new areas. Population-level
breeding success was higher when PDO index was more negative (i.e. cooler climate) during the
breeding season, but PDO index was not linked to any foraging trip characteristics (Table 6).
When broken down by behaviour, only mean time spent resting (during incubation) and flying
(during chick rearing) during foraging trips were associated with breeding success (Figure 10).
Kittiwake foraging trip length was highly variable among years, with some individuals
flying hundreds of kilometers to forage in poor years (Figure 11). Indeed, foraging trips were
short in both distance and duration during the cool, pre-heatwave years (2012-2013) but then
were much longer in the subsequent years, implying that ecosystem impacts persisted even after
the heatwave dissipated in 2016 (Osborne et al. 2020). These lagged effects suggest that if
patchy habitats (such as marine environments) are disturbed by habitat destruction or
environmental changes, the full impact on long-lived species may operate over longer timescales
than for short-lived species (Kuussaari et al. 2009; Robertson et al. 2021). Changes in a number
of environmental variables, including warmer temperatures, wind mixing, and stratification, have
been found to influence reproductive success in the years following the environmental change
(Zador et al. 2013). The delayed return to baseline kittiwake foraging behaviour may be due to
the impact of the heatwave working its way up through trophic levels via bottom-up effects. This
is supported by evidence that primary prey species of the kittiwake population, such as sand
lance and capelin, decreased in availability during the heatwave and had still not recovered five

years after the initial onset (Suryan et al. 2021).
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Regardless of whether they foraged near or far, kittiwakes that were more consistent in
their foraging behaviour during incubation were more likely to fledge a chick, implying that
birds that found a successful strategy were able to continue to employ that strategy while other
individuals appeared to switch tactics searching for success. Evidence of a win-stay-lose-shift
strategy has been found in at least one other species of seabird where individuals were more
likely to return to a foraging location if the previous trip was successful (Bonnet-Lebrun et al.
2021). Though individuals may be more likely to return to successful locations if the prey
location is predictable (Bicca-Marques 2005). Indeed, other studies have found that individual
consistency in foraging behaviour can vary between years (Ceia et al. 2014; Camprasse et al.
2017) and in one case found higher consistency in trip duration and straightness during years
with less profitable environmental conditions (Traisnel and Pichegru 2019). Individuals that are
more consistent in their behaviour exploit one (or a few) known successful foraging patches and
are better able to consistently find prey for their chicks. This is supported by previous findings
that consistency in foraging site fidelity increased reproductive success (Patrick and
Weimerskirch 2017). In another study, during positive PDO phases (associated with cooler
waters in the area of study), individuals with lower site fidelity performed well but in neutral
PDO years performed worse than their more consistent counterparts which had more stable mass
gain (Abrahms et al. 2018). Long-term foraging site fidelity to predictable and profitable
locations (especially in marine environments) may provide an advantage over an individual’s
entire lifespan, even if some years are less profitable than others (Bradshaw et al. 2004; Arthur et
al. 2015). This may be an important influence on foraging strategy for long lived species such as

seabirds. Though there is also evidence that, for some species, consistency in foraging behaviour
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regardless of location of those foraging sites results higher foraging success (Speakman et al.

2021).

While some individuals travelled exceptionally far, there appears to be a maximum
distance threshold for kittiwakes on Middleton Island. Every year, maximum distance increased
with duration until around eight hours, after which the increase in maximum distance slowed. In
northern gannets (Morus bassanus), the maximum distance/duration threshold was linear for
much longer but similarly plateaued after 60 hours (Hamer et al. 2000; 2007). In an Atlantic
kittiwake population, traveling flight duration in kittiwakes reached an asymptote after 6.5 hours
and did not increase any further (Daunt et al. 2002). This threshold seems to exist in every year
during and after the heatwave. There was also a threshold in 2013, prior to the heatwave,
although this threshold was much lower than years during and post-heatwave. This suggests
there may be a greater benefit to foraging more intensively over a restricted area rather than
expanding foraging range. Alternatively, variation in these thresholds among populations may be
linked to the local oceanographic features; the breakpoint thresholds for the Middleton Island
kittiwakes coincide with the distance to mainland coast. Middleton Island kittiwakes may also
encounter higher competition with other kittiwake and seabird colonies if they foraged beyond
that point. However, we suspect that the threshold may have to do with familiarity of the area
and presence of some persistent and predictable core foraging areas (Bracis et al. 2015; Osborne
et al. 2020). Indeed, it has been suggested that kittiwakes learn and can recall where and when to
forage, which would contribute to a preference for local areas (Irons 1998) and may explain why
in each year we see maximum distance plateau. Kittiwakes are not alone in this phenomenon;
urban gulls have been observed to adapt their foraging to human schedules, visiting schools

during lunch breaks and waste centers as they open (Spelt et al. 2021). This may also contribute
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to the benefits of consistency in behaviour, once a profitable foraging location is found it may be
better to return to that area rather than expend energy to travel to locations with unknown
profitability.

A large-scale climate oscillation, PDO, coincided with a decline in breeding success, but
had no correlation with foraging parameters. Contrary to our predictions, none of the foraging
trip characteristics were strongly influenced by PDO (Table 6). Even though PDO index was
lower in 2020, foraging behaviour did not return to pre-heatwave baselines, possibly due to
lagged ecosystem recovery from the 2019 heatwave (Amaya et al. 2020). Rather than foraging
parameters, breeding success may be responding to changes in diet and prey quality. In little
auks (A/le alle), sea surface temperature was not associated with changes in foraging behaviour,
however it was negatively correlated with the number of prey items brought back to the nest and
fledging probability (Hovinen et al. 2014). While capelin, the main forage fish species kittiwakes
relied on pre-heatwave, returned to near-mean levels in 2019, the frequency of occurrence in
kittiwake diet was still far lower than what it was before the heatwave (Arimitsu et al. 2021).
Another common species in kittiwake diets, Pacific sand lance (Ammodytes personatus),
decreased in nutritional value during the years of the heatwave (von Biela et al. 2019). The
slightly higher increase in time spent in area-restricted search suggests that while PDO may have
been returning to pre-heatwave levels, foraging conditions and prey abundance may not be
returning as quickly. Indeed, all trophic levels were observed to have long-term impacts for
several years after the onset of the heatwave (Suryan et al. 2021). This indicates that the current
Gulf of Alaska ecosystem may lack the resilience needed to endure future marine heatwaves

(Frolicher et al. 2018).
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Time spent during area-restricted search was highest during the first years of the
heatwaves (2015 and 2019), implying that the kittiwakes needed to search more for food during
those years, however this did not significantly influence breeding success. While kittiwakes in
this colony did increase their foraging range during and after the heatwave (Osborne et al. 2020),
our study demonstrates that the kittiwakes also increased foraging effort by spending more time
in core areas rather than continue to fly further to compensate for reduced prey availability.
However, these behaviours did not have a clear or direct impact on breeding success. Breeding
success was lower during years when kittiwakes spent more time resting during a foraging trip
(incubation) and more time in transit flight during a foraging trip (chick rearing), but the
underlying mechanisms are unclear.

In this study, we found that individuals with more consistent foraging behaviour during
incubation were more likely to fledge a chick. We propose that consistency in foraging
behaviour may reflect differences in personality, with subsequent effects on individuals’ ability
to acquire resources and individual quality (Laskowski et al. 2021). In our study system,
personality was associated with reproductive success, with chicks of bolder pairs surviving
longer than chicks from shyer pairs (Collins et al. 2019). Other studies have found that
personality influences consistency in foraging behaviour with bolder individuals being more
consistent in foraging behaviour than shyer individuals (Kriiger et al. 2019; Harris et al. 2020).
These bolder individuals may be more willing to compete for productive foraging patches they
consistently visit, leaving shyer individuals to search for novel food patches to avoid competition
(Kriiger et al. 2019). Stress response and some measures of boldness were associated with age in

kittiwakes with younger birds being shyer, middle-aged birds being bolder, and then older birds
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being shy as well (Elliott et al. 2014). If it is indeed the case that boldness is a plastic trait that
varies with age, this could be one explanation for how age impacted reproductive success.
Consistency in foraging behaviour was more important to reproductive success than
absolute foraging behaviour. The mechanisms underlying individual variation in foraging
consistency remain unclear, but personality could be a factor. Future studies should focus on
where birds more consistent in their behaviour are foraging, as this might also inform how those
birds have better breeding success. Marine heatwaves have increased in both frequency and
duration over the past century, and that trend is predicted to continue (Oliver et al. 2018; 2019).
Heatwaves can have detrimental impacts on marine predators through bottom-up trophic web
disruptions, evidenced by the impact of the 2014-2016 heatwave (Arimitsu et al. 2021). While
we found that more consistent individuals may have an advantage in years of poor environmental
conditions, the extent of their resilience may be put to the test under longer-lasting climate

change impacts.

Acknowledgements

We thank all of the field crew members on Middleton for their assistance with data

collection.

References

Abrahms, Briana, Elliott L. Hazen, Steven J. Bograd, Justin S. Brashares, Patrick W. Robinson,
Kylie L. Scales, Daniel E. Crocker, and Daniel P. Costa. 2018. “Climate Mediates the
Success of Migration Strategies in a Marine Predator.” Ecology Letters 21 (1): 63-71.

https://doi.org/10.1111/ele.12871.

63



1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

1254

1255

1256

1257

1258

Amaya, Dillon J., Arthur J. Miller, Shang-Ping Xie, and Yu Kosaka. 2020. “Physical Drivers of
the Summer 2019 North Pacific Marine Heatwave.” Nature Communications 11 (1):
1903. https://doi.org/10.1038/s41467-020-15820-w.

Arimitsu, Mayumi L., John F. Piatt, Scott Hatch, Robert M. Suryan, Sonia Batten, Mary Anne
Bishop, Rob W. Campbell, et al. 2021. “Heatwave-induced Synchrony within Forage
Fish Portfolio Disrupts Energy Flow to Top Pelagic Predators.” Global Change Biology
27 (9): 1859-78. https://doi.org/10.1111/gcb.15556.

Arthur, Benjamin, Mark Hindell, Marthan Bester, Phil Trathan, [an Jonsen, lain Staniland, W.
Chris Oosthuizen, Mia Wege, and Mary-Anne Lea. 2015. “Return Customers: Foraging
Site Fidelity and the Effect of Environmental Variability in Wide-Ranging Antarctic Fur
Seals.” PLOS ONE 10 (3): e0120888. https://doi.org/10.1371/journal.pone.0120888.

Bates, Douglas, Martin Michler, Ben Bolker, and Steve Walker. 2015. “Fitting Linear Mixed-
Effects Models Using Lmed4.” Journal of Statistical Software 67 (1).
https://doi.org/10.18637/jss.v067.101.

Bertrand, Philip, Joél Béty, Nigel G. Yoccoz, Marie-Josée Fortin, Hallvard Strem, Harald Steen,
Jack Kohler, et al. 2021. “Fine-Scale Spatial Segregation in a Pelagic Seabird Driven by
Differential Use of Tidewater Glacier Fronts.” Scientific Reports 11 (1): 22109.
https://doi.org/10.1038/s41598-021-01404-1.

Bertrand, Philip, Hallvard Strem, Jo€l Béty, Harald Steen, Jack Kohler, Mikko Vihtakari, Ward
van Pelt, et al. 2021. “Feeding at the Front Line: Interannual Variation in the Use of
Glacier Fronts by Foraging Black-Legged Kittiwakes.” Marine Ecology Progress Series

677 (October): 197-208. https://doi.org/10.3354/meps13869.

64



1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

1275

1276

1277

1278

1279

1280

Bicca-Marques, Julio César. 2005. “The Win-Stay Rule in Foraging Decisions by Free-Ranging
Titi Monkeys (Callicebus Cupreus Cupreus) and Tamarins (Saguinus Imperator
Imperator and Saguinus Fuscicollis Weddelli).” Journal of Comparative Psychology 119
(3): 343-51. https://doi.org/10.1037/0735-7036.119.3.343.

Bonnet-Lebrun, Anne-Sophie, Julien Collet, and Richard A. Phillips. 2021. “A Test of the Win-
Stay—Lose-Shift Foraging Strategy and Its Adaptive Value in Albatrosses.” Animal
Behaviour 182 (December): 145-51. https://doi.org/10.1016/j.anbehav.2021.10.010.

Bracis, Chloe, Eliezer Gurarie, Bram Van Moorter, and R. Andrew Goodwin. 2015. “Memory
Effects on Movement Behavior in Animal Foraging.” PLOS ONE 10 (8): e0136057.
https://doi.org/10.1371/journal.pone.0136057.

Bradshaw, Corey J. A., Mark A. Hindell, Michael D. Sumner, and Kelvin J. Michael. 2004.
“Loyalty Pays: Potential Life History Consequences of Fidelity to Marine Foraging
Regions by Southern Elephant Seals.” Animal Behaviour 68 (6): 1349—-60.
https://doi.org/10.1016/j.anbehav.2003.12.013.

Camprasse, Elodie C. M., Grace J. Sutton, Maud Berlincourt, and John P. Y. Arnould. 2017.
“Changing with the Times: Little Penguins Exhibit Flexibility in Foraging Behaviour and
Low Behavioural Consistency.” Marine Biology 164 (8): 169.
https://doi.org/10.1007/s00227-017-3193-y.

Ceia, Filipe R., Vitor H. Paiva, Stefan Garthe, Jodo C. Marques, and Jaime A. Ramos. 2014.
“Can Variations in the Spatial Distribution at Sea and Isotopic Niche Width Be
Associated with Consistency in the Isotopic Niche of a Pelagic Seabird Species?” Marine

Biology 161 (8): 1861-72. https://doi.org/10.1007/s00227-014-2468-9.

65



1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

1297

1298

1299

1300

1301

1302

1303

Collins, Sydney M., Scott A. Hatch, Kyle H. Elliott, and Shoshanah R. Jacobs. 2019. “Boldness,
Mate Choice and Reproductive Success in Rissa Tridactyla.” Animal Behaviour 154
(August): 67-74. https://doi.org/10.1016/j.anbehav.2019.06.007.

Cornwall, Warren. 2019. “A New ‘Blob’ Menaces Pacific Ecosystems.” Science 365 (6459):
1233-1233. https://doi.org/10.1126/science.365.6459.1233.

Cunningham, Joshua T., Maryline Le Vaillant, Anthony J. Gaston, Yan Ropert-Coudert, Akiko
Kato, Shoshanah R. Jacobs, and Kyle H. Elliott. 2017. “Reduced Activity in Middle-
Aged Thick-Billed Murres: Evidence for Age Related Trends in Fine-Scale Foraging
Behaviour.” Animal Behaviour 126 (April): 271-80.
https://doi.org/10.1016/j.anbehav.2017.02.010.

Damien, Maxime, and Kévin Tougeron. 2019. “Prey—Predator Phenological Mismatch under
Climate Change.” Current Opinion in Insect Science, Global change biology * Molecular
Physiology, 35 (October): 60—68. https://doi.org/10.1016/j.c0is.2019.07.002.

Daunt, F., S. Benvenuti, M. P. Harris, L. Dall' Antonia, D. A. Elston, and S. Wanless. 2002.
“Foraging Strategies of the Black-Legged Kittiwake Rissa Tridactyla at a North Sea
Colony: Evidence for a Maximum Foraging Range.” Marine Ecology Progress Series
245 (December): 239-47. https://doi.org/10.3354/meps245239.

Davoren, Gail K., William A. Montevecchi, and John T. Anderson. 2003. “Distributional
Patterns of a Marine Bird and Its Prey: Habitat Selection Based on Prey and Conspecific
Behaviour.” Marine Ecology Progress Series 256 (July): 229-42.
https://doi.org/10.3354/meps256229.

DeSantis, Larisa R. G., Melissa I. Pardi, Andrew Du, Michael A. Greshko, Lindsey T. Yann,

Richard C. Hulbert, and Julien Louys. 2022. “Global Long-Term Stability of Individual

66



1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

1319

1320

1321

1322

1323

1324

1325

Dietary Specialization in Herbivorous Mammals.” Proceedings of the Royal Society B:
Biological Sciences 289 (1968): 20211839. https://doi.org/10.1098/rspb.2021.1839.

Elliott, Kyle H., Kathleen M. O’Reilly, Scott A. Hatch, Anthony J. Gaston, James F. Hare, and
W. Gary Anderson. 2014. “The Prudent Parent Meets Old Age: A High Stress Response
in Very Old Seabirds Supports the Terminal Restraint Hypothesis.” Hormones and
Behavior 66 (5): 828-37. https://doi.org/10.1016/j.yhbeh.2014.11.001.

Frolicher, Thomas L., Erich M. Fischer, and Nicolas Gruber. 2018. “Marine Heatwaves under
Global Warming.” Nature 560 (7718): 360—64. https://doi.org/10.1038/s41586-018-0383-
9.

Fromant, Aymeric, Karine Delord, Charles-André Bost, Yonina H. Eizenberg, Jonathan A.
Botha, Yves Cherel, Paco Bustamante, et al. 2021. “Impact of Extreme Environmental
Conditions: Foraging Behaviour and Trophic Ecology Responses of a Diving Seabird, the
Common Diving Petrel.” Progress in Oceanography 198 (November): 102676.
https://doi.org/10.1016/j.pocean.2021.102676.

Gill, Verena A., and Scott A. Hatch. 2002. “Components of Productivity in Black-Legged
Kittiwakes Rissa Tridactyla: Response to Supplemental Feeding.” Journal of Avian
Biology 33 (2): 113-26. https://doi.org/10.1034/.1600-048X.2002.330201.x.

Graf, Patricia M., Martin Mayer, Andreas Zedrosser, Klaus Hackldander, and Frank Rosell. 2016.
“Territory Size and Age Explain Movement Patterns in the Eurasian Beaver.”
Mammalian Biology 81 (6): 587-94. https://doi.org/10.1016/;.mambio.2016.07.046.

Haave-Audet, Elene, Anne A. Besson, Shinichi Nakagawa, and Kimberley J. Mathot. 2022.

“Differences in Resource Acquisition, Not Allocation, Mediate the Relationship between

67



1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

1348

Behaviour and Fitness: A Systematic Review and Meta-Analysis.” Biological Reviews 97
(2): 708-31. https://doi.org/10.1111/brv.12819.

Hamer, K. C., E. M. Humphreys, S. Garthe, J. Hennicke, G. Peters, D. Grémillet, R. A. Phillips,
M. P. Harris, and S. Wanless. 2007. “Annual Variation in Diets, Feeding Locations and
Foraging Behaviour of Gannets in the North Sea: Flexibility, Consistency and
Constraint.” Marine Ecology Progress Series 338 (May): 295-305.
https://doi.org/10.3354/meps338295.

Hamer, K. C., R. A. Phillips, S. Wanless, M. P. Harris, and A. G. Wood. 2000. “Foraging
Ranges, Diets and Feeding Locations of Gannets Morus Bassanus in the North Sea:
Evidence from Satellite Telemetry.” Marine Ecology Progress Series 200 (July): 257-64.
https://doi.org/10.3354/meps200257.

Harris, Stephanie M., Sébastien Descamps, Lynne U. Sneddon, Philip Bertrand, Olivier Chastel,
and Samantha C. Patrick. 2020. “Personality Predicts Foraging Site Fidelity and Trip
Repeatability in a Marine Predator.” Journal of Animal Ecology 89 (1): 68-79.
https://doi.org/10.1111/1365-2656.13106.

Hatch, Sa. 2013. “Kittiwake Diets and Chick Production Signal a 2008 Regime Shift in the
Northeast Pacific.” Marine Ecology Progress Series 477 (March): 271-84.
https://doi.org/10.3354/meps10161.

Hatch, Scott A., Bay D. Roberts, and Brian S. Fadely. 1993. “Adult Survival of Black-Legged
Kittiwakes Rissa Tridactyla in a Pacific Colony.” Ibis 135 (3): 247-54.
https://doi.org/10.1111/j.1474-919X.1993.tb02841 .x.

Hayes, Jack P., and Stephen H. Jenkins. 1997. “Individual Variation in Mammals.” Journal of

Mammalogy 78 (2): 274-93. https://doi.org/10.2307/1382882.

68



1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

1364

1365

1366

1367

1368

1369

1370

1371

Hertel, Anne G., Petri T. Niemel4, Niels J. Dingemanse, and Thomas Mueller. 2020. “A Guide
for Studying Among-Individual Behavioral Variation from Movement Data in the Wild.”
Movement Ecology 8 (1): 30. https://doi.org/10.1186/s40462-020-00216-8.

Hertel, Anne G., Raphaél Royauté, Andreas Zedrosser, and Thomas Mueller. 2021. “Biologging
Reveals Individual Variation in Behavioural Predictability in the Wild.” Journal of
Animal Ecology 90 (3): 723-37. https://doi.org/10.1111/1365-2656.13406.

Hobday, Alistair J., Eric C. J. Oliver, Alex Sen Gupta, Jessica A. Benthuysen, Michael T.
Burrows, Markus G. Donat, Neil J. Holbrook, et al. 2018. “Categorizing and Naming
MARINE HEATWAVES.” Oceanography 31 (2): 162-73.

Hovinen, Johanna E. H., Katarzyna Wojczulanis-Jakubas, Dariusz Jakubas, Haakon Hop, Jergen
Berge, Dorota Kidawa, Nina J. Karnovsky, and Harald Steen. 2014. “Fledging Success of
Little Auks in the High Arctic: Do Provisioning Rates and the Quality of Foraging
Grounds Matter?” Polar Biology 37 (5): 665—74. https://doi.org/10.1007/s00300-014-
1466-1.

Irons, David B. 1998. “Foraging Area Fidelity of Individual Seabirds in Relation to Tidal Cycles
and Flock Feeding.” Ecology 79 (2): 647-55. https://doi.org/10.1890/0012-
9658(1998)079[0647:FAFOIS]2.0.CO;2.

Jakubas, Dariusz, Lech M. Iliszko, Hallvard Strem, Halfdan H. Helgason, and Lech
Stempniewicz. 2018. “Flexibility of Foraging Strategies of the Great Skua Stercorarius
Skua Breeding in the Largest Colony in the Barents Sea Region.” Frontiers in Zoology
15 (1): 9. https://doi.org/10.1186/s12983-018-0257-x.

Kriiger, Lucas, Jorge M. Pereira, Vitor H. Paiva, and Jaime A. Ramos. 2019. “Personality

Influences Foraging of a Seabird under Contrasting Environmental Conditions.” Journal

69



1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

of Experimental Marine Biology and Ecology 516 (July): 123-31.
https://doi.org/10.1016/j.jembe.2019.04.003.

Kuussaari, Mikko, Riccardo Bommarco, Risto K. Heikkinen, Aveliina Helm, Jochen Krauss,
Regina Lindborg, Erik Ockinger, et al. 2009. “Extinction Debt: A Challenge for
Biodiversity Conservation.” Trends in Ecology & Evolution 24 (10): 564-71.
https://doi.org/10.1016/j.tree.2009.04.011.

Laskowski, Kate L., Maria Moiron, and Petri T. Niemeld. 2021. “Integrating Behavior in Life-
History Theory: Allocation versus Acquisition?” Trends in Ecology & Evolution 36 (2):
132-38. https://doi.org/10.1016/j.tree.2020.10.017.

Le Vaillant, Maryline, Rory P. Wilson, Akiko Kato, Claire Saraux, Nicolas Hanuise, Onésime
Prud’Homme, Yvon Le Maho, Céline Le Bohec, and Yan Ropert-Coudert. 2012. “King
Penguins Adjust Their Diving Behaviour with Age.” Journal of Experimental Biology
215 (21): 3685-92. https://doi.org/10.1242/jeb.071175.

Masello, Juan F., Martin Wikelski, Christian C. Voigt, and Petra Quillfeldt. 2013. “Distribution
Patterns Predict Individual Specialization in the Diet of Dolphin Gulls.” PLOS ONE 8
(7): e67714. https://doi.org/10.1371/journal.pone.0067714.

Maunder, John Ernest, and William Threlfall. 1972. “The Breeding Biology of the Black-Legged
Kittiwake in Newfoundland.” The Auk 89 (4): 789-816. https://doi.org/10.2307/4084109.

Muggeo, VM. 2003. “Estimating Regression Models with Unknown Break-Points.” 2003.
https://cran.r-project.org/web/packages/segmented/citation.html.

Oliver, Eric C. J., Michael T. Burrows, Markus G. Donat, Alex Sen Gupta, Lisa V. Alexander,

Sarah E. Perkins-Kirkpatrick, Jessica A. Benthuysen, et al. 2019. “Projected Marine

70



1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

Heatwaves in the 21st Century and the Potential for Ecological Impact.” Frontiers in
Marine Science 6: 734. https://doi.org/10.3389/fmars.2019.00734.

Oliver, Eric C. J., Markus G. Donat, Michael T. Burrows, Pippa J. Moore, Dan A. Smale, Lisa V.
Alexander, Jessica A. Benthuysen, et al. 2018. “Longer and More Frequent Marine
Heatwaves over the Past Century.” Nature Communications 9 (1): 1324.
https://doi.org/10.1038/s41467-018-03732-9.

Osborne, Orla E., Patrick D. O’ Hara, Shannon Whelan, Paul Zandbergen, Scott A. Hatch, and
Kyle H. Elliott. 2020. “Breeding Seabirds Increase Foraging Range in Response to an
Extreme Marine Heatwave.” Marine Ecology Progress Series 646 (July): 161-73.
https://doi.org/10.3354/meps13392.

Patrick, Samantha C., Stuart Bearhop, David Grémillet, Amélie Lescroél, W. James Grecian,
Thomas W. Bodey, Keith C. Hamer, Ewan Wakefield, Mélanie Le Nuz, and Stephen C.
Votier. 2014. “Individual Differences in Searching Behaviour and Spatial Foraging
Consistency in a Central Place Marine Predator.” Oikos 123 (1): 33—40.
https://doi.org/10.1111/j.1600-0706.2013.00406.x.

Patrick, Samantha C., and Henri Weimerskirch. 2014a. “Personality, Foraging and Fitness
Consequences in a Long Lived Seabird.” PLOS ONE 9 (2): e87269.

https://doi.org/10.1371/journal.pone.0087269.

. 2014b. “Consistency Pays: Sex Differences and Fitness Consequences of Behavioural
Specialization in a Wide-Ranging Seabird.” Biology Letters 10 (10): 20140630.
https://doi.org/10.1098/rsbl.2014.0630.

Patrick, Samantha Clare, and Henri Weimerskirch. 2017. “Reproductive Success Is Driven by

Local Site Fidelity despite Stronger Specialisation by Individuals for Large-Scale Habitat

71



1417

1418

1419

1420

1421

1422

1423

1424

1425

1426

1427

1428

1429

1430

1431

1432

1433

1434

1435

1436

1437

1438

Preference.” Journal of Animal Ecology 86 (3): 674-82. https://doi.org/10.1111/1365-
2656.12636.

Ritchie, Mark E. 1990. “Optimal Foraging and Fitness in Columbian Ground Squirrels.”
Oecologia 82 (1): 56—67. https://doi.org/10.1007/BF00318534.

Robertson, M. D., J. Gao, P. M. Regular, M. J. Morgan, and F. Zhang. 2021. “Lagged Recovery
of Fish Spatial Distributions Following a Cold-Water Perturbation.” Scientific Reports 11
(1): 9513. https://doi.org/10.1038/s41598-021-89066-x.

Ropert-Coudert, Yan, Akiko Kato, and André Chiaradia. 2009. “Impact of Small-Scale
Environmental Perturbations on Local Marine Food Resources: A Case Study of a
Predator, the Little Penguin.” Proceedings of the Royal Society B: Biological Sciences
276 (1676): 4105-9. https://doi.org/10.1098/rspb.2009.1399.

Shaw, Allison K. 2020. “Causes and Consequences of Individual Variation in Animal
Movement.” Movement Ecology 8 (1): 12. https://doi.org/10.1186/s40462-020-0197-x.

Speakman, Cassie N., Sebastian T. Lloyd, Elodie C. M. Camprasse, Andrew J. Hoskins, Mark A.
Hindell, Daniel P. Costa, and John P. Y. Arnould. 2021. “Intertrip Consistency in
Hunting Behavior Improves Foraging Success and Efficiency in a Marine Top Predator.”
Ecology and Evolution 11 (9): 4428—41. https://doi.org/10.1002/ece3.7337.

Spelt, Anouk, Oliver Soutar, Cara Williamson, Jane Memmott, Judy Shamoun-Baranes, Peter
Rock, and Shane Windsor. 2021. “Urban Gulls Adapt Foraging Schedule to Human-
Activity Patterns.” Ibis 163 (1): 274-82. https://doi.org/10.1111/ibi.12892.

Suryan, Robert M., Mayumi L. Arimitsu, Heather A. Coletti, Russell R. Hopcroft, Mandy R.

Lindeberg, Steven J. Barbeaux, Sonia D. Batten, et al. 2021. “Ecosystem Response

72



1439

1440

1441

1442

1443

1444

1445

1446

1447

1448

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

Persists after a Prolonged Marine Heatwave.” Scientific Reports 11 (1): 6235.
https://doi.org/10.1038/s41598-021-83818-5.

Tinker, M. T., D. P. Costa, J. A. Estes, and N. Wieringa. 2007. “Individual Dietary
Specialization and Dive Behaviour in the California Sea Otter: Using Archival Time—
Depth Data to Detect Alternative Foraging Strategies.” Deep Sea Research Part II:
Topical Studies in Oceanography, Bio-logging Science: Logging and Relaying Physical
and Biological Data Using Animal-Attached Tags, 54 (3): 330-42.
https://doi.org/10.1016/.dsr2.2006.11.012.

Torres, Leigh G., Rachael A. Orben, Irina Tolkova, and David R. Thompson. 2017.
“Classification of Animal Movement Behavior through Residence in Space and Time.”
PLOS ONE 12 (1): e0168513. https://doi.org/10.1371/journal.pone.0168513.

Traisnel, Gwendoline, and Lorien Pichegru. 2019. “Success Comes with Consistency in Hard
Times: Foraging Repeatability Relates to Sex and Breeding Output in African Penguins.”
Marine Ecology Progress Series 608 (January): 279-89.
https://doi.org/10.3354/meps12827.

Trevail, Alice M., Jonathan A. Green, Mark Bolton, Francis Daunt, Stephanie M. Harris, Peter I.
Miller, Stephen Newton, et al. 2021. “Environmental Heterogeneity Promotes Individual
Specialisation in Habitat Selection in a Widely Distributed Seabird.” Journal of Animal
Ecology 90 (12): 2875-87. https://doi.org/10.1111/1365-2656.13588.

von Biela, Vanessa R., Mayumi L. Arimitsu, John F. Piatt, Brielle Heflin, Sarah K. Schoen,
Jannelle L. Trowbridge, and Chelsea M. Clawson. 2019. “Extreme Reduction in

Nutritional Value of a Key Forage Fish during the Pacific Marine Heatwave of 2014-

73



1461 2016.” Marine Ecology Progress Series 613 (March): 171-82.
1462 https://doi.org/10.3354/meps12891.

1463  Votier, Stephen C., Annette L. Fayet, Stuart Bearhop, Thomas W. Bodey, Bethany L. Clark,

1464 James Grecian, Tim Guilford, et al. 2017. “Effects of Age and Reproductive Status on
1465 Individual Foraging Site Fidelity in a Long-Lived Marine Predator.” Proceedings of the
1466 Royal Society B: Biological Sciences 284 (1859): 20171068.

1467 https://doi.org/10.1098/rspb.2017.1068.

1468  Wakefield, Ewan D., Ian R. Cleasby, Stuart Bearhop, Thomas W. Bodey, Rachel D. Davies,

1469 Peter 1. Miller, Jason Newton, Stephen C. Votier, and Keith C. Hamer. 2015. “Long-
1470 Term Individual Foraging Site Fidelity—Why Some Gannets Don’t Change Their
1471 Spots.” Ecology 96 (11): 3058—74. https://doi.org/10.1890/14-1300.1.

1472 Woo, Kerry J., Kyle Hamish Elliott, Melissa Davidson, Anthony J. Gaston, and Gail K. Davoren.

1473 2008. “Individual Specialization in Diet by a Generalist Marine Predator Reflects
1474 Specialization in Foraging Behaviour.” Journal of Animal Ecology 77 (6): 1082-91.
1475 https://doi.org/10.1111/j.1365-2656.2008.01429.x.

1476  Yang, Qiong, Edward D. Cokelet, Phyllis J. Stabeno, Lingbo Li, Anne B. Hollowed, Wayne A.

1477 Palsson, Nicholas A. Bond, and Steven J. Barbeaux. 2019. “How ‘The Blob’ Affected
1478 Groundfish Distributions in the Gulf of Alaska.” Fisheries Oceanography 28 (4): 434—
1479 53. https://doi.org/10.1111/fog.12422.

1480  Zador, Stephani, George L. Hunt Jr, Todd TenBrink, and Kerim Aydin. 2013. “Combined

1481 Seabird Indices Show Lagged Relationships between Environmental Conditions and
1482 Breeding Activity.” Marine Ecology Progress Series 485 (June): 245-58.
1483 https://doi.org/10.3354/meps10336.

74



1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497

1498

1499

1500

1501

1502

1503

1504

1505

Zimmer, 1., Y. Ropert-Coudert, N. Poulin, A. Kato, and A. Chiaradia. 2011. “Evaluating the
Relative Importance of Intrinsic and Extrinsic Factors on the Foraging Activity of Top
Predators: A Case Study on Female Little Penguins.” Marine Biology 158 (4): 715-22.

https://doi.org/10.1007/s00227-010-1594-2.

75



1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

GENERAL DISCUSSION

In this thesis I found that those individual kittiwakes that were more consistent in their
foraging behaviour were more likely to fledge a chick, and that maximum distance plateaued
rather than increased with foraging duration. This suggests that it is more profitable to return to
and search a known location than to search randomly or expand the foraging range. Though this
thesis focused mostly on one colony in the Pacific, kittiwakes are declining throughout their
range (Descamps et al. 2017), with Atlantic populations struggling with similar issues of prey
depletion (Frederiksen et al. 2004) and ocean warming (Sandvik et al. 2014). Oceanic prey are
often already patchily distributed, and if climate change and marine heatwaves are making prey
even more unpredictable, then perhaps some birds are losing their reliable patches and are being
forced to expend more energy foraging in unknown areas with fewer or less nutritious prey. This
means that marine heatwaves may reduce fecundity, and, ultimately, if they occur with more
frequency, will reduce population sizes. This could be the case not only for kittiwakes, but many
species of seabirds which have similar behaviours. Seemingly ubiquitous gull species such as
herring (Larus argentatus) and great black-backed gulls (Larus marinus) have been in decline
(Mittelhauser et al. 2016) which could be due to similar issues of prey availability especially
considering gulls inability to dive for prey. Nonetheless, even diving seabirds are clearly
struggling to find prey during heatwaves, with several species having high rates of mortality
(Piatt et al. 2020; Major et al. 2021).

The role that personality plays in foraging behaviour in this system could inform the
cause of some of these individual differences. In this study, I found that consistency in foraging
behaviour positively impacted reproductive success. In another study on the same system, it was

discovered that chicks from bolder pairs survived longer than those where even just one of the
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1529  adults was shyer (Collins et al. 2019). Bolder kittiwakes have also been found to be more

1530  consistent in their foraging behaviour than shyer individuals (Harris et al. 2020). Perhaps

1531  boldness influenced the foraging behaviour of individuals in this study, and in turn, reproductive
1532 success. In this study, age also played a role in reproductive success, though the mechanism is
1533 still unknown. Other studies have found that boldness is repeatable within individuals across
1534  years (Patrick, Charmantier, and Weimerskirch 2013; Collins et al. 2019). However, these

1535  studies were only conducted over the course of a few years, whereas many seabirds live for
1536  twenty years or more. In other species tested over many years, personality was indeed found to
1537  change over time (Suomi, Novak, and Well 1996). In kittiwakes, stress response (including some
1538  measures of personality), was associated with age, with younger birds being shyer and more
1539  reactive, middle-aged birds being bolder and more proactive, and older birds being shy as well
1540  (Elliott et al. 2014). If personality is indeed impacted by age, this could also be one explanation
1541  for how age impacts reproductive success, as reproductive success peaks in middle age in this
1542  population. While most studies on personality in seabirds have focused on boldness, aggression
1543  is another aspect of personality that would be valuable to investigate as this may impact how

1544  individuals respond to inter and intraspecific competition.

1545 This research was only possible because of the many years of data collected on

1546  Middleton Island. Long-term ecological research stations such as the one on Middleton are
1547  critical for tracking trends and changes in populations. With continued tracking studies on
1548  Middleton, we can gain a better understanding of why birds that are more consistent are having
1549  higher success than those which have more variable foraging behaviour. Kittiwakes, like many
1550  seabirds, have a relatively long life span and knowledge gained over time is likely to play a

1551  strong role in foraging success. We can also gain considerable information on how within
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individual behaviour changes (or remains the same) through their lifetime and how this impacts
reproductive success. Age played an unknown role in the consistency of behaviour in this study
and future studies should focus on tracking individuals we have previous years of data for so we
can better understand if age is directly impacting the consistency in behaviour.

The Gulf of Alaska has experienced numerous dramatic events over the last few decades.
The Exxon Valdez oil spill was a catastrophic event which had immediate, dramatic, and long-
term impacts on seabird populations which we still are trying to understand the extent of (Golet
et al. 2002). There have also been two large marine heatwaves in the last ten years, and marine
heatwaves are only predicted to increase in frequency and intensity (Oliver et al. 2019b).
Continued monitoring and research is needed to understand all of the threats seabirds in the Gulf
of Alaska and around the world are facing so that we can establish conservation efforts and

create policies to protect and preserve their populations and diversity.
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GENERAL SUMMARY AND CONCLUSION

The goal of my research was to investigate the individual differences in foraging
behaviour in black-legged kittiwakes and how those differences impact reproductive success
during years of high environmental variability. Reproductive success was influenced by both age
and consistency in foraging behaviour, with birds that had less variation in foraging behaviour
between trips during incubation being more likely to fledge a chick than birds that were more
variable. There was evidence of a maximum distance threshold in each year of data we collected,
with maximum distance increasing with trip duration until around eight hours. Though
increasing PDO was highly correlated with decreases in nest success, there was no relationship
between PDO and foraging behaviour. Time spent flying, resting, and searching for prey during
foraging trips increased steadily over the study period. Area restricted search increased at a
slightly higher rate during incubation, but this was not significant. Increase in mean time spent
resting during a foraging trip in incubation, and flying during a foraging trip in chick rearing
were both negatively correlated with mean number of chicks fledged per year.

As central place foragers with high nest-site fidelity, seabirds are tied to one location for
a significant portion of the year. When conditions in those locations decline seabirds cannot
simply go somewhere conditions are better. Marine heatwaves and climate change are both
contributing to reduced marine biodiversity and unpredictable oceanic conditions. The Decade of
Ocean Science for Sustainable Development is a call to use science to understand the widespread
impacts of these events and policy to slow and reverse them. In this thesis, I found that
individuals which were consistent in foraging behaviour, especially during incubation had
greater reproductive success. Future studies should look at the causes of these individual

differences and consistency in foraging behaviour and if and how they change over time so we

79



1598

1599

1600

1601

1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624

can better understand if and how populations will be impacted by changing environments. If
there are particular locations which are foraging hotspots, especially for multiple species, these

could be identified as potential marine protection areas (Davies et al. 2021).
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