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Thesis Abstract 

There is a large-scale need to rapidly construct renewable energy infrastructure to mitigate against 

the climate crisis. This has applied new anthropogenic pressures to many previously less disturbed 

species, which must legally be considered during the planning and delivery of construction projects. 

Observing the behavioural responses of individuals to these pressures marks an important 

cornerstone in identifying the mechanism of response to anthropogenic stressors. However, 

understanding the consequences of these behavioural responses is needed to accurately quantify any 

negative impacts. One key area where we lack an understanding of the consequences of 

anthropogenic activity, is in the environmental impacts of offshore windfarms (OWF). Specifically, it is 

important to understand the impact of displacement and barrier effects on the behaviour of 

individuals. Subsequently, linking these behavioural changes to energetic budgets is vital to accurately 

quantify the consequences of developments on the demographic rates of populations. 

Red-throated divers (Gavia stellata, RTDs) have been shown to be a species with one of the highest 

levels of displacement from OWFs. Therefore, identifying the consequences of displacement for RTDs 

has become a key research question. Primarily, the effects of disturbance on demographic rates are 

key to quantifying the stress imposed on a population. Addressing this research question first requires 

building a more complete understanding of the ecology of RTDs through their annual cycle, as much 

of their behaviour and ecology is unknown. This is especially true during the non-breeding season, 

where they are difficult to study, due to their inaccessibility. 

To address these questions, I used a combination of biologging, stable isotope analysis and modelling 

techniques, to build an understanding of RTD behaviour and foraging through the annual cycle. In this 

thesis, the study populations are comprised of individuals breeding in Scotland, Iceland and Finland, 

representing three populations on the southern edge of the breeding distribution of this species. I 

used the newfound ecological understanding of behaviour budgets to explore the energetic costs 

associated with survival strategies across populations. Finally, synthesising this information, I created 

an individual based model to simulate the effects of displacement from OWFs on populations and 

individuals. In many cases, this work provided the first descriptions of key aspects of RTD ecology. 

I successfully created the first population-level summaries of diving behaviour for RTDs across the 

annual cycle and found that RTDs generally dived to shallow depths less than 10 metres. They also 

showed a mix of benthic and pelagic foraging strategies, with variation both within and between 

populations. During the non-breeding season, I found that the three separate populations have 

different behaviour budgets, migration strategies and vulnerability to anthropogenic threats. These 

behaviour budgets were translated into the first RTD energy budgets, using a novel approach to 
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parametrise an energetics model with allometric scaling equations. The results showed differing costs 

associated with each of the non-breeding season survival strategies. When simulating the most 

exposed population to low levels of anthropogenic threats, I found that mortality rates were no 

higher than those of natural populations. However, when simulating the removal of 45% of foraging 

habitat, there was a large increase in mortality. Current levels of expected development in most areas 

of the range of the RTD are unlikely to reach this level. 

The work presented in this thesis provides a novel insight into the ecology of RTDs. I also revealed 

spatial and temporal variation in many survival strategies and quantified the costs of the differing 

non-breeding season survival strategies. Additionally, these results are contextualised and applied to 

address a key issue in policy and planning for future offshore wind farm projects.  

  



10 

 

  



11 

 

Chapter 1 General introduction 
 

Anthropogenic pressures and the importance of ecology 

It has previously been proposed that high tropic level marine predators can act as indicators of the 

health of a marine ecosystem (Cairns 1987, Furness and Camphuysen 1997). These species prey on 

lower trophic levels, therefore in cases where lower trophic levels are experiencing decline and the 

system is under ‘bottom-up’ control, the higher trophic level predators should also experience 

changes in their population (Cairns 1987, Hazen et al. 2019). In principle, this means monitoring only 

the top-level marine predators provides insight into the whole ecosystem. However, in practice there 

are still significant challenges to monitoring the health of populations of top predators, such as 

marine birds (Cook et al. 2014). The marine environment is challenging to monitor, due to the effort 

required to obtain relevant data on individuals and populations, often requiring expensive technology 

or time-intensive survey methods (Certain and Bretagnolle 2008, Booth et al. 2020). Recently, there 

have been many advancements in these regards though, from small remote sensing technologies to 

molecular techniques aimed at increasing our ability to study and monitor marine species in a more 

cost-effective manner (Haywood et al. 2019, Yoda 2019). However, measurement alone is often not 

enough to understand complex systems and their interactions with external pressures. Instead, it is 

essential that insights gained are integrated into predictive frameworks which allow us to predict the 

consequences of marine threats (Lewison et al. 2012). 

Monitoring and assessing the impacts of stressors on species, populations and individuals is perhaps 

the most important obstacle in protecting the natural world (Smith et al. 2019, Kühl et al. 2020). 

Climate change, habitat loss and ocean acidification are all very serious threats which are widely 

predicted to cause large scale species and population loss (Croxall et al. 2012, Shackelford et al. 2018, 

Mazaris et al. 2019). However, there is much uncertainty around what the exact consequences of the 

global threats and how wide-reaching the effects will be in reality (Shen et al. 2018, Williams and 

Newbold 2020). Attempting to understand the consequences of environmental change generally 

requires a good understanding of the underlying ecology of a species, before predictions on the 

impacts of stress can be generated (Lewison et al. 2012, Catalán et al. 2019, Rhodes et al. 2022). For 

example, climate change has caused the timings of some key spawning events in marine fish to 

change, which could have profound effects on the diet of species that rely on these as a prey source 

(Asch et al. 2019, Rogers and Dougherty 2019). However, these effects could be offset by predators 

also shifting annual events to coincide with prey availability (Descamps et al. 2019). This example 

demonstrates that ecological systems are highly connected and complicated and generally have some 
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degree of adaptability to stress. Therefore, studies examining the effects of a changing environment, 

or anthropogenic activity, must assess both the effects and the resilience of a species or population to 

those effects (Travis et al. 2013). In combination, these provide profound applications to 

conservation, as they inform what effects are likely to require mitigation measures. 

The impacts that populations face from anthropogenic threats may not always be lethal, therefore 

any modelling attempts must integrate metrics which allow for non-lethal effects to be assessed 

(Drewitt and Langston 2006, Abadi et al. 2017). In this regard, modelling and simulating individuals 

and populations from an energetics perspective allows both body condition and mortality outputs to 

be generated (Tomlinson et al. 2014). Generally, these approaches require species-specific data to 

effectively assess how both the behaviour and environment influence energy gain and usage (Fort et 

al. 2011). Acquiring this data requires studies involving lab-based experiments to assess the basal 

metabolic rates (BMR), thermal conductivity, behaviour specific metabolic rates and many other 

species traits (Fort et al. 2011). These studies can be extremely time intensive and difficult due to the 

challenges of keeping wild animals in lab conditions, with the associated welfare and ethical issues. 

Alternatively, carrying out these studies in the real world means a lack of control over experimental 

conditions. To some degree, these values can be determined from allometric scaling equations (Fort 

et al. 2011, Dunn et al. 2018). These allow for rates to be derived for species based on the scaling 

body size relationships of many physiological and morphometric parameters that exist across species 

(Ellis and Gabrielsen 2002, Porter and Kearney 2009). For many species, this will pose the only avenue 

to begin exploring problems from an energetic context, where empirical data are not available. 

However, behaviour budgets specifically require empirical knowledge, as these can change widely 

across spatial and temporal scales (Bost et al. 2015, Dunn et al. 2020). Therefore, in cases where 

there is a large spatial distribution of populations experiencing different environmental conditions, 

then population specific budgets will be needed.  

 

Annual cycles 

Many species experience a change in environmental conditions through the annual cycle and 

subsequently adapt their behaviour. For example, in many species of mammals, individuals will go 

into hibernation to deal with periods of lower food availability (Humphries et al. 2003). Likewise, 

many species undertake large-scale migrations in order to exploit seasonal changes in food availability 

(Alerstam et al. 2003). These behavioural adaptations can also improve survivability through other 

mechanisms, such as by reducing competition (Lamb et al. 2017) and enabling an individual to have 

easier maintenance of body condition (Zuberogoitia  et al. 2018). However, some survival strategies, 
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such as shifts in behaviour budgets through time, may be more subtle and difficult to detect. In these 

cases, recording and understanding the mechanisms and drivers behind these survival strategies 

could provide insight into capability to adapt to additional stress, by looking at the flexibility of 

populations in their available responses (Bardsen et al. 2018, Gatt et al. 2021). For example, periods in 

the annual cycle where individuals use energetically intensive survival strategies, could indicate a 

period of particular vulnerability to additional stress. These may be termed energetic bottlenecks, 

when individuals struggle to balance energy intake against expenditure (Piersma 2002). Therefore, 

improving our knowledge on the ecology of a species through the whole annual cycle, can generate 

an understanding of links between seasonal behaviour changes and vulnerability. 

In many marine bird species, annual migrations separate the two broadly defined periods of the 

annual cycle, the breeding and non-breeding season (Desprez et al. 2018). These large-scale 

movements can represent a huge change in the environmental conditions a population occupies 

(Gómez et al. 2018, Pollet et al. 2019). These movements are largely driven by temporal changes to 

productivity, with populations exploiting seasonal availability of prey at higher latitudes to support 

breeding attempts (Alerstam et al. 2003, Hunt et al. 2016). Therefore, the pressures that individuals 

experience during these two seasons can also fluctuate massively. During the breeding season, many 

individuals expend energy on both producing young and surviving and are under central-place 

constraints (Boyd et al. 2017, Bolton et al. 2019). However, during the non-breeding season, the 

pressures of raising offspring are largely removed and birds are also freer to move where and when 

they want. This disparity in energy demands and food availability/accessibility through the annual 

cycle (Daunt et al. 2006), raises questions on how populations adapt their behaviour to the changing 

conditions. Understanding the annual patterns and interactions between seasons, could provide 

insight into how effects in one season could impact another, through carry-over effects (Norris 2005, 

Harrison et al. 2011). By understanding the periods of the highest stress in the context of carry-over 

effects, the year-round effects of stress can be quantified. This is vital, as the effects of stress may not 

be constrained to the period in which they occur. Instead, they may manifest in latter stages of the 

annual cycle (Fayet et al. 2016), which could be difficult to assess due to inaccessible breeding 

locations, like the arctic tundra. 

 

Study organism and context 

The red-throated diver (Gavia stellata) is a piscivorous bird, foraging on a wide range of prey species 

of a narrow size category (Kleinschmidt et al. 2019). During the breeding season RTDs are largely 

constrained to freshwater lakes as central place foragers while breeding attempts occur (Groves et al. 
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1996, Rizzolo et al. 2014). During the non-breeding season, they generally move into the marine 

environment and remain there until the start of their subsequent breeding attempt, in a pattern 

shown by most marine birds (McCloskey et al. 2018, Carboneras et al. 2020). Across Europe, they are 

known to occupy large areas of coastal habitats (Okill 1994, O'Brien et al. 2010, Black et al. 2015, Irwin 

et al. 2019), with the size of the UK non-breeding season population estimated to be approximately 

21,000 individuals (Frost et al. 2019). Currently, the species globally is regarded as Least Concern by 

the Birdlife international classification of species vulnerability status (BirdLife International 2023). 

However, the RTDs in Europe is listed as rare or vulnerable on Annex I of the EC Birds Directive and 

thus is subject to special conservation measures including the classification of Special Protection 

Areas (SPAs) (Black et al. 2015). Therefore, the species is provided additional protection beyond the 

Wildlife and Countryside Act (1981), including protection of populations within SPAs. Therefore, 

important considerations must be made for any disturbances and/or stressors which could impact a 

SPA population. 

Red-throated divers and their interaction with offshore wind farms, and the associated ship traffic, 

have been the subject of intensive study (Black et al. 2015, Skov et al. 2016, Irwin et al. 2019, 

Heinänen et al. 2020). At first, broad investigative studies, like the review out by Dierschke et al. 

(2017), highlighted evidence from general surveys and species-level traits that suggested strong 

evidence for avoidance of offshore wind farms by this species. These findings were further 

corroborated with tag deployment (Dorsch et al. 2019) and surveys (Natural England 2010, Heinänen 

et al. 2020) specifically looking for displacement of divers from offshore windfarms. In combination, 

these studies supported evidence from post consent monitoring by developers at their OWFs and 

demonstrated the displacement of red-throated divers from windfarms occurred at distances of up to 

20km, but with the strongest displacement effects occurring within 5km (Heinänen et al. 2020). It is 

also worth noting that this severity of this displacement effect varies widely across spatial and 

temporal scales (Natural England 2010, Black et al. 2015, Skov et al. 2016, Dorsch et al. 2019, Irwin et 

al. 2019, Heinänen et al. 2020).Biologging can offer useful approaches for understanding the 

behaviour and movements of individuals. However, RTDs are difficult to capture compared with most 

other marine bird species and there was also strong evidence that even the act of visiting a breeding 

pair can have a negative effect on breeding success (Uher-Koch et al. 2015). This makes RTDs a tricky 

species to study, which has subsequently led to a dearth in available information on many areas of 

their ecology (Dierschke et al. 2017).  

However, while the displacement of RTDs from offshore windfarms is now well documented 

(Heinänen et al. 2020, Stenhouse et al. 2020), there has to date been a pressing need for an 

assessment of the consequences of displacement on RTD populations. For other anthropogenic 
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impacts caused by wind farms, such as mortality from colliding with a wind turbine, there are well 

informed and parameterized models, specifically constructed to estimate mortality rates. One such 

case is the model generated by a study from Band et al. (2007), termed the Band Model. This has 

seen widespread use in estimating the likelihood of an individual bird failing to avoid a wind turbine 

and hence the collision mortality a population will experience. Further work extending this model to 

simulated populations and foraging trips, has allowed predictions based on changes to individual 

behaviours in the breeding season (Warwick-Evans et al. 2018). Specifically designing models to be 

implemented in the planning stages of a wind farm, can reduce uncertainty over the ecological 

consequences of new developments (Geary et al. 2020). This approach maximises the applicability of 

models to evaluating risk and increases the potential userbase of the model. Currently, there is no 

widely accepted predictive simulation-based model specifically designed to assess the consequences 

of displacement from offshore windfarms for birds during the non-breeding season. Displacement 

costs will likely occur as a smaller chronic effect, which manifests itself over a long period of time, 

rather than a discrete and lethal effect, such as collision (Masden et al. 2009). This poses a much 

more nuanced challenge compared to mortality from collisions, as these effects can be difficult to 

quantify (Fox et al. 2006). Further adding to this uncertainty, the effects are likely to be somewhat 

different in the non-breeding season compared to the breeding season, where central-place foraging 

constraints may make the barrier effects more pronounced (Masden et al. 2010, Warwick-Evans et al. 

2018). In this thesis, the specific question on the consequences of displacement from windfarms plays 

a core role (Dierschke et al. 2017). 

 

Ecological understanding 

This thesis presents some of the first detailed remote sensing data available on RTD ecology and 

distributions throughout the annual cycle. There have been previous studies on RTDs during the 

breeding season, with information on traits like foraging habitat (Eriksson and Sundberg 1991), 

breeding success (Rizzolo et al. 2014, Waldenström 2016) and egg morphology (Rizzolo and Schmutz 

2007), to name a few. However, the difficulty in capturing and tagging individuals has meant that 

much of the behaviour has been assessed through direct observation of individuals. Specifically, 

insight into diving and foraging behaviour is lacking, especially when compared to other species 

thought to be vulnerable to displacement by offshore windfarm development, e.g. common guillemot 

(Uria aalge), razorbill (Alca torda), Atlantic puffin (Fratercula arctica) (Furness et al. 2013, 

Christensen-Dalsgaard et al. 2018, Bolton et al. 2019, Pereira et al. 2020). Most understanding of 

foraging behaviour has come from molecular diet analysis (Guse et al. 2009, Kleinschmidt et al. 2019) 
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rather than investigation or description of diving behaviour. Understanding this species’ ecology will 

play a role in understanding potential impacts of anthropogenic activity on populations. However, for 

RTD the insight gathered during the breeding season is less pressing in this context. Specifically, this is 

due to the reduced interaction with anthropogenic pressures during this timeframe and the lack of 

large breeding colonies in RTDs, which means one development is less likely to affect large numbers 

of individuals. Therefore, analysis and description of ecology of the RTD during the breeding season is 

presented as separate chapters (Chapters 2 & 3) in this thesis and the focus is somewhat shifted away 

from the effects of anthropogenic activity. In these chapters, the focus is on describing the behaviour 

from a purely ecological standpoint, rather than within the context of anthropogenic pressure. 

However, these results may provide context on anthropogenic activity in the future, if development 

begins to encroach on areas of importance in the breeding season, or new pressures begin to apply to 

this species at this time.  

In general, the ecology of a species must first be understood before work on the energetics of a 

species can be studied (Fort et al. 2011). Specifically, an understanding of how individuals apportion 

their time across their behaviours is required (Fort et al. 2011, Chimienti et al. 2020). Across the field 

of ecology, the behaviours of animals can be monitored and categorised through a wide array of 

methods (Tremblay et al. 2009, Pettorelli et al. 2014). Some studies rely on observations of individuals 

and populations to describe behaviour and budgets of time to defined behaviour (Paruk 2008, Polak 

and Ciach 2007). While these methods provided easily verifiable results, they suffered from requiring 

a large investment of time from the observer and generally limiting studies to periods where the 

animals were directly observable. Over time, technologies have developed that allow for remote 

sensing of animals (Tremblay et al. 2009, Booth et al. 2020). The benefits of these technologies are 

two-fold. Firstly, the time investment per individual is much reduced, such that for each individual 

observed only the time to deploy and retrieve the device is required (Rishworth et al. 2014). 

Furthermore, in cases where the logger transmits data, then even retrieval of the device may be 

unnecessary (Rishworth et al. 2014). This generally means a higher number of individuals can be 

sampled. Secondly, remote technologies allow for unobservable behaviours and/or time periods to be 

studied. For example, diving behaviour of many seabird species had been obscured to researchers 

outside of laboratory environments, until the deployments of depth recording devices (Tremblay et al. 

2003). It is the development and widespread deployment of these technologies that has enabled the 

quantification of energy budgets through time for species which are largely unobservable on a scale 

suitable to make population-level quantifications (Dunn et al. 2022). These data and insights then are 

able to form the foundation of energetics approaches to understanding species (Fort et al. 2011, 

Cooke et al. 2013, Tomlinson et al. 2014). 
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Thesis methods and technologies 

In this project, I used two types of archival tags to record behaviour and location. In each of the 

individual data chapters, I discuss the relevant methods to deploy, retrieve and analyse the data 

which is relevant to the aims of that chapter. In this thesis, all data recorders used are archival, so 

devices must be recovered following deployment. Here, this means deployment in one breeding 

season and then recovery in a subsequent year.  

Briefly, these two devices were time-depth recorder (TDR) tags and light-based geolocator (GLS) tags. 

GLS tags primarily provide data on locations based on light levels. This method works by relying on the 

differences in day length and the timing of both midday and midnight across latitude and longitude, 

respectively (Wilson et al. 1998). While these tags are unable to generate fine-scale movement and 

location data, they are very small and light. For these reasons, they proved to be an ideal tag to 

deploy on a species which could be vulnerable to tag effects if inappropriately large tags were used. 

For this reason, I also used small TDR tags, to record the pressure, as a proxy for depth, across time. 

This data provides insight into the diving profiles of individuals, as pressure increases with the 

increasing depth of waters.  In addition to these primary functions, the GLS tag also records water 

immersion and the TDR tag also records temperature. However, both of these additional functions 

are at a much lower temporal resolution then their primary data recording capabilities. Along with 

this thesis and the associated publications, additional information on the success and challenges of 

field seasons has been published through a number of reports written by the JNCC (O’Brien et al. 

2018, Duckworth et al. 2020, O'Brien et al. 2020). These reports further discuss the effort and 

expertise of the fieldworkers in this project. Together, they demonstrated creativity and flexibility in 

the field in overcoming many trials and tribulations involved. The teams involved managed the sites 

independently, but worked in parallel, sharing knowledge and insights. 

I also used stable isotope analysis for some of the chapters in this thesis. These methods are 

described in more detail in the relevant chapters. Briefly, this analysis involved sampling the distal end 

of different feather types and quantifying the relative abundance of the most common isotopes. 

Isotopes tend to vary in predictable fashion across many scales (Inger and Bearhop 2008, St John 

Glew et al. 2018). Therefore, using knowledge of these relationships, I attempted to link these values 

to ecological traits. The two primary elements of analysis in this thesis focus on the link between 

isotope values with diet and location. Ultimately, such methods could potentially lead to novel 

methods to assign individuals of unknown origin to moulting grounds and foraging strategies. 
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Overall, this thesis forms the groundwork for both building an understanding of the year-round RTD 

ecology and forming predictions on how future construction of windfarms could impact their survival 

in the non-breeding period (Dierschke et al. 2017). I achieve this using a range of remote sensing 

technology, modelling, statistics and lab-based techniques. In the following six data chapters, I 

present what I learned of RTD behaviour and ecology in Chapters 2 through 6, before presenting an 

IBM in Chapter 7, which draws on empirical data generated during the earlier chapters. Finally, 

Chapter 8 summarises the key conclusions and discusses how the findings of this thesis fit into the 

wider literature and addresses knowledge gaps.  
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Data chapter overview and aims 

Chapter 2: First biologging record of a foraging red-throated loon Gavia stellata shows shallow and 

efficient diving in freshwater environments 

A short paper discussing an early tag retrieval during the PhD project which was completed while 

waiting for the field season and subsequent tag retrievals. The paper documents the first ever diving 

records of a RTD and primarily demonstrates a lack of marine foraging. This is a short chapter, written 

predominantly for the purpose of forming an early output of the project and exposing the analytical 

procedures to peer review early. 

Published in: Marine Ornithology, 2020 

Chapter 3: Spatial and temporal variation in foraging of breeding red-throated divers 

An exploration of the summer foraging behaviour of RTDs across a breeding season. Here, I 

demonstrate a switch from benthic to pelagic foraging as the breeding season proceeds and how 

each population demonstrates a proportion of benthic and pelagic dives overall. I also found that 

foraging time across the summer period varies little, demonstrating a change in the type of foraging 

effort, rather than a change in time committed. The work in this chapter links to the themes of 

foraging behaviour and site-level differences explored in other chapters. 

Published in: Journal of Avian Biology, 2021 

Chapter 4: Winter locations of red-throated divers from geolocation and feather isotope signature 

Using remote sensing technology, I show the core distributions of RTDs from their moulting site to 

their core winter distributions. I also demonstrate the differing strategies across three populations, 

with examples of resident, migratory and partial migratory strategies. I then link these location 

differences to differences in isotope values from feather samples. This paper provides the 

groundwork for a method to apportion individuals to a population based solely on a feather sample, 

which is a theme shared with other later chapters. 

Published in: Ecology & Evolution, 2022 

Chapter 5: Linking foraging behaviour to isotope signatures in a diving bird 

Following on from the previous chapter, I link changes in isotope signatures to individual benthic and 

pelagic diving strategies across the three study populations. This chapter attempts to form the 

groundwork for a future method to determine individual foraging habitat and thus prey based solely 
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on feather samples. This and the previous chapter are heavily linked in both their subject matter and 

approach to develop methods. 

Submitted to: Royal Society Proceedings B, 2023 

Chapter 6: Variation in non-breeding season strategy drives differences in behaviour and energy 

expenditure of red-throated diver 

This paper draws on the all the data and insights gathered during the previous chapters to explore the 

behaviour budgets of RTDs during the non-breeding season. Additionally, I use a mixture of allometric 

scaling equations and equations from the wider ornithological literature to translate these behaviour 

budgets into energetic expenditures. I explore both behaviour and energetic changes through the 

season and link these to environmental changes experienced both spatially and temporally. These are 

finally linked to the context of constraint and the capability of populations to adapt to additional 

stress. 

Submitted to: Oecologia, 2023 

Chapter 7: Development of an Individual based model to explore energetic and behaviour 

consequences of displacement: with specific application to red-throated divers (Gavia stellata) 

This chapter presents the framework for an individual based model that simulates energetic 

expenditure and demographic rates for any marine bird species. The chapter explores how the 

changes such as those that offshore windfarm development might induce can cause displacement 

and subsequently apply stress to populations. The impacts of varying the levels of disruption to the 

overwinter survival rates, body mass and energetic stress for individuals are explored. The model is 

presented in a broad fashion, to increase wider applicability, but the results are presented specifically 

for RTDs. 

Not submitted for publication 

Additional outputs during the PhD: 

• Distribution and foraging efficiency limit occupancy of breeding sites in the non-breeding 

season in a colonial seabird. S. Bennett, F. Daunt, K. R. Searle, M. P. Harris, L. Buckingham, J. 

Duckworth, R. E. Dunn, S. Wanless, M. A. Newell, J. A. Green. Submitted to Animal behaviour. 

2023. 
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• Revisiting fuel tax concessions (FTCs): The economic implications of fuel subsidies for the 

commercial fishing fleet of the United Kingdom. D. Vaughn, D. Skerritt, J. Duckworth, M. 

Duffy. Submitted to Marine Policy. 2022. 

 

• Red-Throated Diver Energetics Project: Final Report. 2023. D. L. Thompson, J. Duckworth, L. 

Ruffino, L. Johnson, P. Lehikoinen, D. Okill, A. Petersen, I.K. Petersen, R. Väisänen, J. 

Williams, S. William, J. Green, F. Daunt, & S. O’Brien, JNCC Report. JNCC. Peterborough. 

 

• Energetic synchrony throughout the non-breeding season in common guillemots from four 

colonies. 2023. L. Buckingham, F. Daunt, M. I. Bogdanova, R. W. Furness, S. Bennett, J. 

Duckworth, R. E. Dunn, S. Wanless, M. P. Harris, D. C. Jardine, M. A. Newell, R. M. Ward, E. D. 

Weston & J. A. Green. Journal of Avian Biology. 1-2. e03018. 

 

• Red-throated Diver Energetics Project: Preliminary Results from 2018/19. 2020. J. Duckworth, 

J. A. Green, F.  Daunt, L. Johnson, P. Lehikoinen, D. Okill, A. Petersen, I. K. Petersen, R. 

Väisänen, J. Williams, S. William, S. O’Brien, JNCC Report. JNCC. Peterborough. 
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Abstract 

Recently, Red-throated Loons Gavia stellata (RTL) have been the subject of increased interest due to 

their negative interactions with shipping, offshore wind farms, and other marine industry activities. 

This has driven a desire to quantify the behaviour and ecology of this understudied species, 

particularly during the non-breeding season. To achieve this, Time Depth Recorder (TDR) and Global 

Location Sensor (GLS) tags were deployed on individuals from several European locations. Due to an 

incidental mortality, one set of tags was retrieved early. The single set of tags recorded activity from 

June to August 2018. The TDR collected records for 14 d, providing the first ever biologging data on 

RTL foraging in Europe. The bird was tagged 90 km from the coast; therefore, it only used freshwater 

lakes and was never recorded entering saltwater. The individual mostly undertook shallow dives, with 

maximum and mean depths of 20 m and 5.4 m, respectively. Foraging constituted 22.9 % of total 

activity during the sampling period. The RTL had diel foraging patterns, with dives being shallower and 

more frequent at times of “twilight” compared to “daylight.” These results provide novel information 

on an RTL’s diurnal patterns of water depth usage and foraging effort during the summer, 

demonstrating the potential of data loggers to provide key insights into the foraging ecology of this 

species.  
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Introduction 

In recent years, Red-throated Loons Gavia stellata (RTL) have received increased attention because of 

their vulnerability to habitat loss from construction of offshore renewable energy structures and 

shipping (Garthe et al. 2004, Schwemmer et al. 2011, Mendel et al. 2019). Previous studies have 

provided insight into many important aspects of RTL ecology, including diet (Reimchen et al. 1984, 

Guse et al. 2009), foraging (Eriksson et al. 1991, Skov et al. 2001), and behaviour (Polak et al. 2007). 

As a result of research on diet, RTLs are known to be generalist piscivorous foragers (Eriksson 1985, 

Morkūnė et al. 2016, Kleinschmidt et al. 2019), with prey that vary by geographic area (Guse et al. 

2009). RTLs breed on freshwater ponds and lakes of different sizes during the summer, feeding on 

either freshwater (Eriksson et al. 1990, Eriksson et al. 1991) or marine prey (Reimchen et al. 1984, 

Rizzolo et al. 2015), with proximity to the coast being the likely driver of habitats used. 

Recent advances in biologging techniques have facilitated a greatly improved understanding of 

aquatic top predator ecology and behaviour, especially winter behaviour and migrations (Rutz et al. 

2009). Much of our current knowledge of RTL ecology is derived from observations at a distance to 

collect empirical data (Eriksson et al. 1990, Eriksson et al. 1991, Rizzolo et al. 2015, Uher-Koch et al. 

2018). However, RTLs breed at low densities (Solovyeva et al. 2017) and are highly sensitive to 

disturbance both at sea (Mendel et al. 2019) and at their breeding lakes (Rizzolo et al. 2014), limiting 

our ability to gain a full understanding of their ecology. Biologging techniques, which require few visits 

to an individual and relatively little disturbance, provide an ideal approach to answer specific 

questions about RTL foraging, water depth usage, and energetic budgets over long periods. However, 

this must be measured against the substantial difficulty of recapturing a RTL. Regardless, for a 

relatively under-studied species such as the RTL, even single biologging records can provide proof of 

concept for this approach (Sequeira et al. 2019).  

During a larger project looking at breeding and non-breeding season energetics and foraging 

behaviour (O’Brien et al. 2018), a single Time Depth Recorder (TDR) and light-based Global Location 

Sensor (GLS) were recovered from a bird drowned in a gill net at the end of summer, three months 

after deployment. The data downloaded from these loggers provided the first biologging record of a 

foraging RTLD in Europe, allowing estimates of diel patterns of depth usage and foraging behaviour. 

Here we: (1) determine whether this individual remained in freshwater habitats during the breeding 

season; (2) describe water depth usage and diving strategy; and (3) quantify diel patterns of diving. 
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Methods 

Study area  

The bird was tagged at its nest site on a lake in Mäntyharju, southern Finland, on 04 June 2018, 90 km 

from the coast. 

Deployment of loggers 

In southern Finland, most RTLs in the study area nest on artificial rafts on small lakes (Nummi et al. 

2013). Nests of RTLs were approached, causing the incubating diver to flush from the nest, following 

which a nest trap was laid to capture the bird on its return to the nest. Trapping was not attempted 

during the early stages of egg laying, nor when chicks were less than five days old (O’Brien et al. 

2018). The single diver in this study was tagged on 04 June 2018 and found dead on 14 August 2018. 

After trapping, the pair continued incubation until 07 June, but on 08 June the nest had been 

abandoned. The pair laid a second clutch to a new nest by 25 June. This clutch failed by 25 July, when 

no divers were present at the breeding lake. 

A Time Depth Recorder (TDR; Cefas G5 Standard TDR, dimensions: 8 mm x 31 mm, weight: 2.7 g) was 

attached to one 1.5 mm thickness plastic ring using cable ties and epoxy resin glue; the ring was then 

placed onto the leg of the RTL. A light-based Global Location Sensor (Biotrack MK4083 Geolocator, 

dimensions: 17 mm x 10 mm x 6.5 mm, weight: 1.8 g) was attached to a plastic ring using the same 

methods as for the TDR tag and was fitted on the diver’s other leg (for full methodology, see O’Brien 

et al. (2018)).  

TDRs were programmed to sample barometric pressure, as a proxy for depth, every 6 s for 24 h, with 

a 4 d gap between sampling days. These sampling intervals were chosen to allow samples of dive 

behaviour to be gathered across the year, without impacting the ability to detect individual diving 

events. TDRs recorded dives with an accuracy of 0.1 m. GLS tags were set to record maximum light 

levels and saltwater immersion every 10 min (each 10-min record contained a number between 0 and 

200, where 200 represents the tag being constantly immersed), for every day of deployment. The RTL 

was classified as being in saltwater when the GLS tag recorded any number greater than three (Fayet 

et al. 2016). 

Data analysis 

The baseline surface reading of a TDR can change over an extended study period (Elliott et al. 2009). A 

custom script was created, which shifted the dive profiles to set the barometric readings such that the 

surface was set to 0 m. The minimum value for the detection of a dive at each recording interval was 
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0.5 m, and only dives where the maximum depth exceeded 1 m were considered for analyses. These 

limits helped exclude any non-foraging dives or residual error from the shifting baseline (Falk et al. 

2000). 

The dives were analysed using a custom script in R, and the following values were estimated for each 

dive: dive duration (duration of the dive event from first to last recording > 0.5 m), maximum dive 

depth (lowest depth reached in dive) and surface time (time spent on the surface, between the end of 

the dive and start of the next dive). The bottom time (the duration of time spent at depths deeper 

than 75 % of the maximum dive depth (Tremblay et al. 2003) was also calculated for dives longer than 

18 s. Dives shorter than 18 s would only have one or two data points due to the tag sampling 

frequency; therefore, the results would always have bottom times greater than half of the total dive 

length. Due to the resolution of dives, classification of dive shape was not possible. 

To further define diving strategy, dives were classified into bouts, defined as a series of dives where 

the maximum surface time between each dive was less than 60 s. A 60 s cut-off was chosen based on 

the decreased frequency of surface times above 60 s (Figure 2.1). Bouts with greater than four dives 

were defined as foraging bouts (Mehlum et al. 2001). Dive depth consistency (difference in maximum 

dive depth between the current and previous dive) was calculated for all dives within a foraging bout 

to determine whether dives within a foraging bout had similar depths. 

To estimate the proportion of time spent foraging in relation to the time of day, we classified dives as 

occurring during “daylight” or “twilight”. For each dive, sun elevation angles were generated with the 

R package ‘oce’ (Kelley et al. 2019) for the location of capture. Location of capture was used to derive 

the sun elevation angle; because the bird was captured and recovered during the breeding season in 

the same part of Finland, it was assumed not to have left the area between initial tagging and being 

found dead. “Daylight” was defined as any sun angle above 0, and “twilight” was defined as a sun 

angle between 0 and -12 (Regular et al. 2011). Due to the high latitude of the study site and the time 

of year, < 1 % of the records on the TDR and < 1 % of recorded dives were at sun elevation angles 

below -12. Therefore, “night” was excluded, and all analyses of diel patterns include only “daylight” 

and “twilight” dives and timings. 

The ratio of variances between maximum dive depths at “twilight” and “daylight” was high (F = 3.007, 

P < 0.001). Therefore, a Wilcox signed rank test was used to explore differences in maximum foraging 

depths reached during “daylight” and “twilight”. A Chi-squared test was used to test whether dives 

occurred uniformly across “daylight” and “twilight”, using expected values calculated from the 

proportion of “twilight” and “daylight” experienced by the bird. All data analyses and statistics were 
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performed in R version 3.5.1 (R Development Core Team 2018). All means are given as ±1 standard 

deviation. 

 

Results 

Data were gathered from 07 June 2018 to 11 August 2018, for a total of 14 and 66 d of TDR (Figure 

2.2) and GLS recordings, respectively. The GLS tag revealed that the saltwater immersion sensor had 

no positive readings for the duration of the study. This suggests that the bird never entered the 

marine environment and spent the entire deployment period on land and in freshwater habitats. 

There were 5947 dives (Figure 2.1A) and 687 dive bouts throughout the duration of the study; of 

these 235 bouts were classified as foraging and included 88 % of all dives; 22.9% of time when the 

TDR was recording data was spent in a foraging bout. The RTL undertook an average of 425 ± 98 dives 

and 17 ± 6 foraging bouts per day with an average maximum dive depth of 5.4 ± 4.3 m (Figure 2.3) 

and an overall maximum dive depth of 20 m. Foraging dive bouts comprised a highly variable number 

of dives, with an average of 22 ± 35 dives, but with 119 bouts containing < 10 dives. The longest bout 

had 339 dives and lasted 212 min. The mean surface time between dives within a foraging bout was 

21.3 ± 10.5 s (Figure 2.1B). Subsequent dives within a foraging bout differed in their maximum dive 

depth by 0.7 ± 1.4 m. The proportion of time at the bottom depths of the dive across dives longer 

than 18 s was 0.61 ± 0.18. 

Mean maximum dive depth during “daylight” (6.2 ± 5.1 m) was greater than during “twilight” hours 

(4.4 ± 2.9 m) (W = 3957800, P < 0.001). Dive frequency changed based on light levels (X2 = 1868.8, df 

= 1, P < 0.001; Figure 2.3), with the proportion of dives occurring at twilight being greater than would 

be expected by chance. “Daylight” was recorded for 76 % of the study and had 52 % of the dives; 

“twilight” was recorded for 24 % of the study and had 48 % of the dives (Figure 2.3).  
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FIGURE 2.1 FREQUENCY DISTRIBUTION OF DIVE AND SURFACE TIME DURATIONS 

(A) Frequency of dive durations across the study. The longest confirmed dive was 90 s. Each 

bar represents a 6-s interval. (B) Frequency of surface times between dives. The vertical 

dashed line shows the cut-off value, where dives with surface times below 60 s were 

considered to be within the same dive bout. No surface time above 120 s had a frequency 

greater than 20. Each bar represents a 6-s interval. 
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FIGURE 2.2 DIVE PROFILES ACROSS TIME AND LIGHT REGIMES 

Dive profiles of the RTL for the 14 d the TDR was active. These lines represent the depth of the 

RTL at a given time. Shaded areas show times when the sun elevation angle was below 0.   
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FIGURE 2.3 DENSITY GRAPH OF DIVE DISTRIBUTION AND LIGHT LEVELS EXPERIENCED 

Density graph showing timings of RTL dives relative to sun elevation angles, where the solid 

line represents the density of dives recorded from the recovered TDR at observed sun elevation 

angles through the deployment period, and the dashed line represents the density of time 

spent by the RTL at a sun elevation angle across the study period. Smoothing parameter: h = 3 

for both densities.  
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Discussion  

This study used biologging technology to provide the first empirical data on RTL foraging depth and 

behaviour. In the bird studied, we found that dives were always < 20 m deep and varied according to 

light conditions, with dives tending to be shallower and more frequent during lower light levels. The 

RTL was capable of undertaking extended bouts of diving, lasting over three hours. Additionally, this 

study provided empirical evidence of a RTL foraging solely in freshwater environments. Together, 

these data generate an interesting hypothesis regarding the foraging behaviour of Red-throated 

Loons.  

A previous study found that bouts where the maximum dive depths were within 10 % of the 

preceding maximum dive depth could be classified as benthic (Tremblay et al. 2000). Here, the 

average difference between subsequent maximum dive depths was slightly > 10 % of the average 

maximum dive depth for all dives, which was 5.4 m. This suggests that, although there was some 

consistency in the depths to which the RTL dived, it is unlikely that the RTL was using a solely benthic 

foraging strategy. Moreover, the loon was found in a lake with a maximum depth of 29 m, which 

exceeds the maximum dive depth recorded across the study period. This implies that the dives were 

likely pelagic and/or that any benthic dives were in the shallower areas of the water. 

Our results are consistent with data on RTLs from TDRs recovered by D. Rizzolo (pers. comm.), who 

recorded shallow dives (median 2.49 m, range 1.1–10.8 m) and a slightly deeper maximum dive depth 

of 26.9 m. Winter observations of RTLs have revealed high densities of these birds at inshore marine 

areas with water depths < 20 m (Petersen et al. 2010). Together, these results indicate that the lack of 

deeper dives is likely due to physiological diving constraints or prey preference, rather than being 

limited by water column depth. However, analysis of more RTL diving profiles is needed to fully 

characterize the diving behaviour of this species in various habitats (Sequeira et al. 2019). 

The reason for the observed increased rate of foraging during the twilight hours is unknown. One 

hypothesis is that there was an increased presence of prey in the shallower, more accessible areas of 

the lake, due to either lower oxygen levels at deeper depths (Kersten et al. 1991) or more favourable 

light conditions closer to the surface. An increased number of fish in the shallower areas could also 

provide an explanation for shallower dives at twilight. Additional research could explore whether dive 

shapes change over the different light levels of the day. This could be determined using a higher-

frequency TDR setting to gain more recordings per dive (Schreer et al. 2001).  

Other than laying a second clutch (Okill 1994), little is known about the activities of RTLs following a 

failed breeding attempt. Here, we demonstrate that a Finnish RTL can use an entirely freshwater 
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habitat for foraging during the breeding season, plus continue to remain in freshwater following two 

failed clutches. This behaviour is likely a consequence of the large distance of the breeding site from 

the coast. Other studies have shown that, during the non-breeding season, RTLs are entirely 

dependent on the marine environment (Guse et al. 2009, Morkūnė et al. 2016); therefore, seeing one 

on freshwater during the winter is exceptional. This seasonal pattern suggests that RTLs are exposed 

to different stressors during different periods of the annual cycle, which dictates where they reside 

(Eriksson et al. 1990, Rizzolo et al. 2015). For this reason, with a better understanding of their year-

round ecology and movements, RTLs could become a good multisystem indicator of habitat health 

(Cairns 1987). 
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Abstract 

Differing environmental conditions can have profound effects on many behaviours in animals, 

especially where species have large geographic ranges. Seasonal changes or progression through life 

history stages impose differential constraints, leading to changes in behaviours. Furthermore, species 

which show flexibility in behaviours, may have a higher capacity to adapt to anthropogenic-induced 

changes to their environment. The red-throated diver (RTD) is an aquatic bird, that is able to forage in 

both freshwater and marine environments, though little else is known about its behaviours and its 

capacity to adapt to different environmental conditions. Here, we use time-depth recorders and 

saltwater immersion loggers to examine the foraging behaviour of RTDs from three regions across 

northwest Europe. We found that in the breeding season, birds from two regions (Iceland and 

Scotland) foraged in the marine environment, while birds from Finland, foraged predominantly in 

freshwater. Most of the differences in diving characteristics were at least partly explained by 

differences in foraging habitat. Additionally, while time spent foraging did not change through the 

breeding season, dives generally became more pelagic and less benthic over the season, suggesting 

RTDs either switched prey or followed vertical prey movements, rather than increasing foraging 

effort. There was a preference for foraging in daylight over crepuscular hours, with a stronger effect 

at two of the three sites. Overall, we provide the first investigation of RTD foraging and diving 

behaviour from multiple geographic regions and demonstrate variation in foraging strategies in this 

generalist aquatic predator, most likely due to differences in their local environment. 
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Introduction 

Many species and animal populations are dealing with reduced fecundity and survival from a plethora 

of anthropogenic pressures, such as marine debris (Horn et al. 2020), pollution (Erikstad et al. 2013, 

Amelineau et al. 2019) and habitat loss (Harper et al. 2008). These threats can vary widely across 

geographic landscapes, leading to differential pressures affecting populations (Plumpton and 

Andersen 1998, Hovick et al. 2014). Additionally, the pressures experienced by populations vary 

temporally; across annual cycles and between years (Salamolard and Weimerskirch 1993, Shaffer et 

al. 2001). For example, during the breeding season, some animals must provide parental care and be 

geographically constrained as central place foragers, which contrasts with non-breeding periods such 

as migration. Even within a period, demands over time and pressures experienced may not be 

constant. For example, the behavioural budgets of an individual can change with demands of the 

growing offspring (Tulp et al. 2009) which might alter their exposure to anthropogenic pressures 

and/or exacerbate any constraints that they may impose (Thaxter et al. 2015). Understanding the 

fundamental biology of species and changes in their behaviour and ecology over temporal and spatial 

gradients is thus key to making informed management decisions to minimise current and future 

threats (Grémillet and Boulinier 2009). 

Foraging behaviour is closely linked to demographic rates, as energy intake plays a vital role in both 

survival and reproduction (Boggs 1992). Therefore, changes to foraging characteristics that affect 

energy intake, such as distance to foraging site (Bost et al. 2015), foraging success (Crocker et 

al. 2006) and prey selection (Peckham et al. 2011) can be linked to changes in population 

demographic rates. For species which have some flexibility in how and where they forage, then the 

nature of the environment and ecosystems that they inhabit can have a major influence on foraging 

behaviour (Maynard and Davoren 2020). Furthermore, for species foraging in areas influenced by 

humans, anthropogenic activity has the potential to affect foraging characteristics (Senzaki et 

al. 2016, Scrafford et al. 2017, Millon et al. 2018). This makes the acquisition of knowledge on the 

foraging behaviour of species vital to understand, in order to know whether conservation efforts or 

interventions are required (Grémillet and Boulinier 2009). 

Red-throated divers (RTDs; Gavia stellata) are a northerly distributed species of aquatic bird, generally 

occupying latitudes above 50°N (Carboneras et al. 2020). This species faces many of the threats 

previously mentioned (Schmutz et al. 2009, Burger et al. 2019) and is known to be vulnerable to 

anthropogenic presence (Schwemmer et al. 2011, Nummi et al. 2013, Uher-Koch et al. 2015) and 

structures (Furness et al. 2013, Mendel et al. 2019, Heinänen et al. 2020). This aversion to 

anthropogenic presence could be detrimental to demographic rates, through displacement effects 
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(Drewitt and Langston 2006), but these effects are hard to observe and measure directly, as the birds 

are often in inaccessible locations. Some information exists on aspects of the behaviour and ecology 

of this species at the nest during the breeding season, such as descriptions of chick rearing and 

nesting success (Eriksson et al. 1990, Rizzolo et al. 2015, Uher-Koch et al. 2018). However, there is a 

lack of information on foraging behaviour and water depth usage compared to other, better studied 

species (Grémillet et al. 1998, Linnebjerg et al. 2014, Amelineau et al. 2019, Poupart et al. 2019). 

To build on this limited body of knowledge, we used biologging technology to examine the breeding 

season foraging behaviour of RTDs from three geographically distinct regions in northern Europe: 

Scotland, Finland and Iceland. By looking across multiple sites, we were able to both describe the 

foraging behaviour of the sampled individuals and examine how local environment may drive foraging 

behaviour differences between regions. The limited information available on RTD foraging allowed us 

to generate broad predictions on how foraging behaviour could differ between regions. Surveys of 

non-breeding season distribution show RTDs tend to favour habitats with water depths less than 20 m 

(Petersen et al. 2010, O'Brien et al. 2012), but can also be found in deeper waters (Heinänen et 

al. 2020). Biologging data from a single RTD in the breeding season provided some evidence to 

support this shallow depth usage, with the individual showing few dives reaching depths deeper than 

20 m (Duckworth et al. 2020b). 

RTDs in Finland breed at a much greater distance from the coast than the majority of those breeding 

in Scotland and Iceland, and previous evidence from populations breeding in similar environments 

further from the coast show RTDs to be likely to forage in freshwater habitats (Eriksson et al. 1990, 

Eriksson and Sundberg 1991, Duckworth et al. 2020b). In contrast, birds breeding close to the coast, 

tend to forage in marine environments (Reimchen and Douglas 1984, Black et al. 2015, Rizzolo et 

al. 2015). Therefore, we predicted that the recorded foraging metrics of birds from Scotland and 

Iceland, which were all breeding close to the coasts, should be the most similar, while birds breeding 

inland in Finland should be less so. Overall, we expect RTDs across all regions to be diving to shallow 

depths, < 20 m and demonstrate a mixture of benthic and pelagic foraging strategies (Kleinschmidt et 

al. 2019). We also predict that foraging effort would increase as the breeding season progresses, due 

to the increasing energetic demands of breeding over time (Dunn et al. 2018). The proportion of 

benthic dives was predicted to decrease over the breeding season, as previous study has shown 

adults sometimes provide small benthic prey when chicks are young and a wider array of larger 

benthic and pelagic prey as the chicks grows (Reimchen and Douglas 1984). This was based on the 

single-prey loading constraint on divers and therefore a need to maximise the energy that can be 

delivered per foraging trip, while not exceeding the maximum swallowing capacity of a chick at a 

given age. Among aquatic prey, benthic invertebrates can form a large part of chick diet, due to the 
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small prey size required by young divers during their first days of growth (Jackson 2003). Spatial and 

temporal drivers may also interact with each other since divers are opportunistic foragers 

(Kleinschmidt et al. 2019) and have demonstrated an ability to forage in different aquatic habitats. 

Thus, temporal effects during the breeding season may vary between locations, most likely driven by 

local prey accessibility. Previous evidence has also suggested RTDs may forage based on light 

conditions, with crepuscular foraging patterns (Duckworth et al. 2020a). 

Our overall goal was to provide the first detailed information on breeding season foraging behaviour 

from multiple individual RTDs and begin to quantify spatial and temporal variation in this behaviour. 

To achieve this, we addressed three specific objectives: 1) Describe the foraging and diving behaviour 

of RTDs from three geographically distinct regions. 2) Investigate variation in foraging behaviour and 

strategies across these three regions. 3) Look at variation in foraging ecology over long (breeding 

season) and short (daily light levels) time scales. 

 

Methods 

Sampling birds 

From May 2018 to July 2018, 74 RTDs were caught at nesting sites across three distinct geographical 

regions in southern Finland (n = 31), north-eastern Iceland (n = 12) and the Scottish archipelagos of 

Orkney and Shetland (n = 31) (Figure 3.1). Birds were caught using nest traps, mist nets or walk-in 

traps (O'Brien et al. 2018). Assessment of the sex of each bird through molecular assessment was not 

done, due to logistical issues. Both time-depth recorders (TDR; Cefas G5 Standard TDR, dimensions: 8 

× 31 mm, weight: 2.7 g) and light-based geolocators (GLS; Biotrack MK4083 Geolocator, dimensions: 

17 × 10 × 6.5 mm, weight: 1.8 g) were attached to the legs of each captured RTD. In total 27 birds 

were recaptured in 2019, using the same capture methods. We recovered 8, 8 and 7 functioning TDRs 

and 7.7 and 5 functioning GLS tags from Finland, Iceland and Scotland, respectively (Supporting 

information). Due to the inaccessibility of nests and to avoid undue disturbance to breeding RTDs, it 

was not possible to observe the fate of breeding attempts or breeding chronology of each of the 

sampled birds in terms of nest initiation, laying, hatching, fledging and departure for migration.  
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FIGURE 3.1 MAP OF THE BREEDING LOCATIONS ACROSS EUROPE 

Capture locations for the studied Gavia stellata across northern Europe. Blue points represent 

capture and recovery locations, with a small amount of error added to preserve anonymity.  

https://onlinelibrary.wiley.com/cms/asset/436a81ad-293e-43d7-9fb8-74b3d244c0ef/jav12777-fig-0001-m.jpg
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Logger regimes 

TDRs recorded pressure, as a proxy for water depth, at six second intervals and temperature every 

ten minutes. The TDR measured with a precision of 0.03 m and 0.03°C for depth and temperature, 

respectively. To preserve battery life, the TDRs only recorded data every fifth day. GLS tags recorded 

maximum light levels for each five-minute period, every day. Additionally, the GLS tags had a salt-

water immersion switch, which recorded immersion every three seconds and stored the information 

as a proportion of each ten-minute period that the tag was immersed in saltwater. 

Defining dives and foraging bouts 

TDRs are subject to shifts in surface water baseline changes in pressure, due to varying environmental 

conditions experienced throughout the annual cycle (Hays et al. 2007, Luque and Fried 2011) and 

extreme temperature changes (Bagniewska et al. 2013). A modified script from Duckworth et al. 

(2020) was used to correct the shifting baseline of the TDRs. Broadly, this script detects prolonged 

periods (180 s in this study) of time at values greater or less than 0 m, indicative of surface behaviour, 

and returns them and subsequent data to 0 m, to ensure all dives start and end at the water surface, 

while maintaining the integrity of the dive shape. Dives were then defined as any corrected TDR 

record of depth greater than 1 m. This excluded any noise leftover from the shifting baseline or small 

depth changes due to swimming on the surface of the water. Visual inspection of the data was then 

used to remove any remaining erroneous dive records. 

Dives were defined using a slightly modified version of the approach from Duckworth et al. (2020b). 

For all dives, maximum dive depth, duration, bottom time and post-dive interval were recorded. The 

six second sampling regime used in this study was higher than 10% of the median dive duration (30 s 

across all dives recorded in this study), which slightly limits our ability to classify bottom time and dive 

efficiency (Wilson et al. 1995). Therefore, dive shapes were restricted to classification of either U or 

non-U, where U shaped dives were defined as having at least one recording of bottom time, between 

two depth records. The bottom time of a dive was defined by two conditions: 1) rate of depth change 

below 0.2 m s-s ; 2) deeper than 85% of the maximum dive depth within the dive (Rodary et al. 2000, 

Zimmer et al. 2010). This calculation could not be carried out reliably on dives with a length of 12 s or 

less due to only having two or fewer records of depth, therefore these dives are always classified as 

non-U and are not included in any analysis of dive shape. The proportion of U-shaped dives was 

calculated for each day of data collection. 

Groups of dives with post-dive interval less than 66 s (determined using the log-likelihood method 

from Sibly et al. 1990) were classified into foraging bouts and the duration and number of dives in 
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each of these bouts was recorded (Supporting information). We defined bouts with more than two 

dives as foraging bouts (Halsey et al. 2007, Foo et al. 2016). Time spent in these foraging bouts was 

summed over a day to generate a metric of daily time spent foraging. Dives not within these bouts 

were excluded from further analysis. This enabled the exclusion of isolated dives, which were 

commonly very shallow, and other miscellaneous events associated with sudden pressure or 

temperature changes, e.g. landing on water, preening, leg-tucking. Dives within foraging bouts 

accounted for 94% of all dives. To quantify benthic foraging, the proportion of inter depth zone (IDZ) 

dives (Tremblay and Cherel 2000, Halsey et al. 2007) was calculated per day as the number of dives 

where the maximum depth was within 10% of the previous dive's maximum dive depth, within a bout, 

divided by the total number of dives within a bout minus one. A higher proportion of IDZ dives is 

indicative of a benthic foraging strategy, since a bird exploiting a benthic environment will serially dive 

to a similar depth (Tremblay and Cherel 2000, Quillfeldt et al. 2011, Knox et al. 2018). 

This process generated seven foraging and diving metrics for further analysis: 1) bout length, 2) 

number of dives per bout, 3) maximum dive depth, 4) proportion of U-shaped dives, 5) dive duration, 

6) proportion of IDZ dives, 7) daily time spent foraging. The saltwater immersion data was used to 

describe use of salt and freshwater habitats across the three regions. 

Analysis 

Only data from the second recording day (to remove any immediate effects that catching and 

handling the bird might have on diving behaviour) until the median departure date were analysed in 

this study. Since the focus of this study was the RTD breeding season, data were truncated to include 

only this period. Once RTDs from these regions leave their breeding grounds, they no longer 

commonly use freshwater habitats (Duckworth et al. 2020a). Therefore, in the absence of observation 

data, date of departure was determined using the saltwater immersion data to detect extended use 

of saltwater habitats, characteristic of the overwinter period for all three sites. The end of the 

breeding season was defined as the first day of 5 consecutive days that had at least 45% of records 

showing saltwater immersion (values calculated by inspection of known winter data; Supporting 

information). To account for not all birds having both a functional TDR and GLS (Supporting 

information), a single date of departure was derived for each region, based on the median departure 

date across all individuals with functioning tags from within that region. 

We used generalised linear mixed effects models and linear mixed effect models, with each of the 

foraging metrics as response variables in separate models, to look at site level differences. We fitted 

random effects for bird ID and fixed effect for the three regions using the lme4 package (Bates et 

al. 2015). The model was compared to a null model, with only the random effects for individual ID 
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included. Models were visually inspected for deviations from assumptions and as a result log 

transformation of the response variable was carried out on the models for bout duration and 

maximum dive depth within a dive (Supporting information). We included dive duration as a fixed 

effect since it was only recorded every six seconds, plus an interaction between site and dive 

duration, when looking at the proportion of U-shaped dives and only included dives with over 2 data 

points in analysis of U-shaped dives. This accounted for longer dives having a higher probability of 

being detected as U-shaped dives, due to having a higher number of data points within the dive. For 

the two metrics (daily time spent foraging and proportion of IDZ dives) we predicted would have a 

temporal change, we included three more candidate models, one which included date and time and 

one with only time (as a continuous variable for the days until breeding site departure) and finally a 

model with both date, time and an interaction term between date and site (Supporting information). 

∆AICc was used to determine the best performing model of the candidate models for all analyses, 

where the selected model was the most parsimonious model within 2 AICc units of the best model 

(Arnold 2010). Where the best performing model contained site as a fixed effect, site level differences 

were determined using pairwise Tukey tests in the R package ‘emmeans' (Russell 2020). Details on 

error distributions used for each model can be found in Supporting information. 

We calculated the proportion of time a bird spent in daylight and twilight by classifying each day in six 

minute intervals, based on light conditions at each nest location. Twilight was defined as a sun 

elevation angle between 0 and −12 (nautical sunset/sunrise), while ‘day' was defined as a sun 

elevation angle greater than or equal to 0 (Regular et al. 2011). Foraging dives were then classified in 

the same way as either occurring during the day or twilight (Duckworth et al. 2020b). For all foraging 

dives, both the proportion of available time which would be classified as night (sun elevation below 

−12 degrees) and the proportion of foraging dives which occurred at night were less than 0.5% of the 

total, so were therefore removed from any analysis. To determine whether foraging behaviour was 

biased towards crepuscular hours, we used Chi-squared tests to compare the combined number of 

foraging dives in each light category (daylight and twilight) from all birds to the combined proportion 

of time each light category was available to all individuals. Separate tests were conducted for each 

site. 

All statistical analysis and data processing was carried out in R version 3.5.1 (R Development Core 

Team 2018). All means are shown with standard deviations, unless stated otherwise. 
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Results 
The median nest departure dates for Scotland (n = 5), Finland (n = 7) and Iceland (n = 7) were 15 August, 

31 August and 10 August, respectively (Supporting information). Only one Finnish RTD, breeding ~15 

km from the coast, had records of saltwater immersion between deployment and nest departure. This 

bird recorded between 3 and 11 h in saltwater on ten consecutive days of 102 days of the breeding 

season. Otherwise, saltwater immersion before the estimated date of departure from the breeding 

site was not detected for any Finnish birds, indicating that birds from this geographic region foraged 

nearly exclusively in freshwater. In contrast the Scottish and Icelandic RTDs recorded 8.1 (± 4.8) and 

7.7 (± 3.5) hours a day immersed in saltwater, respectively. 

The maximum dive depth observed across all sites was 29.3 m, which was performed by a bird in 

Iceland. In Scotland and Finland maximum depth recordings were 24.6 m and 27.4 m, respectively 

(Figure 3.2). However, dives were typically shallow in nature with 94% of all foraging dives recorded 

being less than 15 m depth (Figure 3.2). The longest dive recorded was 84 s, but 98% of all foraging 

dives were less than 60 s (Figure 3.2). The longest foraging bout recorded overall was 215 min in 

Finland, while in Iceland and Scotland the maximum duration was 170 and 103 min, respectively. 

Foraging bouts of RTDs in Finland and Iceland were longer, on average, than those in Scotland (Table 

3-1). Longer bouts were achieved by more dives within bouts (Table 3-1) although dive duration was 

significantly longer in Finland than Iceland and Scotland (Table 3-1). Maximum dive depth and dive 

duration were both greater, on average, in Finland than in Scotland and Iceland (Table 3-1). The 

proportion of U-shaped dives was high across all sites and both dive duration and the interaction 

between site and dive duration were included in the best model for the proportion of U-shaped dives. 

This showed that as dive duration increased the likelihood of detecting a U-shaped dive increased 

with a slightly steeper increase in Iceland (Supporting information). In addition to these effects, 

Iceland showed a higher proportion of U-shaped dives than Scotland and Finland, which were similar 

(Table 3-1). Results for all model fits and AIC values used for model selection can be found in the 

Supporting information. 
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FIGURE 3.2 DISTRIBUTION OF THREE DIVE METRICS ACROSS THREE POPULATIONS OF RTD 

Histograms showing the dive duration (panel A, D and G), maximum dive depth within a dive 

(B, E and H) and number of dives within a foraging bout (C, F and I) at three sites: Finland (A, B 

and C), Scotland (D, E and F) and Iceland (G, H and I).  
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The best performing model for daily time spent foraging contained only site as a fixed effect. Finnish 

birds were shown to spend longer foraging than Scottish birds, with Icelandic birds being intermediate 

and not different from birds at either of the other two sites (Figure 3.3). The Akaike weight of this 

model was low (wi = 0.36), however the model with only time did not outperform the null model 

(Supporting information), while the three other models did. We therefore decided against model 

averaging, to avoid over representing the important of time, and instead discuss only the top 

preforming model and the effects of site level differences. 

The best performing model for the proportion of IDZ dives included time, site and an interaction term 

between site and time. The model showed the proportion of IDZ dives decreased through the season, 

with the steepest decline in IDZ dives observed in the birds in Scotland (Figure 3.4). Birds breeding in 

Scotland showed the lowest overall proportion of IDZ dives, while birds from Finland showed the 

highest and Iceland was intermediate, with all pairwise differences being significant (p < 0.05 in all 

cases; Figure 3.4). 

At each site, dives were not distributed evenly between the two light regimes. In Finland, birds 

showed a bias towards diving during daylight (available daylight: 71%, dives during daylight: 85%) (p < 

0.001, df = 1, χ2 = 3720). In Scotland, dives were biased towards daylight (available daylight: 72%, dives 

during daylight: 87%; p < 0.001, df = 1, χ2 = 2355). In Iceland, birds also showed a slight bias towards 

diving in the daylight (available daylight: 86%, dives during daylight: 88%) (p < 0.001, df = 1, χ2 = 54). 

However, the effect size of light regime of foraging effort was lesser in Iceland compared to the other 

two sites.  
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TABLE 3-1 SUMMARIES OF DIVING METRICS AND THEIR DIFFERENCES ACROSS THE THREE BREEDING POPULATIONS  

Foraging bout and diving characteristics and tag samples sizes of red-throated divers from 

three breeding locations. Breeding sites sharing a superscripted letter were not significantly 

different from each other. Values given are the predicted mean, with ranges in brackets 

denoting 95% confidence intervals generated by GLMMs. *Adjusted for the effect of dive 

duration 

 
Scotland Finland Iceland 

Number of individuals with TDRs 8 8 7 

Number of individuals with viable GLSs 5 7 7 

Bout length (minutes) 7.2a (6.1–8.5) 10.8b (9.1–12.8) 10.2b (8.5–12.2) 

Number of dives in a bout 15a (13–17) 21b (18–25) 22b (18–25) 

Mean maximum dive depth within a dive 

(Metres) 

4.5a (3.8–5.3) 6.4b (5.4–7.6) 3.8a (3.2–4.6) 

Proportion of U-shaped dives* 0.90a (0.87–0.92) 0.91a (0.88–

0.93) 

0.97b (0.96–

0.98) 

Dive duration (seconds) 25a (22–27) 36b (33–38) 26a (23–29) 
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FIGURE 3.3 DAILY TIME SPENT FORAGING FOR THE THREE BREEDING RTD POPULATIONS 

The predicted mean time spent foraging per day generated from the best fitting model 

for Gavia stellata. Breeding sites sharing a letter were not significantly different from each 

other. Error bars show the 95% upper and lower confidence intervals.  
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FIGURE 3.4 CHANGE IN FORAGING BEHAVIOUR OF RTD THROUGH THE BREEDING SEASON 

The proportion of RTD inter-depth zone (IDZ) dives per day across RTDs breeding in Finland 

(solid line), Iceland (dotted line) and Scotland (dashed line). Lines show the predicted values 

from the model, with 95% confidence intervals (grey shading). Black symbols represent the 

observed proportions of IDZ dives for each individual on each day sampling occurred with 

circles, triangles and squares representing Finland, Iceland and Scotland, respectively. 

  

https://onlinelibrary.wiley.com/cms/asset/84fc3dfb-d159-486a-82ac-1e3b6a2701fc/jav12777-fig-0004-m.jpg
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Discussion 

Our study provides the first description of foraging behaviour of RTDs across three geographically 

distinct regions in northern Europe. We found RTDs predominantly engaged in short, shallow dives of 

less than 10 m, in foraging bouts ranging from a few minutes to hours. Among the three regions 

examined here, there were differences between at least two of them in all of the metrics we tested. 

In the case of diving metrics, differences were largely between freshwater and marine foraging 

habitats. With RTDs in Finland undertaking longer deeper dives during longer bouts comprising more 

dives, compared with birds breeding in Iceland and Scotland. Furthermore, we analysed two of these 

traits, proportion of IDZ dives and daily time spent foraging, for temporal patterns and found that 

while the time spent foraging varied between sites, it did not change over time. In contrast, the 

proportion of benthic dives undertaken decreased as the breeding season progressed. These findings 

suggest a capability for both spatial and temporal variation in RTD foraging in response to 

environmental differences. This could indicate RTDs have a high degree of foraging flexibility, which 

may act as a buffer to anthropogenic change in the breeding grounds for individuals where alternate 

habitat is available. 

Unusually for a diving bird that overwinters in marine environments, RTDs have been shown to forage 

in both freshwater (Eriksson et al. 1990, Eriksson and Sundberg 1991, Duckworth et al. 2020) and 

marine environments during the breeding season (Reimchen and Douglas 1984, Black et al. 2015, 

Rizzolo et al. 2015). As predicted, all diving metrics (dive depth and dive duration) differed between 

Finland and at least one of the other two sites (Table 3-1). This is likely due to differences in foraging 

habitat, with Finnish birds foraging almost exclusively in freshwater habitats, while birds breeding at 

the other two sites regularly used marine habitat. The distance of the nests from the coast was 

greater at all nests in Finland (> 10 km) than for birds at the other two sites (always < 10 km). Distance 

from the coast was likely driving these differences in diving metrics, as the energetic cost of flying to 

the marine environment was presumably not worth the energetic payoff in terms of prey items 

gained (Lihoreau et al. 2011). At nest sites in Scotland, many of the local acidic lochans were devoid of 

prey, so marine prey was the only option. RTDs in Finland instead foraged in local lakes, where 

freshwater prey species provided a much more spatially convenient option. However, one Finnish RTD 

that bred ~15 km from the coast did forage in the marine environment for several days at the start of 

the study period, before returning to entirely freshwater habitat for the remainder of the breeding 

season. Unfortunately, the exact conditions that led to this change in habitat use are unknown, but 

this observation suggests that RTDs may be able to buffer against poor foraging success in local 

freshwater habitats. 
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Large-scale differences in foraging habitats are clearly not the only driver of foraging behaviour in this 

species. Unexpectedly, number of dives within a bout and bout length, the two foraging metrics that 

represented how bouts were organised (Table 3-1), differed between Scotland and the other two 

sites. Specifically, foraging bouts in Scotland were shorter and had fewer dives. This difference could 

be related to foraging success and food availability, as fewer dives and a shorter time in each foraging 

bout suggests the time required to meet the energy demand of each foraging bout is lower. This is 

also partly demonstrated in other aquatic birds, such as kittiwakes (Rissa tridactyla) (Chivers et 

al. 2012) and guillemots (Uria aalge) (Davoren and Montevecchi 2003), through birds increasing the 

duration of foraging bouts in years where food availability is lower. This suggests foraging success 

could have been higher at Scotland than the other two sites, which is supported by the lower daily 

time spent foraging (Figure 3.3). However, this did not appear to affect breeding success, with only 

38% of monitored RTD pairs in Scotland producing at least one chick in 2018, compared with 62% of 

monitored RTD pairs in Finland (O'Brien et al. 2018). 

Animals foraging during a breeding season have to adapt their foraging effort temporally in order to 

accommodate the demands of growing young (Tulp et al. 2009, Sotillo et al. 2019). However, at all 

three sites, the foraging effort for RTDs did not change through the season as we expected. Instead it 

appears that the tracked divers may have adapted their foraging strategy via prey selection, rather 

than increasing foraging intensity through time. This is suggested by earlier observations of RTDs from 

Sweden, where it was found that the number of foraging trips did not change as the breeding season 

progressed, but instead the size of the prey brought back by the parents changed (Eriksson et 

al. 1990). This effect was particularly noticeable when the chicks were very young (Reimchen and 

Douglas 1984). The proportion of IDZ (benthic) dives decreased during the breeding season across all 

sites. Such changes have previously been linked to differences in prey selection in diving predators, 

where higher resolution data on location and bathymetry has been available (Kuhn et al. 2010). RTDs 

are single prey loaders, therefore they may maximise the energy gain per foraging trip by ensuring 

they bring back food items close to the maximum swallowing capacity of the chick, providing 

maximum energy returns. This would be more efficient than increasing foraging effort and delivering 

the same prey items throughout the season. This strategy will avoid the costs of an increased number 

of flights, which would be exacerbated by the high wing loading of RTDs (Lovvorn and Jones 1994). 

The RTDs at the three sites also displayed some evidence of flexibility between regions in how they 

altered their foraging behaviour as the season progressed. Though the progressive decrease in the 

proportion of IDZ (benthic) dives was common across sites, the degree of change in the proportion of 

IDZ dives was not the same, with Iceland showing little biologically meaningful change (a change of 

4% over the 65 days) in foraging strategy through the season (Figure 3.4). Diet changes within a 
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breeding season are common for several aquatic bird species in the northern Japanese sea, as the 

influx of warm water changes the prey availability (Watanuki et al. 2009, Watanuki and Ito 2012). 

Similar events could affect RTDs in Iceland foraging consistently in the same habitat through the 

season, but targeting different prey as the season progressed. On the other hand, RTDs in Finland and 

Scotland showed a more notable decrease in proportion of IDZ dives. This could relate to following 

vertical prey movement, foraging in different habitat or switching to prey occupying a different area 

of the water column (Sotillo et al. 2019), to fulfil the food size demand of the chicks (Reimchen and 

Douglas 1984). The latter could especially be true in Finland, as evidence suggests black-throated 

divers Gavia arctica foraging in freshwater can provision benthic invertebrates to chicks in the early 

stages of rearing (Jackson 2003). Furthermore, the closed nature of lake systems makes it unlikely 

that there will be temporal changes in prey availability. This use of invertebrate prey may also explain 

why RTDs in Finland had the highest proportion of IDZ dives and therefore the most benthic dives, 

especially early in the season. Conversely, RTDs in Scotland showed a low proportion of IDZ dives 

overall. Tremblay and Cherel (2000) visually classified groups of dives as either pelagic or benthic and 

found that groups of pelagic dives had less than 40.3% of IDZ dives within these groups. In our study, 

the model showed birds from Scotland generally had a proportion of IDZ dives below this threshold. 

Therefore, it is likely that RTDs in Scotland are mostly foraging pelagically in the marine environment. 

While this does not preclude the occurrence of benthic dives, it strongly suggests pelagic foraging is 

more important in Scotland than in Finland and Iceland. These results have demonstrated that local 

environment has an effect on the foraging behaviour of RTDs, but in order to confirm the prey 

switching hypothesis, further analysis is required to create a direct link between diet and foraging 

behaviour, perhaps through the use of stable isotope analysis (Hobson and Clark 1992, Gómez et 

al. 2018). 

Many pursuit divers are dependent on high light levels to target and catch their prey, though 

nocturnal activity can be observed in some cases (Wilson et al. 1993, Cannell and Cullen 2008, Dunn 

et al. 2019). Preliminary evidence suggested that RTDs are crepuscular when foraging (Duckworth et 

al. 2020), but data collection from this study does not support that suggestion. Birds breeding at 

Scotland and Finland showed differences in the proportion of dives across light conditions, with a 

preference for foraging in daylight. However, while the same was found in Iceland, the difference in 

foraging effort between the two light conditions was much smaller. Overall, this preference for diving 

in daylight would be expected for pursuit diving, visually orientated birds, as high light conditions 

provide the perfect conditions to track and capture prey (Wilson et al. 1993). However, these findings 

could be a product of high individual difference and a low sample size. Therefore, further 
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investigation into RTD behaviour is required to determine whether there is a capacity for nocturnal 

foraging. 

This paper provides the first multi-individual descriptions of RTD diving, from three distinct regions 

and thus form the current best understanding of summer foraging behaviour of this species. We 

considered temporal change, however, RTDs are not synchronous breeders and can relay clutches, 

with many breeding pairs at different breeding stages at any given point during the breeding season. 

Therefore, using days since egg laying or hatching would give a better picture of how the activity 

budgets differ at each of the breeding stages. Due to the remote locations of many of the nests and 

the extreme sensitivity of the species to disturbance, we were not able to regularly monitor RTD nests 

across all sites, both to minimise the effect our attendance had on behaviour and minimise ethical 

concerns arising from disturbance. Future study could deploy remote camera traps to maximise 

information on nest attendance while minimising human presence (Edney and Wood 2020). In 

addition, the lack of precise foraging locations of birds meant we were unable to link foraging to local 

environmental conditions, so could not relate foraging behaviour to environmental influences such as 

tidal cycles and hydrographic features (Skov and Prins 2001). To explore this link, we suggest future 

studies should try to also track birds with GPS, if this can be achieved without additional disturbance. 

Additionally, the TDR pressure sampling frequency was relatively low, prohibiting more detailed 

analysis of dive characteristics such as bottom activity, ascent rate and descent rate. As the logger 

resolution is < 10% of the median dive duration, it is likely that some of the parameters may be 

imperfect estimations (Wilson et al. 1995). However, this resolution of data allows for valid 

comparisons between our geographically distinct groups and will still provide accurate values for the 

proportion of time spent foraging and estimates for other parameters are unlikely to have a 

substantial error at our resolution (Dunn et al. 2019). We also acknowledge the small sample size of 

this study limits our ability to make true large-scale comparisons across sites. Instead, our study 

focusses on description of foraging behaviours and highlights differences between regions. As 

technology and methodologies develop it may be possible to increase our understanding of this 

important species, up to the level of better understood aquatic birds (Soanes et al. 2014) but our 

study is an important first step in this process. 

Having demonstrated some degree of spatial and temporal variation in foraging behaviour, our study 

suggests RTDs have some flexibility in foraging strategies. This could further suggest breeding RTDs 

have some capacity to resist anthropogenic effects, as the species as a whole is capable of exploiting a 

range of niches (Devictor et al. 2008, Wilson et al. 2008). However, the two commonalities across all 

RTDs is their necessity to build nests by freshwater lakes (Rizzolo et al. 2014) and their migration to 

mostly marine habitats (Polak and Ciach 2007, McCloskey et al. 2018). Therefore, while foraging can 
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vary both within and between individuals, these two fundamental aspects of RTD ecology remain 

constraints in their annual cycle. Therefore, work must also be done to improve the understanding of 

the potential effects of climate change on nesting habitat suitability and RTD foraging behaviour 

during the winter. 
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Abstract 

Migratory species have geographically separate distributions during their annual cycle, and these 

areas can vary between populations and individuals. This can lead to differential stress levels being 

experienced across  a species range. Gathering information on the areas used during the annual cycle 

of red-throated divers (RTDs; Gavia stellata) has become an increasingly pressing issue, as they are a 

species of concern when considering the effects of disturbance from offshore wind farms and the 

associated ship traffic. Here, we use light-based geolocator tags, deployed during the summer 

breeding season, to determine the non-breeding winter location of RTDs from breeding locations in 

Scotland, Finland and Iceland. We also use δ15N and δ13C isotope signatures, from feather samples, to 

link population-level differences in areas used in the moult period to population-level differences in 

isotope signatures. We found from geolocator data that RTDs from the three different breeding 

locations did not overlap in their winter distributions. Differences in isotope signatures suggested this 

spatial separation was also evident in the moulting period, when geolocation data was unavailable. 

We also found that of the three populations, RTDs breeding in Iceland moved the shortest distance 

from their breeding grounds to their wintering grounds. In contrast, RTDs breeding in Finland moved 

the furthest, with a westward migration from the Baltic into the southern North Sea. Overall, these 

results suggest that RTDs breeding in Finland are likely to encounter anthropogenic activity during the 

winter period, where they currently overlap with areas of future planned developments. Icelandic and 

Scottish birds are less likely to be affected, due to less ship activity and few or no offshore wind farms 

in their wintering distributions. We also demonstrate that separating the three populations 

isotopically is possible and suggest further work to allocate breeding individuals to wintering areas 

based solely on feather samples. 
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Introduction 

Identifying the migratory strategy and wintering locations of populations and connecting them to the 

relevant breeding grounds allows for more effective strategies of management and if necessary, 

conservation (Strøm et al. 2021). Furthermore, the migratory strategy adopted by a population will 

dictate the geographic area occupied; and therefore, influence the environmental conditions it must 

withstand during the non-breeding period. As a result, conditions faced by different populations 

across a species’ range can be vastly different, which can, in turn, lead to variation in demographic 

rates both during the season in question and in the subsequent season through carry-over effects 

(Frederiksen et al. 2012). For example, carry-over effects from the non-breeding season may cause 

reduced breeding success due to stress in wintering ground habitat quality (Fayet et al. 2016). 

However, investigating these processes is challenging during the non-breeding period, particularly for 

populations that become largely inaccessible due to them solely using marine habitats. Therefore, 

studies which overcome this difficulty provide a valuable and unique insight into a poorly known 

period of the annual cycle. This knowledge is all the more pressing in species where negative 

interactions with future anthropogenic stresses, such as offshore wind farms, are predicted 

(Dierschke et al. 2016). 

For some species of bird, many of the detrimental effects from windfarm developments likely occur 

specifically during the moult and winter period (Heinänen et al. 2020, Dierschke et al. 2017). Some 

diving birds, including divers (or “loons”; Gavia spp), undergo a synchronous moult of their flight 

feathers, rendering them flightless for a few weeks (HiDEF 2016, Kjellén 1994). During moult, a 

combination of a reduced ability to relocate and the high energetic costs of moult, make them 

particularly vulnerable to anthropogenic effects (Buckingham et al. 2022). Therefore, linking the 

moulting and winter distributions to the associated breeding population is essential in quantifying the 

potentially deleterious effects of offshore wind farm interactions on demographic rates, such as 

survival or breeding success. Red-throated divers (RTDs; Gavia stellata) are one such species and have 

recently been the focus of much interest due to their avoidance of offshore windfarms and associated 

activity (Heinänen et al. 2020, Furness et al. 2013). One of the most pressing knowledge gaps 

currently is understanding the moulting and winter distributions used by different populations. This 

knowledge will enable subsequent research and monitoring to ensure effects of perturbations in the 

key periods of moult and midwinter can be attributed to the correct breeding populations, to quantify 

both influences during the non-breeding season and carry-over effects into the breeding period 

(Harrison et al. 2011).  
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Studies in North America have shown RTDs moving between continents, with movements up to 8000 

km from breeding grounds in Alaska to wintering areas in Asia and along the Pacific (McCloskey et al. 

2018). In Europe, birds from many populations can make large migratory flights, while some are 

thought to fly short distances or remain resident (Duckworth et al. 2020, Dorsch et al. 2019). 

Furthermore, year-round variation in habitat use can differ between individuals and populations, with 

RTDs switching from a marine to a wholly freshwater distribution from the non-breeding to the 

breeding season, respectively (Duckworth et al. 2021). However, in Europe, we currently lack a 

comprehensive understanding of the year-round distributions of all populations. Therefore, to 

understand the environmental pressures individuals and populations face, we must first identify the 

areas that different breeding populations occupy in the non-breeding period. Historically, bird band 

recoveries have been used to gather information that links breeding and non-breeding season 

locations of RTDs, e.g., birds breeding in Scotland have been recovered in the Southern North Sea and 

around Scotland, suggesting a partial migration strategy (Okill 1994). However, these methods 

generally only provide information on birds which have perished and may be biased towards revealing 

unsuccessful strategies (Bairlein 2001). Currently, the best methods to determine migratory 

movements of seabirds is through the deployment of biologging devices (Laurenson et al. 2021), of 

which leg-mounted light-based geolocators are often the smallest and least intrusive device (Bodey et 

al. 2018). 

While biologging has revolutionised our understanding of avian migration (Fudickar et al. 2021), 

where possible, attempts should be made to develop methods to determine the distributions of birds 

of an unknown origin, without the need for any potentially invasive deployments. This is particularly 

relevant to divers which are vulnerable to disturbance and stress by human interventions (O'Brien et 

al. 2020, Rizzolo et al. 2014). Isotope analysis has the ability to provide a wide range of insight into the 

diet (Hobson et al. 1994, Weiss et al. 2009), behaviour (Votier et al. 2011) and movement (St John 

Glew et al. 2018) of many marine species. Working to build an understanding of the isotopic 

differences within and between populations of a species has the potential to inform methods for less 

invasive identification of migratory behaviours (Jaeger et al. 2010). For example, previous work by St 

John Glew et al. (2018) to understand the locations of wintering guillemots using feathers grown 

during their annual moult. This work has allowed for the broad determination of moult location in the 

North Sea from a combination of δ15N and δ13C, isotope signatures in feather samples using an 

isoscape. The full development of such methodologies requires calibration using data on environment 

and location of the population along with a suitable habitat-based isoscape covering the relevant area 

(Carpenter-Kling et al. 2020). The principal metric required for this work is an enrichment factor, 

representing the difference in isotope values between the study organism and organism the isoscape 
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was built with, driven by differences in both the prey and trophic level the organisms consume.  While 

such information is not currently available for RTDs, beginning to link distribution to isotope values in 

RTDs will undoubtedly have a role in developing future methodologies for movement patterns in this 

species. Furthermore, isotope data retrieved from feathers will provide information over the time 

period they were grown, which in RTDs is during the autumn equinox. During the equinox periods, 

GLS data are less reliable, as the differences in day length, the metric used to determine latitude, 

across latitudes becomes near uniform globally. Therefore, isotope approaches can be used to 

provide information on distribution when GLS data is potentially unviable due to the equinox (Lisovski 

et al. 2012). 

In this study, we aim to present the first biologging and isotope data on locations used by RTDs from 

three populations in NW Europe during the winter non-breeding season and describe the migration 

strategies of each of the populations. To achieve this, we deployed light-based geolocators to show 

the distribution of the birds during the winter. We also plucked feathers from RTDs during recapture 

events. These feathers were used to reveal the differences in isotope signatures between the three 

populations during the moult period, through stable isotope analysis. Through combining these two 

data streams, we firstly provide results on the distribution of the populations during the non-breeding 

period. Secondly, we explore whether future work could identify non-breeding distributions of 

individuals using only feather isotopes. 

 

Methods 

From May to July in 2018-2019, 89 (Finland n=32; Scotland n=38; North-eastern Iceland n=19) RTDs 

were captured using a combination of nest traps and extended mist nets (O'Brien et al. 2020) and 

equipped with GLS tags (Biotrack/Lotek MK4083 Geolocator) on a plastic leg ring. Fifty-four of the 

deployed tags were recovered and removed 1-3 years after deployment, each with 1-2 years of data 

(Thompson et al. 2022). All birds were handled for less than ten minutes and if any sign of skin 

damage was observed, the bird was not retagged. In total, sufficient data on the wintering periods 

(defined as where the GLS functioned until at least December) were obtained for 8, 8 and 11 

individuals (from 11, 8 and 13 retrieved functioning GLS tags) from Finland, Scotland and Iceland, 

respectively, including individuals where tags were deployed twice. Seventy-six Secondary flight and 

64 secondary covert feather samples were taken for isotopic analysis from birds in the 2019 and 2020 

field seasons. These samples corresponded to the moult period from September and October (Dorsch 

et al. 2019) in 2018 and 2019. GLS tags were also deployed from 2007-2012 in Scotland and Western 

Iceland in earlier studies, using the same methods as above, with six and five functioning GLS tags 
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recovered in subsequent field seasons from Scotland (Shetland only) and Western Iceland, 

respectively. No feathers were taken during this earlier study period. Here, we present all data from 

the non-breeding period obtained by GLS tags. 

Two locations per day were generated from the GLS data using the BASTrack collection of software 

packages. Following initial observations of light levels during twilight events and values suggested by 

the software instructions, a light threshold value of 15 was used to determine sunset and sunrise. 

Across individuals this light threshold value related to a mean sun elevation angle of -5. No other 

post-processing or landmask was used to generate locations. Population level estimates of core 

distributions used were estimated from the 50% kernel density contour, which has been shown to 

provide the best estimate for location estimates of populations when considering GLS errors 

(Buckingham et al. 2023). These were generated using the adehabitatHR R package (Calenge 2006), 

with the “href” function used to generate the smoothing parameter, with the grid size set to 1000 

and an extent of 1. All available locations from all individuals within the stated timeframes are used to 

generate estimates. RTDs from our study populations completed their breeding attempts by mid-late 

August (Duckworth et al. 2021), but locations shown are from the early winter period (22nd October – 

31st December) and late winter period (1st January – 20th February) to exclude periods where there is 

still a noticeable impact on locations from the equinox periods. To further exclude any clearly 

anomalous data points, any points above 75° North were excluded, as often locations extracted when 

the GLS logger is heavily shaded are pushed to the northernmost degrees of latitude. To ensure 

kernel distributions for populations were not biased towards individuals with more years of data, an 

average location for each calendar date was taken for those individuals across the study period. This 

meant each individual had equal weighting in the final population kernel. This averaging is justified by 

the high repeatability of movements of individuals between years seen within our study and others on 

divers (Dorsch et al. 2019, Paruk et al. 2015). 

Feathers were stored in paper envelopes at room temperature for four months prior to isotope 

analysis, which was carried out by Elemtex Ltd (Cornwall, UK). Samples were washed 3 times in a 

solution of 2:1 chloroform:methanol (v/v) and rinsed in distilled water, before being oven-dried at 

60°C. Subsequently, the samples were run on an ANCA/2020 isotope ratio mass spectrometer, which 

was set to run in continuous flow mode. Finally, data were normalised to Vienna PeeDee Belemnite 

for δ13C and Air for δ15N using USGS40, USGS41A and USG42 as reference materials (Qi et al. 2016), 

with typical precisions being better than 0.3‰. Isotope values are expressed as δ15N‰ and δ13C‰, 

which represent the relative difference, in parts per thousand, of the 15N and 13C isotopes, relative to 

their respective standard. 
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To determine whether isotope values and hence locations used during moult were distinct across the 

three sampled locations, linear discriminant analysis (LDA) was applied to the δ15N and δ13C signatures 

of all feathers (regardless of whether GLS tags were retrieved from birds caught during the 2019 and 

2020 field season). A model was generated with LDA separately for isotope signatures from the 

secondary covert and secondary flight feathers to determine whether either of the feathers are 

better able to separate the populations. If a successful LDA model could be created with either 

secondary flight or covert feathers, it would mean only covert feathers would need to be sampled for 

future isotope work, which is thought to be less disruptive to the birds. Training of the LDA models 

was carried out with a subset of 80% of the available data, and testing was carried out with the 

remaining 20% to verify the classifications. 

 

Results 

RTDs from Finland migrated westwards from their breeding grounds in mainland Finland through to 

the western Baltic in the early winter (Figure 4.1a) and southern North Sea by late winter (Figure 

4.1b). Birds from Scotland in both study periods showed a varied pattern of movement (Figure 4.2a & 

4.2c), with some birds remaining around the northern Scottish isles. In contrast, others migrated a 

short distance to other coastlines around northern mainland Britain and Northern Ireland. In the later 

winter period for Scotland RTDs (Figure 4.2b & 4.2d), the 50% kernel indicated much of the core area 

is on land in Scotland. This may be the result of some individuals making movements southwards 

along either the East or West coasts of the British Isles, as well as some of the GLS tags failing before 

the late winter period. These results suggest RTDs from the Scotland population on Orkney and 

Shetland can be thought of as partial migrants, with some individuals remaining resident and others 

migrating for at least some of the period. Birds from both East Iceland (Figure 4.3a & 4.3b) and West 

Iceland (Figure 4.3c & 4.3d) were resident year-round, largely remaining around the northern coast of 

Iceland throughout the winter, only moving distances over 200 km from their breeding season 

locations in a few cases (Figure 4.3). These small movements were largely longitudinal; therefore, we 

can conclude this was likely due to movement rather than GLS errors. While our sample size was not 

sufficient to formally investigate inter-annual consistency in wintering grounds, all individuals sampled 

across multiple years showed consistency in sites used in the winter. 

LDA models created with the isotope data were both able to separate the populations based on the 

isotope signatures.  The models had an accuracy of 91% and 86% for secondary flight feathers and 

secondary covert feathers, respectively, when applied to the testing datasets (Table 4-1). The outputs 

of the two LDA models are visualised in Figure 4.4 to show boundaries of the classification regions. 
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Table 4-2 shows that in terms of population average, the differences between the two feather types 

are small. In the case of both feather types, linear discriminant (LD) 1 is strongly associated with δ13C 

and LD 1 subsequently contributes greater than 90% of the trace in both models, suggesting δ13C is 

the more important isotope when looking at spatial separation (Table 4-1). Figure 4.4 demonstrates 

this importance with the majority of variation being shown across the δ13C axis and variation in δ15N 

mostly occurring within sites, especially in Finland.  
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TABLE 4-1 OUTPUT OF THE FINAL MODEL FROM LINEAR DISCRIMINANT ANALYSIS FOR FEATHER ISOTOPES 

Results of the linear discriminant analysis showing the loadings of δ15N and δ13C onto the 

linear discriminant axes for models generated from the secondary covert and secondary flight 

feathers. Model accuracy gives the proportion of correctly identified country of origins of the 

test data predicted by the model built from the training data. 

Feather Model 

accuracy 

Coefficients of linear 

discriminant 1 

Coefficients of linear 

discriminant 2 

Proportion of trace for 

linear discriminants 

 δ15N δ13C δ15N δ13C 1 2 

Flight 0.909 0.009 1.05 0.810 -0.131 0.902 0.098 

Covert 0.857 -0.265 1.258 0.768 -0.107 0.9137 0.0863 
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TABLE 4-2 SUMMARY OF ISOTOPE VALUES FOR EACH POPULATION ACROSS FEATHER TYPES 

Group means and standard deviations from the secondary flight and secondary covert LDA 

models for their δ13C and δ15N signatures. 

Feather Finland Iceland Scotland 

 δ15N δ13C δ15N δ13C δ15N δ13C 

Flight 15.6 

(2.0) 

-20.9 

(1.4) 

14.7 

(0.6) 

-18.3 

(0.8) 

16.4 

(0.9) 

-17.2 

(0.6) 

Covert 15.4 

(2.3) 

-21.0 

(1.3) 

14.8 

(0.6) 

-18.5 

(0.7) 

16.4 

(1.0) 

-17.6 

(0.6) 
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FIGURE 4.1 LOCATIONS OF RTD FROM FINLAND ACROSS THE NON-BREEDING SEASON 

50% kernel density distribution of the locations of RTDs sampled in Finland during the early (A) 

and late (B) winter period. Both panels show the 2017-2021 study period.  
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FIGURE 4.2 LOCATIONS OF RTD FROM SCOTLAND ACROSS THE NON-BREEDING SEASON 

50% kernel density distribution of the locations of RTDs sampled in Scotland during the early 

(A & C) and late (B & D) winter period. Panels A and B show the 2017 to-2021 study period, 

while C and D show the 2007-2010 study period. 
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FIGURE 4.3 LOCATIONS OF RTD FROM ICELAND ACROSS THE NON-BREEDING SEASON 

50% kernel density distribution of the locations of RTDs sampled in Iceland during the early (A 

& C) and late (B & D) winter period. Panels A and B show the 2017-2021 study period in East 

Iceland, while C and D show the 2007-2010 study period in West Iceland. 
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FIGURE 4.4 VISUALISATION OF THE ISOTOPE SPACE OCCUPIED BY THE THREE RTD POPULATIONS 

Outputs of the linear discriminant analysis. Data shown here are from the training partition of 

the overall dataset. Letters represent the population an individual data point was sampled 

from. Letters in red represent points from the training dataset that were misclassified. Shaded 

areas represent the population within which a point would be classified as originating from 

Finland, Iceland or Scotland as blue, white or pink, respectively. (A) shows the model for the 

secondary flight feather and (B) shows the model for secondary covert feathers. 
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Discussion 

Both the GLS and isotope data lend support to the three populations of RTDs spending the non-

breeding season in spatially separated locations and demonstrating three different migratory 

strategies. The results from GLS devices suggest the RTDs from Iceland remain resident around 

Iceland, with only movements around the coasts of Iceland being observed. RTDs from Scotland 

(Shetland and Orkney) are shown to either remain resident, move to the coastal waters of the 

Western Isles or make movements south to the coasts of mainland Scotland and Northern Ireland. 

However, during the late winter period, we no longer see the separate distributions for the migrants 

and residents with only the resident distribution remaining. This is likely due to logger failure within 

the population. Previous studies have demonstrated that individuals from Scotland have migrated and 

likely remained in these areas beyond the early winter (Okill 1994). Therefore, this evidence suggests 

RTDs from Scotland are partial migrants. RTDs from Finland have the longest migration distance of the 

three populations, and the population kernel was shown to move westward as the season progressed 

(Figure 4.1), indicative of a fully migratory strategy. This population was shown to move from the 

eastern Baltic Sea, likely moulting in this area, through to the western Baltic, southern North Sea and 

east coast of England. Our isotope results corroborate these findings of geographic separation, as the 

three populations have distinct isotopic signatures derived from the moult period (assumed to occur 

in September-October). The differences in δ15N and δ13C values across the three populations 

indicating use of different locations at this time. However, there is likely only a small temporal overlap 

in our GLS locations and isotope results, as the equinox precludes the inclusion of GLS data during 

part of the moult period. Therefore, the results in tandem provide evidence of complete segregation 

of populations from the start of moult, through to the end of the wintering period. 

The limited amount of movement observed in the Icelandic birds likely means moult is occurring in 

similar locations to the rest of the non-breeding period locations. This population does still experience 

some seasonal change though, as they cease spending time in freshwater environments during the 

non-breeding season (Duckworth et al. 2021). Our maps showed a westward movement for some 

birds during the study period (Figure 4.3a & 4.3b), from the north-east to north-west coast of Iceland. 

This suggests there may be short movements for some individuals. In contrast, others, including those 

from the earlier deployments (Figure 4.3C & 4.3D), remain at locations indistinguishable by GLS tags 

from their breeding season locations in most scenarios. Scottish RTDs which do not leave the waters 

surrounding Shetland and Orkney will likely moult in the location they over-winter in. However, it is 

unclear whether the Scottish RTDs that are migratory, moving to the coasts around either mainland 

Great Britain or Ireland, moult before or after departure from their breeding grounds.  
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This study used stable isotope data to demonstrate the separation of three populations during the 

moult period and suggests further work could apportion breeding individuals to moulting locations 

based solely on feather samples. We found the δ13C signatures of the three populations separate into 

distinct clusters, along with δ15N to a lesser degree (Figure 4.4 & Table 4-1). These results suggest that 

a method to identify the moulting grounds of individual birds based on feather samples and isotope 

analysis is possible, like those created in other study systems (Cruz-Flores et al. 2018, Jaeger et al. 

2010). Further refinement of the methodology requires additional research to identify a wider range 

of moulting areas from feather isotopes to establish the most commonly used moulting locations by 

RTDs in Europe and their associated isotopic signature. Additionally, in its current form, these results 

allow for identification of individuals carrying out novel migration movements. This could be observed 

through individuals which deviate from the population-specific mean isotope signature detected in 

this study. In this regard, a better understanding of a wider array of locations used during moult in 

NW Europe could help identify movements across the metapopulation range.  

The mean observed δ15N and δ13C value from the Finnish RTDs aligned with isotope signatures found 

by Dorsch et al. (2019) among RTDs moulting in the Eastern Baltic (Figure 4.4). The locations we 

estimate our Finland RTD population to be in during the end of the moulting period (mid-late 

October) also lines up with their locations for birds from other breeding populations, like Siberia, 

identified to moult in the Baltic Sea (Dorsch et al. 2019) (Figure 4.1). This provides us with a degree of 

confidence that any RTDs moulting in the Baltic Sea will lie within the “Isotopic area” identified by our 

LDA. However, it is not possible to determine with a high degree of accuracy where exactly RTDs were 

moulting within the Baltic Sea with the current isotope and location data. The cluster of individuals 

with a δ13C of -22‰, could be moving further North in the Baltic, as this area is known to produce 

more negative δ13C than the Southern areas of the Baltic Sea (Magozzi et al. 2017).  Movement data 

with a high accuracy, like GPS, along with feather samples grown during the tracked period, would 

allow for investigation into whether a higher temporal resolution of isotope location differentiation is 

possible (Votier et al. 2011). 

The accuracy of the two LDA models suggests using secondary flight feathers is preferable to 

secondary covert feathers when trying to separate the three populations (Table 4-1 & Figure 4.4). The 

two feather types performed differently could be due to the specific timing and duration of the moult 

on the feather type. In terms of impact, it is worth noting that the impact of removal of part of a 

secondary flight feather is likely to be greater on aerodynamics and effort required for flight, 

compared to a covert feather. However, other studies have sampled primary flight feathers (Yerkes et 

al. 2008, White and Dawson 2021), so our approach of using a small section of secondary flight 

feathers over primaries should be seen as cautious. We believe future effort should be invested into 
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further developing feather isotope maps with secondary flight feathers, as the slight increase in 

accuracy may be enough to help distinguish sites with smaller spatial differences, for a small trade-off 

in disturbance. Additionally, RTDs are large birds, and only a small section of a secondary flight feather 

is needed to assess isotopic signatures, meaning the effects of removing this small section are likely to 

be minimal. 

Another observation in this study is within-population variation of isotope signatures was greater for 

RTDs from Finland than the other two populations, with Finland demonstrating a much higher range 

of δ15N values (Figure 4.4). This high variability is unlikely to be driven by location and movements 

alone, as RTD δ15N does not vary as much spatially as δ13C and RTD are constrained in their 

movements at their moulting areas, due to their inability to fly (Gómez et al. 2018, Ceia et al. 2018). 

The variation could be driven by variation in diet, habitat use or an isotopically diverse local 

environment (Dorsch et al. 2019, Duckworth et al. 2020). This could be a product of individual RTD 

selecting for different prey species within the same area, leading to the patterns we observed in δ15N 

signatures being driven by either benthic/pelagic or trophic level differences of prey. RTDs are 

generalist foragers (Kleinschmidt et al. 2019); therefore, a wide range of δ15N signatures is expected 

as RTDs distribute their foraging efforts across a wider range of prey species. Cementing this 

relationship would require future work to link foraging behaviour metrics on dive depth and 

behaviour to δ15N isotope signatures. 

Through the processing of GLS tags in our work, this study also flags the difficulties of using GLS tags 

with RTDs. Primarily, the interference to light levels experienced through various resting behaviours, 

such as leg tucking while resting, is a significant disadvantage. Such shading will affect the reliability of 

latitudinal estimates, tending to drag locations of these northern hemisphere birds towards the north. 

However, if tucking occurs at both the sunset and sunrise equally it is unlikely to affect estimates of 

longitude. Other studies have noted the effects of sensor shading on the accuracy of light-based 

geolocation and deployed methods to remedy the issue (Bindoff et al. 2018, Merkel et al. 2016). 

However, shading of the sensors was so pronounced that even these methods failed to produce 

realistic estimates of locations and movements. For this reason, we used a simple method that applies 

no post-processing adjustments or landmasks to generate locations. The locations presented here are 

much in-line with recent work by Halpin et al. (2021), who suggest the location errors of 186 and 

202 km for GLS are not uniform across species. We therefore strongly recommend that future studies 

aimed at exploring detailed locations of RTDs avoid the use of GLS. However, for research questions 

focussed on establishing the type and scale of migration or only requiring data from the immersion 

sensor, GLS is a valid tool. This is compounded by the relatively low recovery rates of GLS loggers from 

the RTDs in our study, which was driven by a combination of inaccessible field sites, aversion of birds 
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to human presence and Covid-19 restrictions. Despite the errors in our individual location fixes, our 

overall population-based location estimates give a good indication of the areas used during the non-

breeding season. Hence the results provide reliable insights into the migration strategy of RTDs from 

three NW European populations. Furthermore, the areas shown here overlap with the current 

understanding of distributions of RTDs during winter (Heinänen et al. 2020, Kleinschmidt et al. 2019, 

O’Brien et al. 2012) providing reassurance that the distributions presented here are reliable. 

Subsequent work should build on these results by continuing to link isotopes to locations, as the 

importance of developing a robust and low impact method for apportioning individuals to moulting 

locations cannot be overstated.  

Our results have shed light on moult and winter distributions of RTDs and demonstrated the different 

migration strategies across populations. Isotope signatures shown here have demonstrated 

differences between the three populations and hinted that future methods, such as the use of 

isoscapes, to determine moult locations of an individual of an unknown origin might be possible. This 

study has also helped emphasise that future work is needed to address the spatial and temporal 

extent to which different populations of RTDs might come into contact with anthropogenic activity. 

Importantly, our work suggests that populations from Iceland and Scotland may be less affected by 

offshore wind farm developments. This was due to less overlap of movements with current areas of 

development in the Scotland and Iceland populations. Conversely, RTDs from the Finland population 

are shown to move into areas of current and future development, specifically in the south North Sea. 
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Abstract 
Understanding the habitat use of individuals can facilitate methods to measure the degree to which 

populations will be affected by stressors. This insight can help with predicting how populations will 

deal with changing conditions, helping planning, policy and conservation. Here, we quantify the link 

between diet and foraging behaviour, which reflect habitat use, in a marine generalist forager, the 

red-throated diver (RTD, Gavia stellata). Specifically, we quantify the relationship between feather 

isotope signatures (δ13C and δ15N) and diving behaviour, within and between populations. We found a 

strong positive relationship between the use of benthic diving strategies and higher δ15N‰ values. 

This scaling relationship was consistent across three populations, but the actual values for δ15N varied 

slightly across sites. δ13C varied across the three populations and showed a weak relationship with 

foraging strategy. These results provide an insight into the range of foraging habitats used in terms of 

strategies demonstrated by RTDs and the degree of variability within and between populations. 

Additionally, we demonstrate that stable isotope analysis of feather samples is a simple indicator of 

individual foraging strategies and hence habitat use of RTDs and could potentially be applied to other 

generalist foragers. This approach has the potential to quickly quantify foraging strategies within and 

between populations with a known isotopic value and therefore assess responses to environmental 

change and the relative importance of habitats to a population. 
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Introduction 
Linking different habitat use to environmental properties can provide new insights into the ecology of 

a species and facilitate new methods for monitoring and conservation [1, 2]. Specifically, in cases 

where behaviours are strongly associated with habitats, discovering indicators of habitat use can 

allow methodological developments to quantify the relative importance of habitat types within and 

between populations [3, 4]. In the context of foraging, the connection between an individual and its 

environment can be expressed through the prey consumed [5, 6]. In this relationship, the materials of 

the prey are integrated into the consumer tissue, therefore changes in foraging behaviour and prey 

type associated with different habitats lead to changes in the chemical composition of the consumer 

tissue [6, 7]. For example, in a study on brown bears (Ursus actos) by Ben-David [4], individuals were 

found to either forage in close proximity to rivers and feed on salmon, or distribute more distantly 

from rivers and feed on berries. Through differences in the isotope composition of individuals, the 

strategy of an individual could be determined through a tissue sample. Understanding these 

strategies could have applications for predicting the impacts of climate change, anthropogenic activity 

and other threats [8, 9]. The main mechanism of this would be through apportioning the population 

to the stressor, based individuals having different isotope signatures due to different habitats, life 

histories or behaviours based on exposure to the stressor. Gaining this information through a tissue 

sample potentially mitigates the need for time and cost intensive deployments of remote sensing 

devices. In the case of the brown bear, knowledge of foraging strategies, which could be drawn from 

isotope values, allowed for predictions on cub mortality due to the lower quality diet of individuals 

foraging on berries [4]. This demonstrates the practical benefit of understanding links between 

behaviour and isotope values. 

Stable isotope analysis (SIA) has demonstrated an ability to provide insight into a wide range of 

aspects including diet [10] and behaviour [11]. For example, studies have previously linked variation in 

specific nitrogen isotopes (δ15N) to the trophic level an organism consumes [12, 13]. Generally, higher 

values of δ15N are linked to higher trophic levels [8], however many other factors can influence this 

relationship. However, this variation is well-established across many environments [14-16]. However, 

linking individual stable isotope values to foraging behaviour, and indirectly habitat use, is less well 

studied, despite its potential to better understand this individual-level behaviour. Most studies in this 

area focus on the explicit link between diet and isotope signatures [6, 16, 17]. Instead, quantifying the 

link between the foraging behaviour and stable isotope composition of individuals will reveal 

associations between foraging strategies and diet, yielding further insight into habitat use. This could 

prove useful when quantifying differences in a range of foraging and associated metrics between [3, 

4] or within populations [18]. Such information could aid conservation efforts, where understanding 
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resource use across a population can more explicitly link individuals to threats [19]. This could be 

especially applicable to species where individuals become inaccessible and difficult to study (e.g. 

during the non-breeding period of marine bird species). 

Assessing the capabilities of SIA to explain foraging behaviours and diet is most applicable for species 

that use a range of habitats and show a range of foraging behaviours. Therefore, application of this 

concept is best tested on a species which exhibits a generalist foraging behaviour. Red throated divers 

(Gavia stellata, RTDs) are a generalist marine forager switching between freshwater and marine 

ecosystems and benthic and pelagic habitats [20]. Further, this species is vulnerable to displacement 

from marine anthropogenic activities such as shipping [21] and offshore wind farms [21, 22]. This 

concern has caused an increased demand for knowledge on their non-breeding season habitat use 

and behaviour, when the species is thought to be the most exposed to these activities [23]. 

Previously, a multi species study inferred RTD diet with isotope signatures, suggesting a largely pelagic 

diet (~50% of prey) during the winter [16]. However, there has not been any work linking isotope 

signatures to foraging metrics in this species. An established way to measure foraging behaviour in 

diving birds is by looking at intra-dive zone (IDZ) dives. These indicate whether an individual is 

targeting benthic (and demersal) or pelagic habitats and prey [24]. In cases where a threat may 

impact individuals prioritising one foraging strategy and hence habitat over another, it provides an 

ideal context for this present study. 

In this study, we use biologging technology to determine the diving behaviour of RTDs during the 

moult period of their annual cycle. Simultaneously, the isotope signatures of these same individuals 

are determined with bulk stable isotope analysis of feathers grown during the moult period. This gives 

us a discrete timeframe to quantify the links between foraging behaviour and isotope signatures 

during a phase of the annual cycle that is otherwise hard to study. We aim to quantify the relationship 

between the isotope values and an important foraging metric, as well as assess the impact of feather 

type and population-level differences on these relationships. This study will provide the first 

quantification of the differences in foraging strategies across RTD populations, as well as explore the 

strength of the relationship with isotope signatures. This approach will also provide evidence for 

whether individual feather samples are able to provide information on foraging behaviour and habitat 

use. Additionally, exploring the effects of feather type will ensure that future studies can sample the 

lowest impact feathers while being confident in the relationship of the isotope signatures with diet.  
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Materials and methods 
Birds were caught at their breeding sites in Finland, Iceland and Scotland, using a mixture of 

suspended mist nets and nest traps (n=32, 19, 38 individual birds caught, respectively) during the 

2018 and 2019 breeding seasons [25]. Time-depth recorders (TDR) and light-based geolocators were 

deployed on each captured bird (combined weight of loggers was <1% body mass, in all cases). 

Location results are presented in Duckworth, O’Brien [20, 22, 26]. Upon recovery of the archival tags 

in 2019 and 2020, secondary flight feather and secondary covert feather clippings were taken of the 

distal 2 cm of the feather. Of the 26 individuals that were recaptured 11, 9 and 6 individuals from 

Finland, Iceland and Scotland, respectively, had both a functional TDR and at least one successfully 

analysed feather sample [25]. TDRs were programmed to record data on every fifth day of 

deployment, to conserve battery. Our period of interest to examine the relationship between foraging 

behaviour and isotope signatures was September 10th to October 10th and only data from this period 

were considered. This is broadly defined here as the moult period [26] and is predicted to be the time 

that the feather growth occurred. These feathers therefore provide a snapshot of the environment 

and food source a RTD was utilising for feather growth. The time period chosen may not reflect the 

full moult period [27], as there is currently uncertainty over the exact timings of RTD feather moult 

across the geographic range of the species. Whilst using a shorter timeframe risks missing individuals 

that were moulting earlier or later, this ensures that no foraging behaviour outside of the moult 

period was inadvertently included in analysis and erroneously compared with isotope signatures of 

feathers grown at a different time. 

TDR tags were processed and dive events, defined as any recorded depth below one metre, were 

extracted [20]. These dives were then clustered into foraging bouts, where each bout was classified as 

at least three related dives with less than 66 seconds between each dive [20]. The number of intra-

depth zone (IDZ) dives was defined as the number of dives where the maximum dive depth fell within 

90% of the maximum dive depth of the preceding dive within a foraging bout [24]. This measure gives 

an estimate of whether a given bout has repeated dives to a similar depth, indicating foraging is more 

likely to be benthic (foraging on the sea floor) or has repeated dives to varying depths, indicating 

foraging is pelagic (foraging in the water column), based on a higher or lower proportion of IDZ dives, 

respectively. The proportion of IDZ dives was calculated as the total number of IDZ dives divided by 

the sum of the number of dives within a bout minus one [24]. For analysis, an individual’s proportion 

of IDZ dives was calculated as the number of IDZ dives divided by the total number of dives in bouts 

minus the number of bouts. Feathers were stored in paper envelopes at room temperature for four 

months prior to isotope analysis, which was carried out by Elemtex Ltd. (Cornwall, UK). Samples were 

washed 3 times in a solution of 2:1 chloroform methanol (v/v) and rinsed in distilled water, before 



93 

 

being oven-dried at 60°C. Subsequently, the samples were run on an ANCA/2020 isotope ratio mass 

spectrometer, which was set to run in continuous flow mode. Finally, data were normalised to Vienna 

PeeDee Belemnite for δ13C and Air for δ15N using USGS40, USGS41A and USGS42 as reference 

materials, with typical precisions being better than 0.3‰. Isotope values are expressed as δ15N‰ and 

δ13C‰, which represents the difference, in parts per thousand, of the 15N and 13C isotopes, relative to 

their respective standard.  

Linear mixed effect regression models were created for two response variables (δ15N and δ13C) to 

assess the effect of population, proportion of IDZ dives and feather type. This was to investigate the 

extent to which average isotopic signatures varied among populations, with pelagic versus benthic 

foraging (proportion of IDZ dives) and with the feather type from which samples were obtained. The 

full model included: proportion of IDZ dives, population, feather type, an interaction between feather 

type and proportion of IDZ dive and an interaction between population and proportion of IDZ dives. 

All models included the ID of the individual as a random effect to account for some individuals being 

tagged and sampled in two years. All nested versions of this model were also generated, with all 

combinations of fixed effects, and ∆AICc values were used to assess the ability of each model to 

explain the variance within data, compared to the best fitting model. Model averaging was carried out 

on all models within four ∆AICc units of the best fitting model. The averaged model for each of the 

response variables is referred to here as the “final model”, with the weight of each candidate model 

in the final model being based on their AICc value. The importance of each variable and interaction is 

discussed by considering (1) the associated effect size in the final mode, (2) the prevalence in the top 

(∆AICc<4) models and final model and (3) the overall support for the models in which they occur. All 

analysis was done in R version 4.2.1. [28]. 

 

Results 
The high number of models within 4 AICc units of the best fitting model (Table 5-1) for δ15N suggests 

that the relative difference in explanatory power of the models is small (Table 5-2). However, the 

proportion of IDZ dives appeared in all candidate models (Table 5-1), suggesting this was an important 

predictor for δ15N. This was reflected in the final averaged model including a strong positive 

relationship between the proportion of IDZ dives and δ15N (Figure 5.1). δ15N is predicted to change by 

6.9‰, 4.5‰ and 3.7‰ across Finland, Iceland and Scotland respectively, when going from an IDZ of 

zero to one (i.e. from pelagic to benthic). Feather type also appeared in the top ranked δ15N model, 

plus several of the other candidate models; however, the effect size in the final averaged model was 

small (Table 5-2) with a difference of -0.15 and a very weak interaction with the proportion of IDZ 
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dives. For instance, the predicted δ15N values for the flight and covert feathers in Finland for an 

individual with a predicted 0.84 proportion of IDZ dives in the final model was 18.1‰ and 18.2‰, 

respectively. Population had a strong effect on δ15N and also appeared in many of the candidate 

models, along with an interaction with the proportion of IDZ dives. The largest difference presented 

was between Finland and Scotland, where the gradient of the slope between δ15N and proportion of 

IDZ dives was 6.9‰ and 3.7‰, respectively.  

The final averaged model for δ13C showed a much larger effect of population (Table 5-2 & Figure 5.2), 

with it being included in all candidate models (Table 5-1). The largest difference in δ13C was between 

Finland and Scotland, with an estimated difference of δ13C 4.0‰ (SE 0.5) in the final model (Figure 

5.2). δ13C was weakly affected by the proportion of IDZ dives, with it appearing in all top models, but 

having a much weaker effect size than on δ15N (estimated δ13C 3.2‰ change from a value of 0 to 1 for 

the proportion of IDZ dives). While an interaction between the proportion of IDZ dives and population 

was in the final model for δ13C (Table 5-1), the effect size was weak, with a maximum difference of 

0.7‰ between the slope of the Finland and Scotland populations (Figure 5.2). Only one candidate 

model included feather type, with an effect size of 0.02‰. This and the results from the final δ15N 

model led to a conclusion that there was no strong difference between secondary flight and 

secondary coverts in terms of either δ15N or δ13C when comparing across populations and foraging 

behaviour. 

  



95 

 

 

 

 

TABLE 5-1 TOP RANKED MODELS USED IN MODEL AVERAGING FOR THE RELATIONSHIP BETWEEN FORAGING AND ISOTOPE 

VALUES 

Top models ranked by ∆AICc values, where ∆AICc values were less than 4 ∆AICc shows the 

number of AICc units away from the best fitting model. DF represents the degrees of freedom. 

W shows the weight of the model in the final averaged model. IDZ represents the proportion 

of IDZ dives. Feather represents feather type. Interactions are denoted by colons between 

variables. 

δ15N models 

Model ∆AICc DF W 

δ15N ~ IDZ + feather 0 5 0.202 

δ15N ~ IDZ 0.07 4 0.196 

δ15N ~ IDZ + population 0.78 6 0.137 

δ15N ~ IDZ + population+ population:IDZ  0.87 8 0.131 

δ15N ~ IDZ + population+ feather 0.92 7 0.128 

δ15N ~ IDZ + population+ feather + population:IDZ 1.01 9 0.122 

δ15N ~ IDZ + feather + feather:IDZ 2.61 6 0.055 

δ15N ~ IDZ + population+ feather + feather:IDZ 3.81 8 0.03 

δ13C models 

Model ∆AICc df W 

δ13C ~ population + IDZ  0 6 0.673 

δ13C ~ population + IDZ + feather 2.35 7 0.208 

δ13C ~ population + IDZ + population:IDZ  3.47 8 0.119 
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TABLE 5-2 PROPERTIES OF THE FINAL AVERAGED MODEL DESCRIBING THE RELATIONSHIP BETWEEN FORAGING AND 

ISOTOPE VALUES 

Final averaged model for Nitrogen and Carbon models. The intercept is set for population = 

Finland, feather = Covert, IDZ = 0. A tilde (~) indicates no difference from the intercept. 

Population shows the effect of population on the intercept. Feather shows the effect of feather 

type on the intercept. IDZ represents the increase in the response variable from the intercept 

for an increase in IDZ from zero to one, with each population representing the population-

specific effect of the proportion of IDZ dives after accounting for an interaction. “IDZ : feather” 

represents the interactive effect of feather type on the relationship between IDZ and isotope 

signature, per unit increase of proportion of IDZ dives. 

  

Response 

variable 
Intercept Population Feather IDZ IDZ : feather 

  Finland Iceland Scotland Covert Flight Finland Iceland Scotland Covert Flight 

δ15N 12.45 ~ 0.41 1.93 ~ -0.15 6.86 4.5 3.74 ~ 0.005 

δ13C -22.68 ~ 2.73 3.96 ~ 0.03 3.24 3.08 2.56 ~ ~ 
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FIGURE 5.1 RELATIONSHIP BETWEEN NITROGEN ISOTOPES AND FORAGING STRATERGY ACROSS POPULATIONS AND 

FEATHER TYPES 

δ15N‰ signatures across the three populations and two feather types sampled in this study 

against the proportion of IDZ dives taken across the predicted moult period generated by the 

final model. Populations are represented by red, green and blue for Finland, Iceland and 

Scotland, respectively. Shaded regions show standard error of the model. 
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FIGURE 5.2 RELATIONSHIP BETWEEN CARBON ISOTOPES AND FORAGING STRATERGY ACROSS POPULATIONS AND FEATHER 

TYPES 

δ13C‰ signatures across the three populations and two feather types sampled in this study 

against the proportion of IDZ dives taken across the predicted moult period generated by the 

final model. Populations are represented by red, green and blue for Finland, Iceland and 

Scotland, respectively. Shaded regions show standard error of the model.  
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Discussion 
In this study, we have demonstrated a link between individual foraging behaviour and stable isotope 

signatures, which is consistent across populations of RTDs. Specifically, we have shown that as benthic 

foraging increases the values of both δ15N and δ13C increase, with the slope of this relationship 

varying between the three study populations. Finally, we found that δ15N showed a stronger 

relationship with benthic foraging and therefore has a better capability to reflect individual foraging 

behaviour than δ13C. There was little evidence that the effects of population and foraging behaviour 

on isotope values differed across feather types, indicating the two feather types were grown over the 

same timeframe, whilst the RTD were using the same food resource. These results suggest that 

among generalist foragers, where individuals vary in their habitat use and exhibit a range of foraging 

strategies; a single feather sample may be enough to give significant insight on diet and habitat use 

for both individuals and populations. 

The prevalence of the proportion of benthic dives as an explanatory variable in the models for both 

δ15N and δ13C, lends strong support for feather samples alone to be able to indicate foraging 

behaviour in RTDs. This could have applications for conservation and protection of species where 

threats may vary depending on habitat use, as other studies have demonstrated [3, 4, 19]. Following 

initial work to understand how δ15N varies across the range of foraging behaviours, feathers samples 

alone could be used to understand the wider frequency of these strategies and potential variation in 

space and time [15, 29]. Such a method could be of use when trying to minimise the need to 

recapture individuals, and/or when looking at populations at risk of decline, for example, among 

populations where there is concern that anthropogenic activity may push individuals away from 

current foraging habitat [22]. Previous similar work on gannets has linked isotope values to the 

importance of fisheries discards in the diets of individuals, with implications for conservation of the 

species [3]. In this case, the estimation of the proportion of individuals using different foraging 

habitats can quantify the detrimental effects on a population if that habitat is removed or degraded.  

Previous study of these populations of RTDs suggested that individuals from each population are likely 

moulting within a specific discrete geographic area [26]. The main areas are the North coast of 

Iceland, the Baltic Sea and around the northern Scottish Isles, for Iceland, Finland and Scotland, 

respectively [26, 27]. This suggests the intra-population differences in stable isotope signatures are 

driven by differences in diet changes within the area they occupy, as individuals within each 

population essentially share a moulting location [15, 30]. In the case of δ15N, the relationship with 

benthic dives is reinforced by a study by Cousins et al. [31]. They showed δ15N of feathers across a 

range of species was higher in benthic over pelagic environments in the south-east Baltic Sea, which is 

close to where the Finnish population spent their moulting period [26]. In fact, previous work linking 



100 

 

diet to the stable isotope values of RTDs in the Baltic Sea suggests that here the benthic foragers (with 

a δ15N of ~17‰) may be foraging on benthopelagic smelt [16]. Conversely, those with a lower δ15N 

(12-14‰) may consuming pelagic herring and sprat [16]. These differences in δ15N values of about 

~4‰ from a benthic to pelagic diet align with the highest and lowest predicted values for our Finnish 

population (Figure 5.1). Thus, while geographic differences in study site led to prospective differences 

in isotope signatures, our data also lend support to different foraging behaviours being reflective of 

the importance of benthic and pelagic prey in the diet of an individual. 

The populations in this study showed different levels of variation in the proportion of benthic vs 

pelagic dives, with Finland showing the largest range (Figure 5.1 & 5.2). This is indicative of individuals 

showing preferences to certain foraging strategies, with IDZ values closer to one and zero showing a 

strong preference for benthic and pelagic foraging, respectively. Conversely, within the Iceland 

population, the range was small, with proportions of IDZ dives largely centred on 0.5, suggesting more 

intra-individual flexibility in foraging strategy within and/or between bouts (Supplementary Figure 

5.1). Previous work on RTDs isotope signatures and diet in the Baltic Sea has revealed largely pelagic 

diets of individuals [16]. Although our work is not able to directly describe the diets of individuals, we 

are able to suggest that benthic foraging constitutes a significant part of the diet of some individuals 

during the moult period (Figure 5.1). This suggests individuals can show a preference for either 

benthic or pelagic foraging where both options are available. Among specialist foraging species, which 

do not forage on multiple different prey sources or habitats, we would expect less variation of 

isotopes within populations from a particular foraging location [32, 33]. For these species, it is less 

likely that individual foraging strategies could be determined from isotope signatures. In this context, 

the work carried out here could also allow for an understanding of the width of prey diversity a 

species is eating, based on intra-population differences in stable isotopic signatures [34].   

Our results indicate that using either a secondary flight or secondary covert feather for the purpose of 

linking foraging behaviour to stable isotope values is possible. This corroborates our previous study 

that showed these two feather types both had relatively even power in predicting the moult location 

of individuals [26]. This similarity between feather types is likely caused by both feathers being grown 

simultaneously, so the same food sources are being integrated into both feather types. In this 

context, future studies should sample only secondary covert feathers, as the loss of these feathers will 

further reduce any small potential for a fitness cost, as they play a lesser role in flight. This will likely 

be the case in all marine birds which undergo a seasonal synchronous moult of flight feathers, where 

secondary coverts and flight feathers are grown near-simultaneously [35, 36].  



101 

 

Bulk isotope analysis does however have limits, as without an understanding of the spatial and 

temporal baseline isotopic baseline, accurate conclusions on the exact trophic level preyed upon by 

the consumer cannot be drawn [37]. While looking at the isotope signatures of lower trophic levels at 

the bottom of the food web is one way to solve this issue, other methods have been developed which 

do not necessarily require this additional sampling effort. In this regard, compound specific SIA allows 

for comparison of different amino acids which are integrated at different rates across trophic levels, 

allowing for more detailed investigation albeit at orders of magnitude greater financial costs, which 

currently limit their application [38, 39]. Additionally, while the results here show a strong relationship 

between δ15N and IDZ dives, changes in isotope signatures can also be linked to many other 

environmental factors, such as urbanization, agricultural runoff, freshwater inputs and other natural 

variations [40, 41]. Gathering data to fully identify the links between foraging strategy and habitat, 

while still using bulk isotope analysis, would require high resolution location data and prey 

consumption, as in other studies [3, 42]. 

In conclusion, we identified a relationship between a foraging metric and the stable isotope 

signatures of individuals. The relationships identified varied both within and between populations. 

This firstly indicates that intra-population variation in habitat use and foraging strategy can be 

quantified with isotope signatures, though the relationship and baseline isotope signatures must first 

be determined for a population. These results indicate future use of stable isotope analysis for 

quantifying foraging behaviour, in species where the relationship has been calibrated, is possible. This 

will allow for assessing the importance of habitat types and prey species to specific populations. We 

also propose this method could be used for other generalist foraging species marine bird, where 

differing habitat use can be used to apportion the effects of habitat-specific stress to populations for 

species and times of year that are hard to study. 
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Abstract 

The non-breeding period is the least understood part of the annual cycle for many long lived 

seasonally reproducing animals. Quantifying the behaviour and energetics of a species during this 

crucial period allows for a more nuanced understanding of how that species may respond to 

additional stresses. Specifically, knowledge of how behaviour and energetics vary across spatial and 

temporal scales can aid in understanding the range of strategies a species can use to adapt. Here, we 

used archival data loggers to record the behaviour budgets of red-throated divers (Gavia stellata, 

RTD) at the start of the non-breeding season (mid-August to mid-December), when this species is 

known to be sensitive to offshore wind developments. We then estimated daily energy expenditure 

(DEE) through time. This was used to explore the consequences of contrasting behaviour and 

energetic strategies from populations originating from breeding grounds in Finland, Iceland and 

Scotland, where individuals are migratory, resident and partially migratory, respectively. We found 

that DEE increased as the non-breeding season progressed for RTDs originating from breeding sites in 

Finland and Iceland but decreased for birds from Scotland. For RTDs from Iceland, which had the 

highest DEE, this increase is likely driven by increased costs of thermoregulation. For birds from 

Finland, the increase was driven by a change in behaviour. Behaviour budgets also varied through 

time, with birds from Finland showing the most temporal variation. These results begin to reveal 

divergent survival strategies for geographically separated populations and suggest strategies can 

change temporally, with links to different migration strategies. 
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Introduction  

The non-breeding period is the least understood part of the annual cycle for many long lived 

seasonally reproducing animals (Marra et al. 2015a). During this time, the primary aim of individuals is 

to survive and optimize their physical condition prior to the next breeding season (Salewski and 

Bruderer 2007). For those that do survive, there may be carryover effects that impact future breeding 

success as a result of their experiences during the non-breeding season (Fayet et al. 2016b; Norris 

2005). Strategies to deal with the often-challenging conditions of the non-breeding season can vary 

between species, populations and individuals (Arizaga et al. 2012; Dinkins et al. 2017). One such 

strategy is to leave the breeding area during the non-breeding season and migrate, defined as the 

seasonal relocation of an animal which typically occurs at a scale greater than daily movements 

(Dingle and Drake 2007). Migrations allow animals to move between areas following seasonal changes 

in the availability and use of food resources (Jessopp et al. 2013; Southwood 1962). Divergent 

strategies between individuals and populations for migration have been linked to changes in 

competition (Lamb et al. 2017), age (Péron and Grémillet 2013) and a suite of other factors (Phillips et 

al. 2017). Regardless of migratory tendency, differing conditions experienced geographically and 

temporally during the non-breeding period can lead to some individuals or populations experiencing 

disproportionate amounts of stress (Marra and Holberton 1998). Indeed, while it is acknowledged 

that there are often fitness differences between resident and migrant populations (Buchan et al. 

2020), we lack a mechanistic understanding of why such differences persist. Furthermore, quantifying 

our understanding of the consequences of variation in migratory strategy within a species also has 

important implications for predicting how populations and species might respond to environmental 

stressors (Reid et al. 2018).  However, monitoring and assessing the potential costs and benefits of 

these differences in strategy can be difficult without a quantifiable method of examination. 

Physiological energetics is the study of energy gain and loss at an organism level (Brett and Groves 

1970). Broadly, this approach examines the energy expenditure and intake of individuals using a 

mixture of knowledge drawn from the ecology and physiology of a species (Brett and Groves 1970; 

Cooke et al. 2013; Dunn et al. 2020). This knowledge can then be applied, using the principle of 

physiological energetics, to effectively quantify the costs of existence, through examination of an 

energy budget (Anthony et al. 2009; Clausen et al. 2013; Dunn et al. 2018). Approaching problems in 

this way allows investigators to explore the specific energy costs and benefits (in terms of individual 

and/or reproductive fitness), temporally and spatially (Fort et al. 2013), which can then be used to 

assess the impact on demographic rates (Anthony et al. 2009; Czapanskiy et al. 2021; Fitzgerald-

Dehoog et al. 2012). Innovations in biotelemetry have made it possible to obtain the necessary 

information, such as behavioural budgets, for the annual cycle of many avian species, including those 
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species which are otherwise hard to observe (Rutz and Hays 2009; Yoda 2019). Physiological 

energetics thus has great potential to further our understanding of the costs, benefits and variation of 

different non-breeding season migratory, behavioural and energetic strategies observed in natural 

populations. This insight thus far has been limited primarily to single population studies (Kubetzki et 

al. 2009; White et al. 2013), which have suggested equal benefits of different migration strategies 

within a population (Pelletier et al. 2020). However, physiological energetics also has the potential to 

help us understand how variation in migratory strategy among populations might be maintained, 

though very few studies (Fayet et al. 2017) have attempted to address this. 

Red-throated divers (RTDs; Gavia stellata) are a northerly distributed bird in the order Gaviiformes, 

which are a family of generalist foragers (Guse et al. 2009; Jackson 2003; Kleinschmidt et al. 2019), 

highly adapted for aquatic environments (Gayk et al. 2018). During the breeding season RTDs nest 

next to freshwater lakes and then generally move into the marine environment during the non-

breeding season (Duckworth et al. 2020; McCloskey et al. 2018). Knowledge on the behaviour of RTDs 

during the non-breeding season, beyond locations used (Dorsch et al. 2019; Duckworth et al. 2022; 

McCloskey et al. 2018; O’Brien et al. 2012), is relatively sparse. However, recent work on the 

movements of RTDs has revealed individuals breeding in some parts of this species’ range remain 

largely resident, while at other parts of the range all individuals migrate once breeding has finished 

(Dorsch et al. 2019; Duckworth et al. 2022; McCloskey et al. 2018). There are also sites that exhibit 

partial migration, with some individuals migrating while others remain in the same area used during 

the breeding season (Duckworth et al. 2022). This exposes different populations of RTDs to a diverse 

range of locations and habitats, during the non-breeding season, with consequent diversity of 

environmental conditions experienced. In particular, water temperature, prey differences and 

associated thermoregulatory challenges are likely to be important for animals when fully aquatic (Fort 

et al. 2009). This makes RTDs a useful study species to quantify the consequences of variation 

between populations in non-breeding season strategies, via the application of physiological energetics 

to estimate the energy expenditure and/or intake of individuals (Braithwaite et al. 2015; Dunn et al. 

2020). Gaining understanding of behaviour and energetics in the non-breeding season is important, as 

anthropogenic activities have caused some migrating RTDs to experience large-scale redistribution, 

away from the vicinity of offshore windfarms (Furness et al. 2013; Heinänen et al. 2020; Mendel et al. 

2019), although the energetic and demographic consequences of this displacement effect is 

unknown. 

In this study we looked at three populations of RTDs, breeding in Finland, Scotland and Iceland, which 

are migratory, partially migratory and non-migratory, respectively (Duckworth et al. 2022). Previous 

work has shown that RTDs from Finland move through the Baltic Sea into the North Sea. RTDs 
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breeding in Scotland either remain resident around Orkney and Shetland or migrate a short distance 

to north Ireland or the east coast of Scotland and RTDs from Iceland remain resident, off the north 

coast of Iceland (Duckworth et al. 2022). While this behaviour means that some individuals from 

these breeding populations may diverge spatially during the non-breeding season, here we will refer 

to each of the three sites studied by their breeding population location, as this grouping largely 

reflects different non-breeding season migratory strategies. Our aim was to make one of the first 

assessments of the energetic costs and benefits of variation in non-breeding season strategies among 

populations. This was achieved primarily through the creation of a physiological energetics model, 

using a combination of data obtained from archival data loggers and metabolic scaling equations. This 

enabled us to determine time and energy expended each day on key behaviours and the daily 

energetic expenditure (DEE) of individuals through time during the first four months of their non-

breeding season. Looking across our three populations with different non-breeding season strategies, 

our objectives were to examine: (1) Whether the behaviour budgets vary with time and between 

populations and how these drive DEE, (2) Whether DEE and foraging efficiency changes over time and 

among the populations, and (3) To what extent the energy expended on thermoregulation drives DEE 

changes (Moe et al. 2021). We hypothesised that while behaviour and associated costs and benefits 

in terms of foraging efficiency may vary temporally and between populations, the overall mass 

specific DEE would be similar across populations, consistent with single-population studies of inter-

individual variability (Pelletier et al. 2020). 

 

Methods 

Logger deployment 

From May to July in 2018 and 2019, RTDs were caught at nesting sites across southern Finland (31 in 

2018, 10 in 2019), the Orkney and Shetland archipelagos, in northern Scotland (31 in 2018, 11 in 

2019) and north-eastern Iceland (12 in 2018, 12 in 2019). Birds were caught using nest traps, mist 

nets or walk-in traps (O’Brien et al. 2018). Time-depth recorders (TDR; Cefas G5 Standard TDR, 

dimensions: 8 mm x 31 mm, weight: 2.7 g) and light-based geolocators (GLS; Biotrack MK4083 

Geolocator, dimensions: 17 mm x 10 mm x 6.5 mm, weight: 1.8 g) were attached, one to each leg, of 

each captured RTD. The combined weight of both tags was <0.5% of the weight of the lightest RTD. In 

total 42 birds were recaptured (27 in 2019 and 15 in 2020), using the same capture methods 

mentioned previously. After accounting for tag loss and failures and redeployment of tags, we were 

left with data from a total of 24 non-breeding periods with functioning GLS and TDR tags (11, 5 and 8 

from Finland, Scotland and Iceland, respectively), across 21 individuals (9, 5, and 7 from Finland, 
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Scotland and Iceland, respectively). Using mixed effects models accounting for individual identity, we 

found no difference in either time spent foraging or diving metrics between the two years in 

preliminary analyses, so given the relatively small sample sizes we pooled individuals across both 

years for subsequent formal analyses.  

Behaviour classification 

TDR tags recorded dive depth every six seconds and temperature every 10 minutes on every fifth day 

to extend the period of data collection. The GLS tags recorded light data, used to infer location, and 

conductivity data summarised at 10 minute intervals, giving the proportion of time the tag was 

submerged in saltwater (given as a range from 0-200, where 200 represented the whole 10-minute 

period being submerged). TDR and GLS tags were always deployed on different legs, so leg tucking 

behaviour, indicative of rest periods, could be determined separately for each leg. Data from the TDR 

and GLS data were processed following the same methodology as Duckworth et al. (2021). Previously 

published location data (Duckworth et al. 2022) was used to define night and day through the study 

period for each individual. Body mass and wing length were also measured for each individual on 

deployment of tags. 

The data with the coarsest temporal resolution was temperature and immersion, for which a single 

reading and a proportion of time immersed every 10 minutes were recorded, respectively. Therefore, 

behaviour was assessed at a resolution of 10 minutes. Consequently, for each individual every fifth 

day, we had 144 10-minute recordings of: proportion of time in salt water, TDR temperature and 

number of dives. 

Additionally, we calculated the daily average sea temperature (ST) experienced each day by each bird 

by extracting any temperature recordings that occurred within one minute of a dive and calculating a 

daily mean. This allowed us to calculate the relative (√𝑆𝑇 − 𝑇𝐷𝑅 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
2

) and absolute 

difference (𝑆𝑇 − 𝑇𝐷𝑅 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) between the daily ST and TDR temperature for each 10-minute 

period. These values are used in subsequent behaviour classification steps to determine whether the 

TDR tag (leg) was either in or out of the water. 

In an initial classification stage, each 10-minute period was defined as either: resting, active on water, 

swimming or flight using a decision tree (Figure 6.1). Resting behaviour occurred when at least one 

leg was tucked in the plumage (high TDR temperature or no saltwater immersion), indicating that the 

bird was not moving or undertaking any other active behaviours. This is detected by the temperature 

of the TDR tag along with saltwater immersion, with either one of the sensors showing a leg out of the 

water and the other showing a sensor as in the water. While this may not encapsulate all resting 
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behaviours, it defines the least energy intensive period of resting behaviour. Active on water 

behaviour was detected when the bird had an intermediate value for the proportion of time spent in 

water, but was not leg tucking (resting). This means the TDR tag recorded the ST and the GLS tag 

recorded intermediate saltwater immersion (i.e., a value between 10-190). For example, this type of 

behaviour and immersion pattern can be observed during preening, when birds turn on their sides 

and expose one leg while preening body feathers, interacting with conspecifics or foot-waggling 

(Paruk 2009). Active on water can also be seen as a transition between other behaviours or other 

various behaviours that can lead to the leg leaving the water. Swimming was defined as a time when 

the TDR tag recorded a relative temperature within 1°C of the daily ST and the GLS tag was in salt 

water for the majority of the period (Figure 6.1). This period may also encapsulate some resting 

periods when individuals are unable to tuck their legs, however, this is likely to be in cases of 

turbulent sea, when additional support and energy is needed to remain afloat upright. Periods were 

classified into flight when the GLS tag recorded less than 95% of the period immersed and the TDR tag 

recorded a relative temperature difference exceeding 1 °C from the ST. Flight was also constrained to 

only happen during daylight hours, when the sun was greater than -12 degrees above the horizon as 

previous studies suggest divers do not fly during the night (Paruk 2008). While this definition will be 

unable to detect flight when air temperatures match ST, this was the only method available to detect 

flight given the resolution of available data. Definitions and cut-off criteria for metrics defining each 

behaviour were informed through initial clustering (k-means), visual inspection of histograms and 

values derived for other species using similar approaches (Christensen-Dalsgaard et al. 2018; 

McKnight et al. 2011).  

  



115 

 

 

  

FIGURE 6.1 DECISION TREE FOR BEHAVIOUR CLASSIFICATION OF BEHAVIUOUR IN RTD 

Decision tree to classify each 10-minute period of each sample day into one of four behaviours 

in an initial classification stage. Foraging behaviour was defined at a resolution of 6 seconds 

independently of this process using data from only the TDR devices. The calculated time spent 

foraging was subtracted from the estimated time spent swimming and active on water, 

proportionally, as the large majority of foraging behaviour (81%) was found to occur when 

swimming or active on water (19%). 𝑇𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 represents the actual difference in temperature 

observed in the 10-minute period compared to the sea temperature. 𝑇𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒  is the square 

root of the squared difference between the observed temperature and sea temperature. Wet 
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is a number ranging from 0-200 representing the amount of time the GLS tag spent 

submerged in saltwater. Time is a binary operator as either “day” or “night”. The category 

“Both tucked” is unlikely to be when both legs are tucked, but rather a transition between 

different legs being tucked or resting and another behaviour. Active on water behaviour 

includes all times where the TDR showed a temperature related to being in water and the GLS 

showed intermediate time submerged. Intervals are presented by behaviour rather than site in 

Supplementary Materials 4.  

  



117 

 

A further classification was made at a higher resolution to identify foraging and diving behaviour. 

Diving behaviour was classified as any 6-second interval where the pressure sensor recorded depth 

greater than one metre. Foraging behaviour was defined as periods where at least 3 dives occurred 

within 66 seconds of each other, following previous definitions of foraging bouts in RTDs (Duckworth 

et al. 2021). Therefore, foraging behaviour included diving and dive-pause intervals. Dives outside of 

these foraging bouts were generally isolated and shallow and are likely associated with other 

behaviours or initial exploration of a potential foraging area. We found that 90% of foraging 

behaviour occurred during time defined as swimming behaviour in the initial classification stage while 

the other 10% occurred during the active on water behaviour. We therefore subtracted 90% and 10% 

of the daily time spent foraging from the swimming and active on water behaviour classifications, 

respectively. This ensured the sum of the time spent in all five main behaviours (resting, active on 

water, swimming, flight, foraging) was 24 hours, despite the difference in classification resolution.  

The criteria to determine the end of the breeding season was defined as the GLS detecting at least 

45% of the time immersed in saltwater for 5 continuous days (Duckworth et al. 2021). This criterion 

failed to exclude two days from one individual where recordings suggested an individual was present 

on freshwater after commencement of the non-breeding period, which were removed manually. In all 

cases, logger failure occurred before any detectable return to breeding grounds, ranging from 10th 

September to 15th March (mean duration = 92 days). 

Energetic modelling 

As empirical data on three key physiological metrics (basal metabolic rate (BMR), thermal 

conductance (TC) and lower thermal limit (LTL)) were unavailable for RTDs, we estimated these values 

using allometric scaling equations for physiologically and behaviourally similar groups of species. For 

all estimates, body mass was taken from the instance that the diver was caught in the summer and is 

assumed to be constant through the study period. This assumption may be violated if individuals aim 

to gain or lose mass through the study period, but other energetic models have made broadly similar 

assumptions (Dunn et al. 2022) . There is also evidence that, at least within a season, RTD mass varies 

minimally (O'Brien et al. 2020). 

BMR was derived from the mean of estimates from two allometric scaling equations for sea ducks 

(Equation 1a; McKinney and McWilliams (2005)) and seabirds (Equation 1b; Ellis and Gabrielsen 

(2002)). The mean difference in the estimates from these two equations across all days and 

individuals was 17 +- 6.2 kJ, which accounts for less than 3% variation in the calculated BMR. Equation 

1a was originally given in units ml O2 h-1 and the equation includes the necessary components to 
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convert this to kJ h-1, Equation 1b gave BMR as kJ day-1 in the original paper but is presented here as 

kJ h-1. 

 

Equation 1𝑎.    𝐵𝑀𝑅 = (((4.05 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠0.79)/1000) ∗ 18.8) 

Equation 1𝑏.   𝐵𝑀𝑅 = (3.201 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠0.719)/24 

 

Thermal conductance (TC, kJ h-1 kg-1 ℃-1) was estimated from an equation for a diverse range of 

aquatic avian species, including a RTD (de Vries and van Eerden Mennobart 1995) for three states: 

fully submerged in water (Equation 2a), partially submerged in water (Equation 2b) and out of water 

(Equation 2c). Also, the study found that sex and age class did not affect the relationship between 

body mass and TC, meaning this equation is robust when applied to individuals of unknown sex 

and/or age. 

 

Equation 2𝑎.   𝑇𝐶𝑑𝑖𝑣𝑖𝑛𝑔 = 3.47 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.573 

Equation 2𝑏.    𝑇𝐶𝑤𝑎𝑡𝑒𝑟 = 1.532 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.546 

Equation 2𝑐.    𝑇𝐶𝑎𝑖𝑟 = 0.705 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.461 

 

Equation 3 shows the lower critical temperature (LCT), which represents the temperature below 

which there becomes an additional cost of thermoregulation (Kendeigh et al. 1977; McKinney and 

McWilliams 2005). Equation 3 shows that with increasing body size the LCT decreases. 

 

Equation 3.    𝐿𝐶𝑇 = 47.2 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.18 

 

Work by McKinney and McWilliams (2005) on Buffleheads (Bucephala albeola) summarised suitable 

BMR multipliers for 10 distinct behaviours from a range of studies across several waterfowl species. 

Here, we used values for the five behaviours classified for RTDs in our study: resting, active on water, 

swimming, flight, foraging, which can be seen in Equation 4a. We looked across the literature to see 

whether these BMR multiplier values were consistent with other large or foot-propelled marine diving 

birds, like cormorants (Enstipp et al. 2006; Gremillet et al. 2003), and found that the values are largely 
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consistent for the chosen behaviours (Heath and Gilchrist 2010). To get a value for the energy an 

individual expends on a given behaviour per day, we multiplied the time, in hours, spent in that 

behaviour state with the individual’s BMR and the behaviour specific BMR multiplier. This gave us the 

behaviour-specific energy expenditure in kJ, for each day, the sum for all behaviours then provided us 

with the daily energy expenditure for behaviours (DEEB) in kJ (Equation 4a). Equations 1 - 3 are 

metabolic scaling equations, where fixed values, shown numerically above, represent constants. 

To calculate the additional daily energetic expenditure on thermoregulation (DEET), we summed the 

time spent in either fully or partially submerged in water (Equation 4b).  The equation was used to 

calculate heat loss when the RTDs were classed as partially in water, when 𝑇𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟 was the sum of 

time spent: resting, active on water swimming, and inter-dive periods (foraging time minus diving 

time). Additionally, heat loss when fully submerged was calculated where 𝑇𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟 was when 

individuals showed diving behaviour. This additional expenditure was only calculated when the ST on 

a given day was lower than the LCT. Outside of the breeding season, divers are only ever out of water 

when in flight behaviour (Cramp 1977), during which time LCT is unlikely to be relevant, due to the 

high energy cost and heat production of flight (Guillemette et al. 2016). The sum of values DEEB and 

DEET (where relevant) gave the daily energy expenditure (DEE).  

Using these three metrics and the previous behaviour classifications and BMR multipliers we created 

Equation 4 to calculate the daily energy expenditure (DEE) for every bird on each day recording 

occurred. On cases where the sea temperature is below the LCT, then the solution to equation 4b is 

added to that of 4a, while when this is not the case, equation 4a alone gives the DEE. 

 

Equation 4𝑎.  𝐷𝐸𝐸𝐵 =  (𝑇𝑅𝑒𝑠𝑡𝑖𝑛𝑔 ∗ (𝐵𝑀𝑅 ∗ 1.4)) + (𝑇𝐴𝑐𝑡𝑖𝑣𝑒 𝑜𝑛 𝑤𝑎𝑡𝑒𝑟  ∗ (𝐵𝑀𝑅 ∗ 1.9)) +

(𝑇𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔  ∗ (𝐵𝑀𝑅 ∗ 3.5)) + (𝑇𝐹𝑙𝑦𝑖𝑛𝑔 ∗ (𝐵𝑀𝑅 ∗ 12.5) ) + (𝑇𝐹𝑜𝑟𝑎𝑔𝑖𝑛𝑔 ∗ (𝐵𝑀𝑅 ∗ 5.1))  

Equation 4𝑏.  𝐷𝐸𝐸𝑇  =  𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠 ∗  ∆𝑡 ∗  𝑇𝑏𝑒ℎ𝑎𝑣𝑖𝑜𝑢𝑟  ∗  𝑇𝐶 

 

To check the robustness of the decision tree to errors in assumptions, we carried out a sensitivity 

analysis. The two groups with the most uncertain classifications were: flight and resting behaviour, 

while the other groups are generated using previously established and tested methods. The two 

parameters that divided these behaviours are the relative and absolute temperature cut-offs. The cut-

offs of these two metrics were varied by 50%, 75%, 125%, 150% and 200% and then behaviour 

classification was carried out again to assess whether this led to vastly different behaviour budgets. 
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Each parameter was varied in turn. Results of these analysis can be found in Supplementary Materials 

1 and suggested that the cut-off values were robust, leading to only small changes in behaviour 

classification with minimal consequences for DEE that are acceptable for a comparative study such as 

this one. 

Key methodological assumptions 

Several key assumptions have been made in order to derive the final behaviour budgets, DEE and 

DEET values. Firstly, BMR, thermal conductance and lower critical temperature are all based on 

allometric scaling equations, meaning the values do not include any species-specific adaptations, 

which could lead to small changes in these rates from broader relationships. Secondly, behaviour 

classifications and the associated cut-offs used here to define behaviours are novel and derived from 

the data alone rather than validated with observations. While this is a commonplace practice 

(Buckingham et al. 2022; Dunn et al. 2022), it is important to accept that the true behaviour budget of 

individuals is not completely described. We have attempted to show the methods are viable using 

sensitivity analysis and demonstrate that changes in the parameters cause small changes to final 

classifications. Finally, the BMR multipliers for the costs of behaviours are not species specific, as 

these values are not known for RTDs. We instead based these rates on a paper exploring the 

behaviour of ducks confirmed by similar studies of other foot propelled diving birds. We felt these 

provided the most relevant rates, as like the RTD, the species is a foot-propelled diver that rarely 

dives to depth over 15 metres and in general, the exact energy requirement of a behaviour is likely 

influenced by many external and internal factors. For this reason, we strongly encourage work to 

determine the behaviour specific costs for Gaviidae and other species the subject of future similar 

studies. Overall, we propose that these assumptions form the best available current estimates to 

explore RTD behaviour and energetics and are appropriate for a comparative study such as this one. 

This can be further justified by the pressing need for an understanding of avian energetics in the 

context of offshore anthropogenic activities (Dierschke et al. 2017).  

Analysis 

We first looked at site level differences in body mass and wing length to both uncover any population 

level differences and to assess whether differences in DEE could be attributed to variation in 

morphology across sites. This analysis is detailed in Supplementary Materials 2 and revealed that 

while RTDs from Finland were larger and heavier than those from Scotland and Iceland, there was no 

difference in the relationship between wing length and body mass, suggesting that differences in 

mass were due to differences in structural size of the body. DEE and DEET were then analysed as KJ 
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per unit body mass to the power of the average scaling exponent from Equation 1 (Mass0.7545) 

throughout. 

To model the changes in DEE and behaviour through time for the RTDs originating from the three 

breeding sites, we created a set of candidate models. In order to accommodate the non-linear 

seasonal changes through time we opted to use Generalised Additive Mixed Effect Models (GAMMs) 

to capture as much of this variation with time as possible, where a smooth function was used on the 

fixed effect representing time. GAMM smoothers were constrained to four knots to prevent 

overfitting of the data (Phillips et al. 2021). The full set of covariates can be found in Supplementary 

Materials 3. Broadly, models included combinations of the covariates of site and time, along with their 

interactions both with each other and allowing the smoothing factor for time to vary by site. All 

models included bird ID as a random effect. The same modelling framework and candidate model set 

were applied for response variables of DEE, DEET and time spent: resting, active on water, swimming, 

flying and foraging. Candidate models for all response variables were ranked using Akaike's 

information criteria corrected for small sample sizes (AICc) (Johnson and Omland 2004), where the 

final model was the most parsimonious model within 2 ΔAICc units of the best fitting model (Arnold 

2010). Any post hoc tests to find group level differences were carried out using a Tukey post-hoc test. 

Finally, foraging efficiency is presented by dividing the DEE (accounting for body mass) by the 

predicted time spent foraging. In the absence of data on energy store deposition and usage in the 

form of body mass from free-ranging non-breeding RTDs, this method assumes that on each day, 

birds will match their energy intake and expenditure (White et al. 2013). Estimates and standard 

errors for the foraging efficiency are derived from the best fitting DEE and foraging time models. 

GAMMs were fitted with gamm4 (Wood and Scheipl 2020) and linear mixed effect models were fitted 

with lme4 (Bates et al. 2015). All analyses were performed with R software (R Core Team 2020). 

 

Results 

There were some notable differences in the temporal pattern of time allocation to the five behaviours 

between sites. All models included some element of time in the best fitting model with a smoothing 

factor, except flight, for which time was a linear predictor. All behaviours except active on water and 

resting also included site as a fixed effect and as an interaction between site and time. Figure 6.2 

shows the estimated behaviour budget of RTDs from three populations predicted from the best fitting 

GAMMs and GLMM. The full set of final models for each of these behaviours can be seen in 

Supplementary Materials 3. 
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RTDs from Finland increase then decrease their time spent swimming, at the expense of time spent 

foraging, which first increases then decreases (Figure 6.2). RTDs from Iceland and Scotland show a 

similar pattern of little change in their time spent swimming and overall are more similar to each 

other in their behaviour budgets than to Finland. All three populations increased their time allocated 

to resting through the early winter study period and reduce their time active on water. Flight was 

rarely detected across the study period, with a maximum of 24 (SE: 0.08) minutes per day in August at 

the start of the study period in Scotland. This is largely consistent with most other studies of aquatic 

birds with a high cost of flight (Gremillet et al. 2003). However, it is likely that our fifth day sampling 

regime has led to us being unable to detect enough migratory flights for them to appear in our final 

models. 

The best fitting model for DEE through the study period, accounting for body mass, contained a fixed 

effect for time and site as well as an interaction term between these two covariates, but did not 

include any smoothing factor (Figure 6.3). Predicted DEE for Finland increased through the non-

breeding season to a maximum of 1271 KJ/kg07545 (SE=43) in late December from a minimum of 1146 

KJ/kg07545 (SE=39) in mid-August. Meanwhile, birds from Scotland showed a small decrease in DEE as 

time progressed through the observed period, with the model predicting the highest cost of 1176 

KJ/kg07545 (SE=53) in August and the lowest value of 1130 KJ/kg07545 (SE = 57) in December (Figure 6.3). 

Iceland RTDs showed the biggest change with an increase in DEE, to a maximum of 1482 KJ/kg07545 

(SE=42) from a minimum of 1270 KJ/kg07545 across the period (SE=44) (Figure 6.3). 

Birds from Scotland showed a low level of variation in foraging efficiency, with the mean value ranging 

from 322 – 344 KJ/kg07545 h-1 (Figure 6.4). RTDs from Iceland and Finland showed a higher variability, 

with Finland having a peak foraging efficiency of 563 KJ/kg07545 h-1 (SE: 104) at the end of September 

and Iceland having a peak of 347 KJ/kg07545 h-1 (SE: 63) and 369 KJ/kg07545 h-1 (SE: 52) at the start and 

end of the study period, respectively. Iceland and Finland therefore reached peak foraging efficiency 

at different times during the study period. 

The best fitting model for DEET included site as a fixed effect along with time with a smoothing factor, 

where each site had a separate smoothing factor (Supplementary Materials 3 & 4). DEET was shown 

to be much higher in Iceland compared to Scotland and Finland throughout the duration of the study 

(Figure 6.5). The maximum cost of DEET for the Iceland population was 310 KJ/kg07545 (SE: 8.1), 

compared to 101 KJ/kg07545 (SE: 8.9) and 80 KJ/kg07545 (SE: 11.2) for Finland and Scotland, respectively. 

The cost also increased through the study period across all sites, but with a much greater increase 

experienced by the birds from Iceland (Figure 6.5).   
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FIGURE 6.2 BEHAVIOUR BUDGETS OF RTD POPULATIONS THROUGH TIME 

The amount of time spent in each of the five behaviours classified through the study period. 

Times in each behaviour are predicted from the best fitting models described in 

Supplementary Materials 3. The sum of predicted time in each of these behaviours predicted 

from did not equal 24 hours. Therefore, behaviour budgets are scaled, with the total time 

predicted across all activities per day, so they show the proportion of the day the RTDs were 

predicted to allocate to each behaviour. In descending order, the behaviours are: foraging 

(grey), resting (black), flying (red), active on water (blue) and swimming (purple). Raw data 

including fitted relationships and confidence   
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FIGURE 6.3 DAILY ENERGY EXPENDITURE OF RTDS ACROSS THE START OF THE WINTER PERIOD 

Output from the best fitting model, showing the DEE for each population of RTDs from the 

three sampled breeding locations. Finland, Scotland and Iceland, are shown in red, blue and 

green, respectively. Shaded areas outlined by dashed lines show the 95% confidence intervals. 

Grey shading and no shading represent changes in the month.  
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FIGURE 6.4 FORAGING EFFICIENCY OF RTD POPULATIONS THROUGH THE STUDY PERIOD 

Foraging efficiency of RTDs from Finland, Scotland & Iceland, shown in red, blue and green 

respectively. Dashed lines and shaded areas represent the standard error around the mean. 

Grey shading and no shading represent changes in the month.  
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FIGURE 6.5 COST OF THERMOREGULATION FOR RTD POPULATIONS THROUGH THE STUDY PERIOD 

Lines show the model output from the best fitting model of the daily energy expended on 

thermoregulation (DEET) per gram of adjusted mass for each sampled breeding location. 

Points show the observed values from the individuals. Finland, Scotland & Iceland shown in 

red, blue & green, respectively. Grey shading and no shading represent changes in the month.
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Discussion 
We aimed to establish the consequences of population differences in non-breeding season strategies, 

through behavioural decisions, and how these affect DEE. Overall, we revealed interacting spatial and 

temporal variation in DEE and the behaviour budgets of RTDs during the start of the non-breeding 

period. Birds originating from Iceland (resident) showed the highest DEE through the study period, 

driven by their high cost of DEET. Individuals from Finland and Iceland both exhibited an increase in 

DEE through the period, demonstrating the opposite trend to Scotland. However, Finland and 

Scotland had a similar DEE, especially at the start of the period. The most pronounced difference 

between the three populations was observed at the end of the study period. Across all populations 

there was some degree of temporal change in behaviour allocation, most likely driven by available 

daylight and variation in energetic demands. These behaviour changes drove the differences observed 

in DEE between Finland and Scotland, with the other main DEE cost, DEET, remaining low for both 

through the study. Foraging efficiency also varied across the study period, with Icelandic RTDs 

showing a marked difference, with the lowest foraging efficiency being in late October, while Finnish 

birds demonstrated their highest foraging efficiency in late September. These results provide not only 

the first systematic descriptions of RTD behaviour and energetics during this period, but give novel 

insight into inter-population variation across these metrics within a species more broadly. In 

particular, the differences in DEE observed between populations contrast with single-population 

studies (Kubetzki et al. 2009; White et al. 2013) and suggest that populations may vary in their 

sensitivity to environmental change acting during the non-breeding season.  

The differences in migration strategies across these populations doubtless plays a key role in driving 

the behaviour and energetic budgets of these populations. Migration decisions are generally driven by 

factors affecting survivability, like the food availability around the breeding location in the non-

breeding period (Chapman et al. 2011; Fayet et al. 2017). This difference in strategies was evidenced 

by all populations showing differences in either their DEE, DEET or behaviour budgets compared to 

the other two sites (Figure 6.2, 6.3 & 6.5). Similar to studies from single populations (Pelletier et al. 

2020), we reveal that more than one strategy is successful at enabling survival through the non-

breeding season and these divergent strategies may have evolved in response to differing 

environmental conditions (Desprez et al. 2018; Pereira et al. 2020). Nevertheless, the DEE of RTDs did 

vary between strategies and so this diversity might leave some populations more vulnerable to 

stochastic events (Fort et al. 2013; Marra et al. 2015b). In the short term, it could be possible to offset 

the costs and compensate for periods of low food availability through the storage of body fat (Biebach 

1996; Smith and Moore 2003). However, when the whole non-breeding period is considered, fat 

storage cannot compensate for the differences in total energy requirements between populations, 
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and hence different amounts of food required. The relative paucity of data available in this study 

precludes individual-level examination of the drivers of migration. However, there is evidently a high 

degree of individual variation in migration strategies, especially within the Scotland and Finland 

populations of RTDs, as these individuals show greater within-group differences in over-wintering 

movement (Duckworth et al. 2022). 

In each of the three populations, there were changes in behaviour budget time allocations across the 

study period. Birds originating from Finland showed a marked seasonal change in time spent foraging 

and swimming. These changes aligned with the presumed timings of the post-moult migration 

(Dorsch et al. 2019; Duckworth et al. 2020; Duckworth et al. 2022), which suggests foraging strategies 

and energy intake varied between the two areas where they spent most of their time during the first 

part of the non-breeding season (North Sea and Baltic Sea). Finnish RTDs increased their time 

swimming during October, when many individuals would presumably have been undergoing moult 

(Dorsch et al. 2019) in the Baltic Sea, and reduced their time spent swimming in the latter half of the 

study period. This could suggest that during the moulting period, birds from Finland needed to swim 

more often between geographically distinct foraging patches. Following migration, the birds then 

increased the time spent foraging, but swam less, suggesting either the use of fewer and/or less 

spatially segregated foraging areas on a daily basis (Cowie 1977; Yu et al. 2020), or that patch quality 

or prey type was different between the two locations (Sutton et al. 2021; Tessier and Bost 2020). The 

beginning of the non-breeding season for Finnish RTDs also showed the highest increase in foraging 

efficiency, suggesting prey may be more abundant or accessible during this time (Waggitt et al. 2018). 

However, what drives further subsequent migration made by the Finnish RTDs away from this 

apparently prey rich area, in the Baltic Sea, is currently unknown.  

Despite their contrasting migration strategy, RTDs originating from Finland and Scotland had the most 

similar DEE and DEET. Clearly, the lower DEET will have been the driving factor in keeping the DEE 

within these populations lower than Iceland. However, there is still a difference in the temporal 

change in DEE between the Finland and Scotland populations. This difference is driven by divergent 

behavioural decisions between the populations, such as Scottish RTDs showing little change in the 

time allocated to foraging, while Finnish RTDs increased their foraging time towards the end of the 

study period. Largely, this reflects an overall pattern of Scottish RTDs moving into lower energy 

activities, while Finland does the converse. The most parsimonious explanation for this is the 

difference in migratory strategies, with Finnish RTDs moving westward, which perhaps necessitates 

changes in behaviour budgets. Similar to RTDs from Finland, resident birds from Iceland showed an 

increase in DEE though the non-breeding period. However, this was driven by the increase in energy 

expended on thermoregulation, which was more than twice as expensive for Icelandic RTDs than for 
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Finnish or Scottish birds for most of the study period. The smaller body size and body mass of the 

birds over-wintering in Iceland (Supplementary Materials 2) reduces their resistance to cold 

conditions and seems counter-intuitive when compared to existing data and theory about latitude 

and body size distribution (Ashton 2002; Bergmann 1847). Currently, there is no hypothesis as to why 

this size difference exists, but future study on life history and diet differences between populations 

could help find an answer. 

Temporal constraints on behaviours seemed to play a large role in the behaviour budgets of the RTD. 

In this study, we found less than 1% of dives occurring during the night. This suggests RTDs are 

seemingly unable or extremely averse to foraging during night, with the small number of dives we 

observed being close to the twilight periods. Therefore, a degree of limitation is imposed during the 

long nights of winter when available time to forage is reduced (Daunt et al. 2006). There was no 

discernible difference in foraging time at night between the sites, despite Icelandic birds experiencing 

the greatest amount of night by the end of the study. The increase in time resting is displayed by birds 

at all sites and was closely correlated with the duration of darkness, i.e. night a population 

experienced and the consequent reduction in available daylight for foraging and other activities which 

may be more efficient in the day (Indykiewicz et al. 2021). 

The difficulty in detecting flight behaviour in the tagged RTDs illustrates the limitations of our study 

approach. In our study, we failed to capture any meaningful number of days with extended periods of 

flight behaviour, characteristic of migration. For the Finland population of RTD, this could potentially 

constitute a large cost that is missing from our estimates (McCloskey et al. 2018; Vincze et al. 2019). 

The average cost of flight for a RTD from our study would be 374 kJ h-1 and RTDs are estimated to 

have an average flight speed of around 77.9 km h-1 (Davis 1971; Norberg and Ulla Maria 1971). Given 

the ~1000 km migration distance from the Baltic Sea to the North Sea, the likely cost of this migration 

is 4800 kJ. The total energy expenditure of an individual from Finland across the study period is 

approximately 300,000 kJ (multiplying the mean DEE by length of the study period). Therefore, while 

the short-term costs of migration could be high (depending on the duration of migration), the total 

cost will have little effect on the total energy expenditure across the season, with the predicted cost 

of migration made by the RTDs from Finland being only 1.6% of this total energy expenditure. This 

value could also be subject to further uncertainty in the exact cost of flight, as in many species the 

cost is difficult to determine. For example, in black-necked grebes, estimates can range from a 

multiple of 12 to 30 of the BMR (Jehl 1994).  

The ability to reliably detect flight during the non-breeding period remains the greatest challenge 

when attempting to reconstruct behaviour budgets from limited biologging data for birds with high 
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flight costs and consequent brief flight duration (Dunn et al. 2022). The resolution of our data was at 

10 minute intervals so excludes any short flights that could occur. Additionally, a study on eider ducks 

(Somateria mollissima) has demonstrated bouts of flight are short (~15 minutes) when flight is 

expensive, in order to avoid overheating (Pelletier et al. 2008). While this study is unable to detect 

such flights, using the data we have generated as a baseline, it would be possible to project the 

energetic consequences of increased number of flights, e.g., due to anthropogenic activity, with the 

application of individual based models (Murphy et al. 2020). 

While our models provide novel insight into the ecology of RTDs, there are limitations which must be 

considered before interpreting these outputs in a wider context. For example, our foraging efficiency 

calculation assumes the energy expenditure on any day is roughly equal to the energy intake. 

However, as suggested, RTDs may be able to store excess energy intake as fat, so this assumption may 

be violated. The ability to store energy as fat varies between aquatic avian species (Dunn et al. 2019; 

Green et al. 2009). More sophisticated modelling allows this to be estimated (Dunn et al. 2022), but 

we currently lack sufficient data on red-throated divers to effectively parameterise such models. 

Despite this, there will still be some link between energy output and foraging time, as fat stores alone 

could not be sufficient to last the whole non-breeding season. However, as noted above, all the 

possible limitations in the current study would influence the different populations of divers in a 

consistent way, so our main findings on the links between survival strategy and energy expenditure 

and the differences in these between populations remain robust.  

Changes in the demands of wintering individuals and populations exposes them to differential levels 

of susceptibility to additional stressors. Previous research has shown through changes in individual 

behaviour how some overwinter strategies lead to lower levels of capacity to deal with such stressors 

(Buchan et al. 2020; Fayet et al. 2016a). The present study presents important preliminary evidence 

suggesting the capacity of RTDs to accommodate stressors is unlikely to be equal across populations 

(Phillips et al. 2017). With their higher DEE and lower number of daylight hours, RTDs in Iceland are 

potentially most vulnerable, however this population is unlikely to encounter many anthropogenic 

stressors. Alternatively, those from Finland are more likely to encounter an increasing amount of 

anthropogenic activity, in the North Sea and Baltic Sea, but seem to have some capacity to alter their 

behaviour budgets or increase DEE when compared to Iceland, provided sufficient food resources are 

available. Understanding the current behaviour and energy budgets will be crucial in understanding 

how future stressors can translate into changes to demographic rates (Czapanskiy et al. 2021) through 

predictive modelling (Murphy et al. 2020). 
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In summary, we created a physiological energetics model to derive DEE during the beginning of the 

winter for three populations of RTDs, with different non-breeding strategies. As well as providing a 

baseline understanding for the behaviours of RTDs across this period, we have shown how differences 

in energy budgets can occur based on the strategy used to survive this demanding over-winter period 

and the environmental conditions subsequently encountered. This has provided evidence to support 

the idea that winter survival strategies vary beyond just the decision to migrate or not, and have 

consequences that might also lead to differential susceptibility to environmental change. Tactics likely 

require daily decisions based on how to budget behaviour based on spatially and temporally varying 

environmental conditions and foraging opportunities. We have also shown how the cost of 

thermoregulation may be the most important factor in determining overall DEE. Furthermore, our 

work has shown that even for a species with relatively little empirical work on physiology, important 

conclusions on energy expenditure can still be drawn using remote sensing technologies and 

allometric scaling equations. Further work in this area will explore how environmental changes in 

their local environment could impact the behavioural budget and thus the DEE of RTDs and how this 

might be connected to survival, and to breeding success through carryover effects. 
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Abstract 
Assessing the impacts of anthropogenic activity and infrastructure on species and populations 

requires a robust framework capable of effectively simulating the responses of individuals. Individual 

based models (IBMs) provide an ideal approach where following parameterisation of individuals, 

additional stress based on theoretical impacts can be applied to simulated populations. Here, we 

develop an IBM framework to explore the effects of offshore wind farm construction and operation 

on survival, energetics and body mass of marine birds, focussing specifically on the non-breeding 

season when birds are free of central-place constraints. We used migratory red-throated divers 

(Gavia stellata) as a case study. To aid in generality, the two simulated effects of displacement are the 

loss of foraging habitat (expressed as reduced foraging efficiency) and the displacement behaviour 

itself, here demonstrated as additional flights. We found the model was able to complete a single 

simulation of 4000 divers for 120 days in less than 30 minutes on a standard desktop computer. On a 

cluster with 100 computers, 440 permutations of altered foraging efficiency and flight duration were 

completed in less than three hours. Foraging stress had the largest effect on survival, with a 50% 

reduction in foraging efficiency leading to a ~50% reduction of the population size. Values of foraging 

stress below 40% had little impact on mortality. We also showed effects of disturbance on both the 

chance of experiencing energetic stress and loss of body mass. Body mass was reduced even at lower 

levels of foraging stress, demonstrating that even low levels of disturbance could have impacts on 

demographic rates. The chance of energetic stress only began to increase at intermediate levels of 

foraging stress, but may impose additional stressors to populations beyond body mass and mortality. 

Generally, displacement flights had a much smaller effect, especially at lower values of foraging 

efficiency, as individuals were able to increase foraging time to compensate. This study provides one 

of the first IBMs to assess the effects of displacement during the non-breeding season of a seabird. 

We present this framework in the highly pressing case of the RTD, but demonstrate its capability for 

adaptation to any marine bird species. We also describe how this model can simulate the 

consequences of a range of threats beyond just displacement. 
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Introduction 
In recent years there have been huge developments in the use of Individual based models (IBM) to 

answer a wide range of ecological questions (Murphy et al. 2020, Reid et al. 2018). This is in part 

driven by the increased accessibility of analysis frameworks available to researchers (Grimm and 

Railsback 2005). The improved understanding of the application and developments of IBM has had 

the knock-on effect of making these models more accessible to the wider community, as it has led to 

software packages making development easier (Kazil et al. 2020, Bauer et al. 2017). Additionally, the 

improved understanding and availability of data on ecological systems has made parameterisation of 

models easier. This is possible due to a greater range of devices for measuring and/or monitoring 

previously obscured elements of the natural world, such as migrations (Buckingham et al. 2022) and 

inaccessible populations (Edney and Wood 2020). Through the application of IBM, we can now gain 

an understanding of how individuals, populations and species will respond to future stresses and 

quantify these effects in a plethora of ways (Warwick-Evans et al. 2018). Furthermore, the increasing 

accessibility of horizontal computing has played a key role in increasing the ability of researchers to 

deal with complex biological problems (Murphy et al. 2020, Pickles et al. 2021, Zhang et al. 2022). 

Without a horizontal computing framework, researchers would need to use huge amounts of time to 

allow their computations to run on isolated machines, which can limit the number of permutations 

and iterations that can be explored (Warwick-Evans et al. 2018). Additionally, creating models which 

work in a high throughput scenario can often move scientists out of languages they traditionally work 

in, such as R or Netlogo, and into other languages, such as Java, C++ or Matlab (Pickles et al. 2021, 

Zhang et al. 2022). Ultimately, IBMs have demonstrated a capability to provide a robust method to 

explore the consequences of a wide range of threats across a huge array of scientific fields (Murphy et 

al. 2020, Reid et al. 2018). 

For many species of birds occupying marine habitats, the non-breeding season can expose them to a 

wide range of evolving threats (Mazaris et al. 2019, Croxall et al. 2012). One of the more pressing 

issues in the marine environment is quantifying the threats of developments on populations to 

minimise the potential adverse impacts. Specifically, quantifying the effects of displacement from 

offshore wind farms for the most vulnerable and protected populations and species (Heinänen et al. 

2020, Kelsey et al. 2018, Furness et al. 2013). This evaluation is an important component in facilitating 

the construction of offshore wind farms to tackle both the ongoing energy crisis and threat of climate 

change (Berling and Surwillo 2022). Previously, many studies have focussed on quantifying the 

negative effects of wind farms by applying previously observed effects to future projects (e.g. Cleasby 

et al. 2015, Shaffer and Buhl 2016, Marques et al. 2021). However, this approach will not account for 

observed differences in demographic and behaviours across spatial scales (Chapter 6), which will 



144 

 

affect their ability to respond to additional pressures (Andersen et al. 2020). In order to integrate the 

differences in the capability to respond to threats, a robust predictive approach with an inherent 

ability to be parametrised on a by-individual or by-population basis is required (Piorkowski et al. 2012, 

Virtanen et al. 2022). To this end, an IBM provides an ideal modelling framework to address this 

challenge, as well as have the capacity to model a range of other threats (Warwick-Evans et al. 2018, 

McLane et al. 2011, Searle et al. 2018). For example, through modifying parameters for temperature 

and food availability, an IBM could concurrently test the effects of both ocean warming and reduced 

food availability on populations. 

Approaching IBMs from an energetics perspective can provide an inclusive and flexible approach for 

both the quantification of the inputs and the outcomes for individuals (Dierschke et al. 2017, Drewitt 

and Langston 2006, Searle et al. 2018). In terms of parametrising inputs, assigning energetic costs to 

behaviours and stresses provides an ideal method to quantify the cost of stresses in terms of changes 

to behaviour budgets and energy costs (Andersen et al. 2020, Bardsen et al. 2018). For the outputs, 

an energetics approach allows for body mass and long-term energetic stress to be explored, in 

addition to direct mortality. An energetics approach to modelling has previously proved successful in 

a range of other projects looking at disturbance, including in predicting the migrations of whales in 

the presence of anthropogenic pressure (Braithwaite et al. 2015). Additionally, an IBM has quantified 

the breeding season demographic consequences of displacement on guillemots, razorbills, puffins and 

kittiwakes (Searle et al. 2018). One of the more challenging aspects to creating energetics models is 

correctly parametrising the model and its constituent rates (e.g. Daunt et al. 2020). For many species 

these rates are well documented through studies explicitly linking behaviour to energetics (Dunn et al. 

2018, Ellis and Gabrielsen 2002). In species where such studies are deficient, using broader metabolic 

scaling equations derived from relationships across broad taxa groups could be used as a substitute 

(Dunn et al. 2018, Ellis and Gabrielsen 2002, Chapter 6). 

One of the species most frequently identified as being at risk of displacement from both offshore 

wind and shipping are red-throated divers (Gavia stellata; ‘RTD’), especially during the non-breeding 

period (Heinänen et al. 2020, Mendel et al. 2019). The extent of displacement in RTDs has been well 

quantified and studied with displacement occurring at distances of up to 20 km (Heinänen et al. 2020, 

Furness et al. 2013). This has led to concern over how future developments may impact both the 

fitness of individuals and whether adverse effects on individual fitness will translate into 

consequences for the demographic rates of populations (Daunt et al. 2020, Searle et al. 2018). 

Indeed, this has become a key concern for developers, as consent for construction of windfarms 

cannot be granted without evidence that the construction will have minimal impact on the 

environment (Natural England 2010). Perhaps more importantly, the protection of important 
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populations of RTDs must be considered, as both the marine realm (Mazaris et al. 2019) and marine 

birds continue to come under an increasing number of threats (Croxall et al. 2012). This increase leads 

to increasing baseline levels of stress that all species must deal with (Andersen et al. 2020, Bardsen et 

al. 2018). With this in mind, assessing how RTDs will respond to future development scenarios is vital 

to make data-driven decisions on future development (Dierschke et al. 2017) and ensure legal 

requirements to avoid affecting SPA populations are met (Black et al. 2015). 

Modelling the predicted consequences of disturbance in any species poses a difficult challenge, as 

often the process can be exceptionally “data intensive” in parameterisation (Robinson et al. 2007). 

Historically, there has been little information on the distributions and behaviour of marine birds, 

including RTDs, during the winter period. However, for RTDs, recent work has revealed insights into 

some of their over-winter behaviours (Duckworth et al. 2022, Kleinschmidt et al. 2022). Furthermore, 

across seabird species, we are increasing our insights into the behaviour budgets of marine birds 

during the winter months (Buckingham et al. 2023, Dunn et al. 2020, Patterson et al. 2022). This 

information provides us context on both the environmental conditions and behaviour strategies 

deployed by these birds. Using this information, it becomes possible to project future scenarios of 

development and impose the estimated disturbance costs on individuals and populations. 

Traditionally, a wide range of other physiology-related parameters would be necessary to produce 

energetic models for a species. However, by using allometric equations to estimate these parameters, 

any species can have their daily energy budget estimated, given some knowledge on behaviour 

(Chapter 6). In this regard, the RTD is an ideal species to test a novel IBM framework as they can 

demonstrate how energetic modelling is possible, even when many traditionally important 

parameters are unknown. 

Overall, this study aims to create an IBM framework capable of simulating the behavioural and 

energetic budget of a non-breeding marine bird. The applications of this model are primarily for 

exploring the consequences of disturbance through additional movement activities and reduced 

foraging success. Through full open access to the underlying code, the model will be constructed to 

allow future projects to use or develop the IBM for similarly related questions in other aquatic bird 

species, where some empirical data on behaviour is available. The secondary aim of the study is to 

explore the possible impacts of displacement due to offshore windfarms on individual RTDs in terms 

of survival probability, body mass change and energetic stress. This will demonstrate, across 

disturbance parameters, what the possible consequences of wind farm development on populations 

might be. 
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Methods 

Model format and infrastructure 

The IBM generated in the study is described here using the overview, design concepts, and details 

(ODD) protocol suggested by Grimm et al. (2010). Use of this format aims to standardise IBM 

descriptions across studies and fields. The model described here was built with R 4.2.0 (R Core Team 

2022) and parallel computing is carried out with the University of Liverpool Condor cluster (details at: 

http://condor.liv.ac.uk/). 

1. Purpose and patterns  

This IBM simulates the daily behaviours of individuals of a marine bird species in a changing 

environment through their wintering period. The IBM uses these behaviour budgets to calculate 

energy expenditure, changes to body mass and final body mass each day over the designated study 

period (Table 7-1). If daily body mass falls below the mass mortality threshold, the birds are 

considered to have perished. Under scenarios of various levels of disturbance, induced through 

additional displacement behaviours and reduced foraging efficiency, the effects on the population are 

quantified.  

2. Entities, state variables and scales 

Each entity in this simulation is a marine bird capable of determining, with some error, its current 

body mass and the energy requirements to stay at the ideal (starting) body mass (Table 7-1). Each 

individual is capable of five different behavioural states: foraging, swimming, flying, resting and active 

on water (activities like preening and minor movements) which capture the repertoire of behaviours 

typically undertaken by marine birds (Chapter 6). Foraging time is generated based on prior 

knowledge of their DEE from the previous day and their current body mass relative to their ideal mass 

to inform their energy requirements. Flight time is generated on a daily basis per individual from a 

distribution informed by empirical data. Flight and foraging are only able to occur in daytime. 

Therefore, the sum of flight time and foraging time can never exceed daylight time. In a case where 

the amount of foraging time an individual requires exceeds the available daylight, then it is instead 

calculated as the total available daylight minus the time spent in flight (Table 7-1). The remaining time 

not occupied by flight or foraging is apportioned to the three remaining behaviours according to the 

empirical data on behaviour budgets through the period under consideration. This assumes these 

behaviours will continue in the same proportions observed, regardless of light levels. 
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When applied to RTDs, the IBM functions for 4000 individuals (a population size large enough to 

calculate small changes in mortality without excessive computation time) across 120 days using 

empirical data from Chapter 6, representing 16th August to 14th December. This study period is 

constructed to represent the core wintering period of a population of RTDs from Finland, which 

migrate into the south North Sea. The study period is constrained in this example due to the 

availability of empirical data, but can be adapted to run for any number of days, if appropriate data 

are available. 

3. Process overview and scheduling 

Firstly, parameters for the day that are shared across all individuals are generated. These include the 

available daylight and the sea surface temperature (SST) for the population (Table 7-2). These are 

generated at the beginning of each new day cycle before the simulations of all the individuals within 

that day have started (Figure 7.1). Future developments could easily incorporate individual level data 

on daylight and SST, should they be available.  

Within each day every living individual is simulated sequentially. First the BMR is calculated based on 

either the start mass or the mass from the previous day, depending on whether it is the first day of 

the simulation or any subsequent day. The other daily global parameters for the bird are then 

calculated based on these metrics, including thermal conductance, lower critical temperature and 

foraging efficiency (Figure 7.1). 

Following this, the behaviour budgets are calculated, with additional displacement behaviour being 

added at this point in the process. Then, the costs of thermoregulation are calculated based on the 

thermal conductance, lower critical temperature and behaviour budgets. Finally, these are translated 

into DEE and then converted into a predicted change to body mass. If the new predicted body mass 

causes the individual to fall below the body mass threshold for survival, then the individual is said to 

have died during the simulated day and is not included in any subsequent simulation (Figure 7.1). 

After each individual has been simulated on that day, the model proceeds to the next day and 

continues to the end of the study period or until all individuals are dead.  

4. Design concepts 

The hypothesis this model was designed to test was: are RTDs vulnerable to additional stress, in the 

form of displacement and loss of habitat from an offshore wind farm. To test this hypothesis the 

model relies on four key principles and assumptions: (1) each individual can assess their own body 

condition, with some error, and can change their behaviour budget to remain at their ideal body 

mass. Individuals are able to gain mass, but will adjust their behaviour budget in an effort to stay at 
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their ideal mass. (2) Individuals are classified as dead when their mass falls below the mass mortality 

threshold (Table 7-1). (3) Individuals do not directly interact with each other. In the case of RTDs, 

there is no evidence of social foraging and large aggregations of closely associated individuals in the 

winter are rare (Irwin et al. 2019). (4) The outcome of an individual’s foraging activities on a given day 

are generated from known values of foraging efficiency and body mass change occurs on a daily scale. 

Each simulation of the IBM contains a population of individuals, on which a specific hypothesis is 

tested. For RTDs this population was 4000, representing a population size capable of encapsulating 

variation across parameters without imposing unnecessarily high computational demands. 

While the mass of an individual bird can change throughout its lifetime, the proportions of the body 

do not change (Chapter 6), as individuals cease growing when they reach maturity and body mass 

changes become driven by fat reserves. Therefore, through the annual cycle the ideal body mass, 

given their body and skeleton proportions, remains constant (Martin-Silverstone et al. 2015). The 

body proportions of an individual are determined by an array of environmental factors during the 

juvenile and chick period (Liker et al. 2008, Sun et al. 2017). This is important to consider, as the 

relative change in mass from the original mass, becomes an important indicator of fitness. This model 

assumes that an individual will attempt to maintain an ideal body mass, given its body size. In cases 

where survival is challenged, individuals will begin to apportion more time to foraging, both in order 

to try and attain an ideal body mass, but also to survive. However, there is also evidence for some 

species that body mass changes within seasons, as energy demands shift (Coulson et al. 1983). While 

this could be true for RTDs, there are not yet repeated body mass measures on single individuals 

through the entire annual cycle to quantify this. 

From modelled individuals, data is collected on whether they survive, the day they died, body mass, 

time spent foraging and energy income. The only population level data gathered is on the proportion 

of individuals surviving at the end of the simulation period. Individuals can experience stochastic 

events (simulated disturbance) through the study period but are incapable of learning from these 

events. In a simulation with no added stress, all individuals will survive, as there is assumed to be 

adequate energy in the system for the population to be sustained. This is consistent with the use of 

empirical data from data loggers retrieved from birds at the end of a study period who have 

necessarily survived long enough to return to the breeding colony. There is currently no parameter 

included which will simulate death by other causes (age, storms, disease or collision etc.) beyond the 

displacement probability and foraging stress, which impose indirect pressure, though a stochastic 

mortality term derived from annual survival data could easily be added. 
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Stress is modelled as probability of displacement behaviour and a reduction in forging efficiency. Both 

are inputs for each individual simulation. Displacement behaviour is given as the probability of 

experiencing a given behaviour caused by an interaction with a threat. In this example of the IBM on 

RTDs, this is the probability of undertaking a 30-minute displacement flight (Table 7-1). The foraging 

efficiency reduction is modelled as the proportion of foraging habitat lost to a given threat which is 

directly translated into a reduction in the foraging efficiency of all simulated individuals. Therefore, all 

individuals feel the effects of displacement through increased competition for resources. Both 

displacement behaviour and foraging efficiency stressors are parametrised as a static effect across the 

study period (Table 7-1). However, these could instead be entered as an array, to change the effect 

through time in other applications of the IBM. 

 

  



150 

 

 

 

 

 

 

 

FIGURE 7.1 SIMPLIFIED STRUCTURE OF THE INDIVIDUAL BASED MODEL IN A FLOW DIAGRAM FORMAT 

The flow of the IBM, from the initial data inputs on individuals and environments into the day 

specific metrics and the looping through of simulations for each individual on the given day. 

The blue area represents the daily loop each individual goes through while alive. 
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5. Initialisation 

This model includes no initialisation period. However, the first few days are seen as a “burn in” period 

where individuals move towards a steady state. As the behaviours of an individual are informed by 

both the experiences of the previous day and their current body condition, the first day assumes the 

starting mass is the current mass and that the previous day (day 1) had an energy expenditure of the 

daily BMR multiplied by a specified amount. This is 2.6 for RTDs based on the mean observed 

energetic expenditure of empirical birds from a previous study (Chapter 6). This value is likely 

applicable to many other species, as energy expenditure in the non-breeding season is generally 

around this value (Dunn et al. 2020, Brown et al. 2023). Generally, unless the stress is at extreme 

levels individual do not die over the initial days of simulation. However, preventing the death of 

individuals over the initialisation period would lead to unrealistic behaviours of birds for whom there 

was not sufficient overall energy in the ecosystem to survive. The model has a capacity to facilitate an 

initialisation period, where simulations occur over longer time periods and data from the burn in 

periods are disregarded. The purpose of this period would be to allow individuals to reach a steady 

state based on simulation rather than initial parameters. This would be useful in simulations which 

extend over longer periods of time. 

Starting masses of individuals drawn from a normal distribution based on empirical data (with the 

parameters N(2000, 160) for RTDs. These starting masses are generated at the start of each new 

simulation of the model. All other starting parameters are generated from data used to inform the 

environmental conditions of the study area.  

6. Input data 

The IBM includes three sources of external data in generating the environmental context of the study 

area and behaviour of the agents. For RTDs, the baseline foraging efficiency is drawn from empirical 

data from Chapter 6, which is calculated by dividing the daily energy expenditure by the time spent 

foraging and the scaled body mass. This foraging efficiency is affected by linear density dependence 

(Table 7-1), where a percentage loss in the population size has an equal compensating effect on 

foraging efficiency. There is currently no empirical data on the density dependence of foraging 

efficiency in RTDs. Therefore, for this demonstration of the IBM, we chose to include this relationship 

both to demonstrate the feature and have the most accurate representation of how a population 

challenged for resources would manage. The time in the non-simulated behaviours (active on water, 

swimming and rest) are drawn from predicted times individuals spend in these behaviours from 



152 

 

Chapter 6. The temperature of the water is drawn from on board data loggers and/or information on 

location based on assumptions and/or empirical data. For RTDs these locations were assumed to be 

off the coast of the North Sea, which aligns with areas the population has previously been 

apportioned to and with reliable temperature records (Morris et al. 2016). The available daylight for 

the supplied location(s) is generated using the R package Maptools (Bivand and Lewin-Koh 2022), 

which is used to calculate the total daytime on each day across the study period. This is generated 

within the IBM framework and requires no external data. 

Simulations and statistical analysis for the RTD example 

The IBM was run with different combinations of disturbance metrics, with three simulations of each 

combination. Disturbance behaviour was set up as a probability with values of zero to one in intervals 

of 0.05 (i.e. 0, 0.05, 0.1…). Foraging efficiency was simulated in the same way, with values from zero 

to one in intervals of 0.05. All possible combinations of the values for disturbance metrics were run 

giving a total of 441 combinations, each of which was simulated three times, giving 1323 total 

simulations. This allowed us to test the relative importance of the effects of varying disturbance 

probability and foraging efficiency reductions in our case study, as well as test for interactions. In this 

example study on RTDs, survival, proportion of body mass lost and the number of days exceeding a 

DEE over 3.5 * BMR are presented across individuals. Additional outputs can be generated, including 

behaviour budgets, energetic budgets and all metrics on a daily time scale. However, these are not 

presented or discussed here. 

We created a binomial model mixed effects regression model with a ‘probit’ link function to explore 

the effects of the parameter changes on survival probability. Survival was modelled as the response 

variable, with the fate of each individual recorded at the end of the study period as a binary fate of 

dead or alive, represented as a “0” or “1”, respectively. Each simulation was assigned a random effect, 

to account for the relationship between individuals within a simulated population. Candidate models 

were created with full, subset and null models containing the explanatory variables: foraging stress, 

displacement behaviour and the interaction between them. 

To model the body mass of the surviving individuals we used the proportion of starting body mass lost 

by the end of the study period as the response variable. We used a Gaussian distributed linear mixed 

effects model to assess the effects of foraging stress, displacement behaviour and their interaction, 

along with a quadratic effect for foraging stress and displacement probability. This quadratic term 

allowed for modelling of non-linear relationships when predicting the values which approached the 

mass mortality threshold. The term was limited to a fourth order polynomial, to avoid overfitting the 

model to the data. Simulation ID was fitted as a random effect, as described for the mortality model. 
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Only simulations where the value for foraging stress was below 0.9 were considered in this analysis, 

due to the low number of surviving individuals at values higher than 0.9. 

To model days individuals within a simulation exceeded energy expenditures exceeding BMR*3.5 we 

treated the data as a Bernoulli process. Therefore, days where energy exceeded 3.5*BMR was a 

‘success’ (1) and days where energy expenditure was below 3.5*BMR was a ‘failure’ (0). To assess the 

proportion of days DEE exceeded BMR*3.5 we used a binomial GLM. We used a global model with 

fixed effects for: displacement probability, foraging efficiency reduction, their interaction and 

quadratic terms for both displacement probability and foraging efficiency. This analysis is only carried 

out on individuals that survived the study period, so as to capture the non-lethal stress imposed on 

surviving individuals. Similar to the previously described model, only simulations where foraging stress 

was below 0.9 were considered in this analysis. 

Given the incredibly large sample size capable of being generated through these simulation methods, 

the focus of the results is put on effect size rather than the significance of terms. The best fitting 

model was defined as the simplest model within 2 ΔAIC units of the best fitting model. All analysis was 

carried out in R version 4.2.0 (R Core Team 2022) with linear models created using the lme4 R 

package (Bates et al. 2015). Computers on the cluster generally had average specifications of 2.33 

GHz Intel Core 2 processers, 2 GB of RAM, each with two potential job slots (each PC can run two 

simulations simultaneously). All accompanying data (Table 7-2) is sent out to each computer along 

with the script necessary to run a simulation with defined inputs based on parameterisation. 

 

Results 
The model run time for a single simulation (complete model run for 4000 individuals under one 

scenario of foraging stress and displacement behaviour) was generally 10-30 minutes on a single node 

of the Condor cluster. Run time varied widely and was strongly associated with the number of 

surviving individuals within a simulation. With an average computer pool of ~100, the full set of 

simulations finished in approximately three hours. If the sample size was increased to 8000 individuals 

and the number of repeats was set to 10, we would expect a run time of approximately 24 hours. 

However, the value is likely due to be higher, due to the additional time each process would take 

given the greater volume of calculations and stress on each node. 

The most parsimonious model for the survival probability of RTDs included foraging stress (with a 

second order quadratic effect) and displacement behaviour (Table 7-3). The model showed a very 

strong effect for foraging stress (Figure 7.2), with foraging stress alone leading to a range of outcomes 
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from all individuals surviving to nearly all individuals dying. However, the models failed to encapsulate 

the full relationship between mortality and the two stress parameters, due to the extremely non-

linear relationship, that even a multi-order quadratic term could not correctly describe (Figure 7.2). 

Predominantly, this relationship can be explained as having a threshold at a value of 45% habitat loss. 

At this point, the majority of variation in mortality is explained by the value of displacement 

behaviour, where a higher probability leads to a lower surviving population. For example, when the 

value of foraging stress was 0.45; at a displacement behaviour probability of 0 the mortality was 

1.75% (Figure 7.3). Conversely, at a displacement behaviour probability of 1, at the same level of 

foraging stress, the mortality was 44.1%. These results signal that there is a clear break point for the 

population between a foraging stress value of 0.4 and 0.5, where individuals are no longer able to 

compensate further stress without significant mortality (Figure 7.3). At this point, any additional 

stress leads to increased mortality in the population. 

The most parsimonious model for change in body mass included displacement behaviour, foraging 

stress, a fourth-order quadratic effect of foraging stress (to the power of two, three and four) and an 

interaction between displacement behaviour and foraging stress. The model showed a substantial 

decrease in the body mass of surviving individuals with increasing levels of foraging stress (Figure 7.4). 

However, this predicted reduction stopped just before a reduction of 0.3, due to the mass related 

mortality threshold. Beyond a foraging stress level of 0.6, mass began to increase for surviving 

individuals, due to the low number of surviving individuals (Figure 7.3). Displacement probability 

remained in the final model as a fixed effect but had a smaller effect on body mass then foraging 

stress. The change in the proportion of mass lost was 1.5% when going from a displacement 

behaviour of zero to one. 

The most parsimonious model for the probability of exceeding BMR*3.5 on a given day included 

foraging stress, displacement behaviour and a fourth-order quadratic effect of foraging stress 

(foraging stress to the power of two, three and four). This quadratic effect meant there was a non-

linear relationship between the probability of DEE exceeding the BMR*3.5 and foraging stress (Figure 

7.5). The relationship showed that at lower levels of foraging stress, the likelihood of exceeding 

BMR*3.5 was 0. However, at values of 0.4 - 0.8 foraging stress, there was an increased probability of 

exceeding BMR*3.5. The effect of displacement behaviour was also more pronounced at values closer 

to foraging stress of 0.7. For example, at a foraging stress of 0.65, the effect of displacement 

behaviour was a 19% increase in probability to exceed the threshold for a change of displacement 

behaviour from 0 to 1. This same change in displacement behaviour at a foraging stress of 0.45 was a 

reduction of 6%. This seeming interaction between foraging stress and displacement behaviour, is not 
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driven by an explicit interaction in the model, but instead is a product of the quadratic effect of 

foraging stress.  

 

 

 

 

 

FIGURE 7.2 MORTALITY PREDICTIONS DUE TO DISPLACEMENT ACROSS PARAMETERS FROM THE INDIVIDUAL BASED 

MODEL 

Results from model predictions showing habitat loss has a large effect on population survival 

probability. Line colour shows predicted proportions at given values of displacement 

probability. Displacement probability values of 0, 0.5 and 1 are shown in red, black and blue, 

respectively. This also represents the poor fit of the model to the data and its inability to 

accurately reflect the break point for survival at values of 0.4 foraging stress. Points show the 

proportion of surviving individuals across each simulation. Here, the displacement probability 

is represented as the intensity of the colour of the point ranging from a dark to pale blue, for a 

value of 0 and 1, respectively. 
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FIGURE 7.3 BOXPLOT SHOWING THE PROPORTION OF SURVIVING INDIVIDUALS IN A POPULATION ACROSS MODEL 

PARAMETERS 

Box plot showing the summarised proportion of surviving individuals across all simulations 

with different proportions of habitat lost (foraging stress). The majority of the variation in 

these boxplots is apportioned to the range of displacement behaviour parameters contained 

within them.  
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FIGURE 7.4 PREDICTED PROPORTION OF MASS LOST ACROSS MODEL PARAMETERS 

Body mass loss at different levels of foraging stress and habitat loss. Line colour shows 

predicted levels at displacement probability. Red = 0, Blue = 1, Black = 0.5. Solid horizontal line 

at 0.3 proportion of body mass shows the limit beyond which if an individual loses mass they 

are considered to have perished. Points show the mean proportion of mass lost across each 

simulation. Here, the displacement probability is represented as the intensity of the colour of 

the point ranging from a dark to pale blue, for a value of 0 and 1, respectively. 
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FIGURE 7.5 PREDICTED PROPORTION OF DAYS AN INDIVIDUAL EXPERIENCES ENERGETIC STRESS ACROSS MODEL 

PARAMETERS 

Proportion of days experienced energetic stress at different levels of foraging stress and 

displacement probability. Line colour shows predicted proportions at given values of 

displacement probability. Red = 0, Blue = 1, Black = 0.5. Points show the mean proportion of 

days where DEE*3.5 was exceeded across each simulation. Here, the displacement probability 

is represented as the intensity of the colour of the point ranging from a dark to pale blue, for a 

value of 0 and 1, respectively. 
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TABLE 7-1 PROCESSES AND PARAMETERS FOR THE INDIVIDUAL BASED MODEL 

Summary of the attributes generated either for the environment or the individual, which 

describe the processes and environment of each RTD simulated. The table included the name, 

the process used to generate the value and a short description and reference to where the 

process was derived from, where applicable. 

Metric name Short description Process Parameters 

chosen for RTD 

Starting mass A normal distribution to 

draw body mass from to 

give the starting mass of 

each individual. Both Mass 

and SD are manual inputs. 

𝑁(𝑀𝑎𝑠𝑠, 𝑆𝐷) Mass = 2000 

SD = 160 

Lower body mass 

living limit 

The mass below which an 

individual marine bird will 

perish. Starting mass is 

drawn from other 

parameters, but limit is a 

manual input. 

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑀𝑎𝑠𝑠 ∗ 𝑙𝑖𝑚𝑖𝑡 limit = 0.7 

Behaviour stress 

probability 

A Boolean statement where 

if a randomly generated 

number between 0 and 1 is 

below 𝑑𝑖𝑠𝑃 (probability of 

an individual being 

displaced on a given day) 

then displacement 

behaviour is expressed. 

Stress behaviour here is 

expressed as flight. 

𝑈𝑛𝑖𝑓(0,1) < 𝑑𝑖𝑠𝑃 disP = range from 

0 to 1 across 

simulations 

Behaviour stress 

effect 

The amount of additional 

time spent in the stress 

response behaviour state. 

𝑁(𝑚𝑒𝑎𝑛, 𝑆𝐷) Mean=0.25 

SD=0.02 

Foraging 

efficiency  

The reduction to foraging 

efficiency calculated daily, 

where FES is the proportion 

 FES = range from 

0 to 1 across 

simulations 
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by which foraging efficiency 

is reduced. 𝑋𝑖̅ and 𝑠𝑖  gives 

the mean foraging 

efficiency and standard 

deviation, respectively, on 

day i. This function 

incorporates density 

dependence by scaling the 

value of foraging efficiency 

based on the population 

remaining on the ith day. 

𝑁 (𝑋𝑖̅
𝑁𝑖∗(1−𝐹𝐸𝑆)

𝑁𝑖
, 𝑠𝑖 ∗

𝑁𝑖∗(1−𝐹𝐸𝑆)

𝑁𝑖
)  

Foraging time 𝑀𝑎𝑠𝑠𝑖0 represents the 

starting, ideal, mass. 𝑀𝑎𝑠𝑠𝑖  

represents the current 

mass. 𝐷𝐸𝐸𝑖−1 represents 

the expenditure of the 

individual on the previous 

study day. A simplifying 

assumption is made that 

each gram of mass is 

assumed to be equivalent 

to 38kj both for the intake 

and expenditure of food 

(Langton et al. 2014, 

Gabrielsen 1996). 

𝑁((𝑀𝑎𝑠𝑠𝑖0 − 𝑀𝑎𝑠𝑠𝑖) ∗ 38, 𝑆𝐷)

+ 𝑁(𝐷𝐸𝐸𝑖−1, (𝐷𝐸𝐸𝑖−1 ∗ 0.05))) 

SD=30 

Arbitrary value 

chosen to 

represent some 

error in 

knowledge of 

current body 

condition 

Date Current date of the 

simulation (yyyy/mm/dd) 

Commencement date – termination 

date 

2018/08/16 – 

2018/12/31 

Individual ID The number assigned to 

differentiate individuals 

within the population 

From simulation initiation 1 - 4000 

Basal metabolic 

rate (Kj/h) 

The basal metabolic rate 

used is the average of two 

equations from Ellis and 

Gabrielsen (2002) and 

((
3.201 ∗ 𝑏𝑚0.719

24
) + (

4.05 ∗ 𝑏𝑚0.79

1000

∗ 18.8))/2 
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McKinney and McWilliams 

(2005). bm is body mass 

Lower critical 

temperature 

(LCT) 

The temperature below 

which individuals 

experience the costs of 

thermoregulation. 

47.2 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.18  

Thermal 

conductance 

(water) 

The measure of heat loss 

through surface when an 

individual is sat in water 

(swimming/resting/active 

on water/inter-dive period) 

1.532 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.546  

Thermal 

conductance 

(diving) 

The measure of heat loss 

through surface when an 

individual is diving (the 

diving period of foraging 

behaviour) 

3.47 ∗ 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠−0.573  

Daily energy 

expenditure on 

thermoregulation 

(DEET) 

Calculation of daily energy 

expenditure on 

thermoregulation. This is 

only calculated if the sea 

surface temperature (SST) 

is below the LCT. 

(𝑇𝐶𝑤𝑎𝑡𝑒𝑟 ∗ (𝑇𝑅𝑒𝑠𝑡𝑖𝑛𝑔 +

𝑇𝐴𝑐𝑡𝑖𝑣𝑒 𝑜𝑛 𝑤𝑎𝑡𝑒𝑟 +  𝑇𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔 +

𝑇𝐹𝑜𝑟𝑎𝑔𝑖𝑛𝑔 − 𝑇𝑑𝑖𝑣𝑖𝑛𝑔) ∗

𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠 ∗ (𝐿𝐶𝑇 −  𝑆𝑆𝑇)) +

 (𝑇𝐶𝑑𝑖𝑣𝑖𝑛𝑔  ∗  𝑇𝑑𝑖𝑣𝑖𝑛𝑔 ∗

𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠 ∗ (𝐿𝐶𝑇 −  𝑆𝑆𝑇))  

 

Daily energy 

expenditure 

(DEE) 

Sum of the BMR multiplied 

by the activity specific BMR 

multiplier and time spent in 

a behaviour for each 

behaviour. 

((𝑇𝑅𝑒𝑠𝑡𝑖𝑛𝑔 ∗ (𝐵𝑀𝑅 ∗ E. Resting)) +

(𝑇𝐴𝑐𝑡𝑖𝑣𝑒 𝑜𝑛 𝑤𝑎𝑡𝑒𝑟  ∗ (𝐵𝑀𝑅 ∗

E. Active)) + (𝑇𝑆𝑤𝑖𝑚𝑚𝑖𝑛𝑔  ∗ (𝐵𝑀𝑅 ∗

E. Swimming)) + (𝑇𝐹𝑙𝑦𝑖𝑛𝑔 ∗ (𝐵𝑀𝑅 ∗

E. Flying) ) + (𝑇𝐹𝑜𝑟𝑎𝑔𝑖𝑛𝑔 ∗  (𝐵𝑀𝑅 ∗

E. Foraging)))  

E.Resting=1.4 

E.Active=1.9 

E.Swimming=3.5 

E.Flying=12.5 

E.Foraging=5.1 

Weight change Calculates mass (g) at the 

next time step by adding 

the current mass to the 

𝑀𝑎𝑠𝑠𝑡+1 = 𝑀𝑎𝑠𝑠𝑡 +

(
𝐸𝑛𝑒𝑟𝑔𝑦 𝑔𝑎𝑖𝑛+𝐷𝐸𝐸

𝐸𝑛𝑒𝑔𝑦 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑚𝑎𝑠𝑠
)  
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sum of the energy 

expenditure and energy 

gain, divided by the energy 

specific content of body 

mass (kj/g). The energy 

specific content of body 

mass here is 38 kj/g 

(Langton et al. 2014, 

Gabrielsen 1996), which is 

calculated for guillemots 

and assumed to be similar 

for divers.  
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TABLE 7-2 EXTERNAL DATA SOURCES USED FOR THE INDIVIDUAL BASED MODEL 

External data and sources used in parameterisation of the model. 

External data name External data description Suggested/current data source 

Foraging efficiency The amount of energy returned (kJ) 

per unit of time (hours) spent 

foraging, with standard errors. 

Data can be derived from any 

empirical studies measuring foraging 

efficiency.  

Data here are retrieved from Chapter 

6. 

Behaviour proportions 

(resting, active on water 

and swimming) 

The time (hours) an individual from 

the study population spends in a 

behaviour, with standard errors. 

The behaviours of interest are 

transformed into proportion of time 

based on a whole day of 24 hours. 

These behaviour proportions are 

applied to the remaining time after 

foraging and flight are accounted 

for. 

Data can be derived from any 

empirical studies measuring 

behaviour budgets. Data here are 

retrieved from Chapter 6. 

Sea surface temperature Data in °C related to the surface 

temperature of the water close to 

the study area. This could be 

gathered from loggers deployed on 

the birds or from weather monitors. 

Data for temperature can be accessed 

from anywhere as long as it is 

representative of the study area. 

Preferably includes some measure of 

annual/local variation (Morris et al. 

2016).  
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TABLE 7-3 MODELS STRUCTURES AND THEIR RANKINGS FOR THE OUTPUTS OF THE INDIVIDUAL BASED MODEL 

The top three fitting models for predicting the effects of foraging stress (‘forstress’) and 

displacement behaviour (‘disp’) on survival, change in body mass and energetic stress. Table 

shows the model structure, degrees of freedom, delta AICc and whether the model was 

selected as the top fitting model. In model infrastructure, “:” represents an interaction 

between two terms and poly() represents a variable where a polynomial relationship was 

modelled. The number within the brackets represents the order of the polynomial used. I.e. 

poly(forstress, 3) would represent a linear effects long with forstress2 and forstress3. (1|sim) 

represents a random effect for the simulation ID. 

Survival K Delta AICc Top model 

~ disp + poly(forstress, 2) + disp:forstress + (1|sim) 6 0  

~ disp + poly(forstress, 2) + (1|sim) 5 1.26 ++ 

~ poly(forstress, 2) + (1|sim) 4 5.52  

Body mass change    

~disp + poly(forstress,4) + disp:forstress + (1|sim) 9 0 + + 

~disp + poly(forstress,4) + (1|sim) 8 45.57  

~disp + poly(forstress,3) + (1|sim) 7 45.89  

Days DEE exceeded BMR*3.5    

~ disp + poly(forstress,4)  6 0 + + 

~ disp + poly(forstress,4) + disp:forstress 7 842  

~ poly(forstress,4) 5 10198  
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Discussion 
We have successfully constructed and demonstrated the capabilities of an IBM framework specifically 

designed to address the consequences of stress in non-breeding marine birds. In the specific example 

shown here, we have revealed that RTDs have some capacity to deal with additional levels of stress. 

They experienced no changes to population survival with reductions to foraging efficiency between 0 

and 40%. However, reductions in foraging efficiency at 50% led to reductions of around 40% of the 

population, varying widely based on levels of displacement behaviour (Figure 7.3). As expected, the 

foraging efficiency change had a much larger impact than disturbance probability on all outputs. This 

suggests that the greatest threat to the RTD is the habitat loss caused by windfarms, rather than the 

cost of avoidance behaviours. However, even at lower levels of stress (~25% habitat loss), we have 

shown that there are still some effects on the body masses of populations, with surviving individuals 

losing ~8% of their mass at this stage. Our framework simulates how additional stressors can affect 

the behaviour and energetic budgets in terms of survival and fitness of a population. Through the use 

of horizontal computing, we were able to complete a large number of simulations simultaneously, 

allowing for the full range of the effects of parameter changes to be explored. The script and 

accompanying horizontal computing deployment capability is freely available for other researchers to 

develop and apply to their own case studies. 

Our results have shown the full spectrum of impacts for an increase in foraging stress, which reduces 

foraging efficiency from 100% to 0%. This reflects a situation where none of the foraging area and all 

of the forging area are made inaccessible to individual RTDs, respectively. A reduction in foraging area 

of 100% is practically impossible for a population, as no planned windfarm projects come close to 

causing this level of disruption across a large spatial scale (Bloor et al. 2020). The realistic range of 

disruption in terms of foraging area loss is likely less than 20% (Gusatu et al. 2020). However, it is 

worth noting that many other areas are still exposed to other anthropogenic activity and that total 

foraging area lost also depends on the effect range of displacement imposed. In cases where the area 

lost is low, the effects are much less severe, with anything below 40% having a negligible effect on 

mortality. However, the effects on adult mortality above this threshold are highly unlikely to be 

sustainable in population terms for long-lived marine bird species (Miller et al. 2019). Additionally, the 

effects of displacement behaviour are more pronounced at this breakpoint, whereas at other values 

of foraging stress the effects are less. This is likely due to individuals being very close to their 

energetic limit and unable to handle additional stress. Furthermore, the sub-lethal effects of 

displacement behaviour on body mass and energetic stress are apparent even at lower levels of 

foraging stress (Figure 4 & 5). These effects occur at lower levels of stress than observed for mortality 

and could have impacts on future reproductive success through carry-over effects (Salton et al. 2015). 
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A possible mechanism for this is individuals failing to have sufficient energy reserves to attempt 

breeding attempts, thus having future effects on recruitment to populations (Harrison et al. 2011, 

Shoji et al. 2015). 

Extended periods of time at high levels of energy expenditure can expose individuals to risks such as 

reduced breeding success or higher levels of stress hormones (Welcker et al. 2015, Hennin et al. 

2016). Therefore, considering the frequency of these expensive days is important. Even if a 

population is able to maintain their population size and weight distribution, there could still be long 

term effects of chronic energetic stress, including reduced foraging behaviour and efficiency (Cottin et 

al. 2014). While not presented here, the IBM developed here stores the energetic costs of every 

simulated day for every individual as part of its outputs. This enables the user to examine the periods 

of the simulation where energy expenditure is highest. This could allow for identification of periods 

known as energetic bottlenecks, where individuals have to work harder to survive while being faced 

with reduced availability of resources (Piersma 2002, Fort et al. 2009). Identifying these periods could 

allow for concessions to be made specifically in these time periods to reduce stress. For example, in 

populations of species where displacement from ship traffic is a concern, vessel traffic could be 

reduced in these windows. Identification of such timeframes could allow for continued development, 

while minimising the impacts to individuals. 

Studies have shown that displacement caused by windfarms has led to areas with a previously high 

density of individuals now being occupied at a much lower density (Heinänen et al. 2020, Dierschke et 

al. 2016a, Vilela et al. 2020). There are two possible explanations of these findings. The first is that the 

individuals which previously occupied these areas have perished (Masden 2010). The second 

possibility is that those previously occupying the areas have shifted their distribution, so have moved 

beyond the scope of surveys. If this is the case, then there would be a much higher density in the 

remaining suitable habitat (Heinänen et al. 2020). Consequently, it would be logical to assume greater 

competition for resources and thus a lower overall foraging efficiency in these areas. Increased 

competition and habitat loss are the simulated drivers which lead to lower foraging efficiency 

simulated in this study (Lamb et al. 2017). Therefore, there is a need to verify and quantify the exact 

nature of displacement to better understand which modelled scenario best reflects that faced by the 

population under study. An alternative hypothesis is that individuals are able to relocate away from 

the footprint of windfarms with no adverse effect. This could be possible in conditions where food 

and available habitat are not a limiting factor, but are unlikely given the current levels of stress placed 

upon the marine environment (Croxall et al. 2012, Mazaris et al. 2019) 
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While our model is among the first to provide a tangible measure on the effects of displacement for 

marine birds and one of the first formal assessments for RTDs, we acknowledge that there are a few 

key assumptions that we have made in order to generate our results and reach our conclusions. 

Currently, the model computes individuals on the scale of a day given their state at the beginning of 

that day. This means that body mass and SST do not change within a day, therefore individuals will 

respond to stress (in the form of weight loss) on the following day. However, it may be the case that 

individuals begin responding to stress immediately after the event. This could potentially increase the 

time that individuals are able to compensate for stress. Secondly, in this specific application of the 

model to the RTD, we assume that the behavioural response to displacement is flight. While it is the 

case that displacement leads to individuals moving from the area, this movement may also be in the 

form of swimming or passive movement with tides, rather than flight. This especially may be the case 

for RTDs, as they are specially adapted to life on the water (Gayk et al. 2018). In the case the cost of 

displacement being swimming as opposed to flight, the cost would be around 4 times lower. Finally, 

the model works on the assumption of a fixed population of non-breeding individuals with no 

immigration or emigration. We only focus on simulating individuals which arrive at our study 

commencement date, however some individuals may move on larger spatial scales, if the local 

conditions are very poor in a given year. Satellite tracking of RTDs has shown limited movement when 

individuals arrive in the core wintering area, but a capability to move large geographic distances 

during migration (Dorsch et al. 2019). 

The current framework simulates all individuals as operating within a fixed space with equal 

environmental properties. A more advanced model would allow for environmental heterogeneity and 

the exploration of consequences beyond displacement from windfarms (Searle et al. 2018). Creating a 

spatially explicit IBM to model displacement will require both a finer understanding of the larger and 

smaller scale movements of the study species but also a better quantification of the foraging habitat 

in terms of its value to marine birds (Warwick-Evans et al. 2018, Chimienti et al. 2020). This is very 

challenging, as it requires a high level knowledge of: fine-scale distribution, resource distribution and 

ecological knowledge on resource use. Furthermore, fine-scale movements of non-breeding birds are 

also not well known, with many studies making use of course-scale geolocation techniques 

(Buckingham et al. 2022, Gatt et al. 2021, Pelletier et al. 2020). For example, in the case of RTDs, 

there is currently information available on the distribution and course scale movements of RTDs 

across the globe (McCloskey et al. 2018, Dorsch et al. 2019, Duckworth et al. 2022), but to 

parameterise a spatially explicit IBM, details on fine scale movements are required. Specifically, 

knowledge on both the daily movements with and without displacement are needed (Peschko et al. 

2020). Such knowledge would allow for better apportioning the costs of movements following 
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displacement and the consideration of changes to foraging efficiency based on local densities. 

Inevitably, improving on the model presented here would be large task requiring extensive further 

study on the fundamental ecology of RTDs, which have proven a difficult organism to study in large 

numbers (O'Brien et al. 2020). Furthermore, this situation is not at all unusual for non-breeding 

marine birds (Baker et al. 2022). However, using the best currently available data and robust 

modelling methods to produce predictions on the consequences of displacement now, is much 

preferable to waiting years for further developments and likely reaching the same results (Nicholson 

and Possingham 2007). The model presented here would also benefit from further validation on 

species where there is more available data on demographic rates. Current validation of this model 

was carried out by ensuring the model with no stress replicated the behaviour budgets of observed 

individuals. However, such tests are circular, as this data was used in the parameterisation.   

Making assessments now does not remove the need for the development of a more sophisticated 

model capable of expanding on the principles presented here and having the flexibility to work across 

a range of marine bird species. This need is primarily driven by the consequences of displacement and 

other anthropogenic threats remaining undefined for many species (Garthe and Hüppop 2004, 

Dierschke et al. 2016b). Many of the rates and equations used in this IBM have been chosen as they 

are able to broadly encapsulate the allometric relationships across most aquatic bird species (Ellis and 

Gabrielsen 2002). This means, with some further modification, the IBM presented here could be used 

on other species where empirical lab-based studies on metabolic and thermodynamic rates have not 

yet been derived (Ellis and Gabrielsen 2002). Furthermore, the stressors parameterised here, could 

easily be transferred and attributed to other threats. For example, increased fishing activity could be 

integrated into this model, by accounting for additional displacement from ships and reducing 

foraging efficiency based on a lower prey availability, due to competition with fishing vessels 

(Grémillet et al. 2016).  

In summary, this study has presented the first full IBM capable of simulating stress applied to marine 

birds during the non-breeding season. The model is flexible in the approach taken and can be 

parametrised in a way to integrate a wide range of marine threats. As a practical example, we have 

demonstrated the level of resilience of RTDs. This example has shown that in cases where wind farms 

exclude populations from less than 40% of the total foraging area, the consequences of displacement 

on mortality are likely to be small. However, sub-lethal effects of displacement on energetic stress 

and body mass of individual are apparent with lower levels of stress that might otherwise be hard to 

detect. This IBM currently provides the only avenue to produce estimates on the indirect effects of 

displacement and so the framework presented here may play a key role in providing figures required 

by windfarm developers in addressing the consequences of wind farm construction on wildlife. 
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Chapter 8 General discussion 

Key findings 

In this thesis, I have explored the behaviour and ecology of the red-throated diver (RTD), through 

both the breeding and non-breeding seasons. This work has provided the first insights and knowledge 

into aspects of the ecology of this poorly understood species. Chapter 2 showed that even a tag 

recovered from a single individual provided good insight on RTD diving capabilities. This initial work 

was expanded on further in Chapters 3 and 4 where I looked at the breeding season foraging 

behaviour and overwinter distributions, respectively. These chapters showed that, across the year, 

the species demonstrates differing survival strategies, both spatially and temporally, with changes in 

both behaviour and energy budgets. Chapter 5 built on the work for Chapter 4 and explored how 

changes in foraging strategy and diet could be linked to isotope values across spatial scales. The 

energetic costs of winter survival strategies were explored in more detail in Chapter 6, where I 

created energetic models to look at daily energy expenditure differences through time across the 

three populations. This work also demonstrated a robust methodology to quantify energy 

expenditure from behaviour budgets for species with relatively sparse data. Through this work, I have 

made significant contributions to the knowledge base for a previously understudied species. Finally, 

the consequences of additional stress on body condition and survival were assessed in Chapter 7, 

where I built an Individual Based Model (IBM) to simulate the behaviours and energetics of 

individuals. This facilitated building a framework to quantitatively assess the consequences of 

additional stress of theoretical populations of free-living marine birds. The IBM is constructed to be 

broad in its potential applications, but was applied specifically to the problem of RTD displacement to 

demonstrate the practicalities of the model. I believe this thesis has highlighted an approach to 

progress from understanding little on the ecology of a species into modelling the consequences of 

anthropogenic effects. Broadly, this method involved gathering the relevant data and relying on 

allometric relationships to fill knowledge gaps, before subsequently applying an IBM approach to 

quantify displacement. 

 

Ecological understanding 

Previously, the knowledge on the ecology of RTDs was mostly centred around the breeding period 

(Nummi et al. 2013, Solovyeva et al. 2017, Waldenström 2016), with most insights into non-breeding 

season behaviour focussing on movements (McCloskey et al. 2018, Okill 1994, Stenhouse et al. 2020). 

Most understandings of behaviour were either limited in scope (Polak and Ciach 2007) or based on 

indirect data, such as diet samples (Kleinschmidt et al. 2019, Guse et al. 2009) or ring recoveries (Okill 
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1994). Here, I added to the current knowledge base on breeding season behaviour; demonstrating 

how foraging strategies vary temporally and spatially as a breeding attempt progresses (Chapter 3). 

However, the largest knowledge contributions come from the work on the non-breeding season 

(Chapters 4 to 6). I have shown how behaviour budgets differed across populations and through the 

first half of the non-breeding season. These behaviours were also translated into energy budgets 

(Chapter 6). These results provided the first detailed insight into behaviour, foraging behaviour and 

energetics for the non-breeding period.  

Furthermore, in this thesis I suggest development of future methodologies to relate the ecological 

understanding gathered here into tangible methods to monitor the species efficiently. Both chapters 

four and five discuss relating foraging behaviour and moult location to feather isotope signatures. 

Through these chapters, I suggest creating a robust methodology of how ecology links to observed 

values of isotopes (St John Glew et al. 2018, Buckingham et al. 2023). This understanding would be 

generated using a wider spatial scale of the species to create a framework to assign individuals to 

their moulting sites. Subsequently, this would incorporate the known values of feather isotope 

signatures across spatially distinct populations and diet types. The applications of this would be two-

fold. Firstly, the ability to identify the moulting area of an individual could help understand migration 

routes and areas where RTDs could be particularly vulnerable to interactions with anthropogenic 

activity and infrastructure (St John Glew et al. 2018, Gómez-Díaz and González-Solís 2007). Secondly, 

using isotope values to determine foraging strategy and diet could help us understand to what degree 

individuals could be affected by changes to availability of different prey species. However, generating 

these insights to a level of accuracy the proves useful could require further exploration of the 

environment and prey species. In combination, gaining insights into diet and foraging behaviour could 

predict the expected levels of stress to populations, by assessing the impacts across the constituent 

individuals (Richards et al. 2021). 

In this thesis, I have focussed on populations of RTDs across northern Europe. However, I believe 

much of the insight gained will be applicable to populations across the full range of Arctic the species 

(Chapter 3). Specifically, insights into the capabilities of RTDs to forage both in a benthic and pelagic 

capacity, likely demonstrates that the species has that capacity across their range. Likewise, the 

switching of foraging strategies across the breeding season, demonstrated in Chapter 3, could be 

upheld at other breeding locations. The insights gained here into migration strategies also suggest 

that populations globally could exist on the resident to migrant spectrum. This specific aspect of RTD 

ecology is increasingly well studied though, through various deployments of GPS tags (Heinänen et al. 

2020, Paruk et al. 2015, McCloskey et al. 2018). However, the additional insights gained here may 
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further contextualise this work as populations may occupy the same geographic space but occupy a 

different foraging niche. 

Overall, building a better ecological understanding can have numerous benefits. Firstly, understanding 

the ecology of species can have a positive impact on the way people view nature and animals 

(Whitburn et al. 2020). In fact, through outputs of the work in this thesis, there have been numerous 

interactions with members of the public. These people have delighted in seeing where the birds they 

view from the coastline move and how they behave. Using science to forge closer connections 

between humans and animals could help with future conservation efforts, by making people more 

responsive to environmental issues (Whitburn et al. 2020). Secondly, improving the understanding 

the current ecology of species provides a more informative baseline for use in predictive models, 

which in turn improves their reliability (Meyer and Pebesma 2021). For example, insights into foraging 

behaviour can give a better understanding about the range of prey species consumed (Divoky et al. 

2021). This will allow for models to account for the effects of altered prey resources and ability to 

switch to new prey items across more accurately. Finally, understanding the ecology of a species 

allows for prediction of new threats that may impact it. For example, early work on the response of 

RTDs to anthropogenic structures from an understanding of their ecology led to correct predictions of 

their strong aversion to offshore wind farms (Fox et al. 2006, Schwemmer et al. 2011). 

 

Individual based model applications 

From this thesis, there have been several major outputs which will hopefully play an important role in 

both research and policy centred around the impact of wind farms in northern Europe on RTDs. 

However, the development of the IBM in this thesis could be applied to any marine bird species to 

looking at the consequences of a range of threats. While my work presents the framework specifically 

with the example of RTDs and offshore wind farms in Chapter 7, it could instead apply to a wide range 

of other study organisms. For example, the inputs could be adapted to instead generate outputs for 

guillemots (Uria aalge). The energetic and behaviour budgets for this species are well described and 

ample empirical data is available (Dunn et al. 2022, Buckingham et al. 2022), allowing for predictions 

for similar levels of displacement presented here. The applications could also be applied more widely, 

if a more robust approach is taken to adapting the framework. For example, using marine mammals 

instead of bird species may be possible, if adequate considerations are taken in examining the 

underlying metabolic scaling equations and behaviour costs. For some seabirds, other IBMs have been 

constructed (Searle et al. 2018, Warwick-Evans et al. 2018), which could present possible 

opportunities to compare the outputs of the IBM here to those. 
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In the context of this thesis, the IBM revealed the resilience of RTDs to low levels of displacement 

(Chapter 7). With low levels of disturbance to foraging efficiency and behaviour budgets, individuals 

were able to adapt to the additional pressure. This was primarily due to individuals having some 

flexibility in foraging strategy, with a large capacity to increase their foraging time to offset 

displacement. As the levels of stress increased there was first a reduction in body mass of individuals 

before an increase in mortality at higher levels of pressure. Finally, at higher levels of stress, mortality, 

mass loss and energetic stress were all shown to be at high levels. These findings primarily suggest a 

balanced approach is needed to anthropogenic development of the marine habitat. Despite the 

resilience presented for RTDs, care must be taken to avoid pushing them close to or beyond their 

capacity to deal with stress. Additionally, many of the non-lethal effects predicted, could be 

monitored through the breeding season, when individuals are mostly more easily observable. This 

approach would additionally aid in discovering any carry-over effects on productivity as a by-product 

of stress in the non-breeding season (Harrison et al. 2011). 

There are other IBMs currently available or under development with the aim of addressing the 

consequences of displacement from windfarms (Searle et al. 2018, Warwick-Evans et al. 2018). 

However, the model presented here has a unique capability to work outside of a spatial context, 

during periods when individuals are free of the central place constraint and relatively data deficient 

species. While this means the outputs are more abstract, it allows for broad estimates of the impacts 

of stress on species where very little is known, beyond the current behaviour budgets. However, the 

IBM presented here could have spatial and more detailed behaviour contexts applied, by apportioning 

threats and food resources across a grid. Individuals will then be parameterised in a way such that 

they can move between grid squares, both to satisfy their energy requirement and movements post-

displacement. 

Additionally, the threats presented here could be reconceptualised to explore the impacts of other 

interactions, such as fisheries, climate change or disease (Croxall et al. 2012, Lewison et al. 2012). 

Currently, the impact of offshore windfarms is modelled as a reduced foraging activity and/or an 

increase in flight behaviour. Climate change could also lead to reduced foraging efficiency and higher 

water temperatures (Franco et al. 2020, Prakash 2021). Therefore, both of these effects could be 

integrated into the model and in fact, current outputs could instead be interpreted in the light of 

other threats. However, to fully understand how to parametrise other threats, more empirical studies 

are required to first see how the threats interact with the foraging efficiency of individuals and 

populations. 
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Next steps 

Through this thesis there has been some additional insight gained into the breeding season 

behaviour. However, the majority of the novel insights have been into the non-breeding season. The 

primary reason behind this is an inability of the tags deployed to accurately assign individuals to the 

seasonally unique behaviour of nest attendance in the breeding period. In terms of applications of 

breeding season knowledge wind farm interactions, there is less of a concern for RTDs across this 

period (Dierschke et al. 2017). This is because their interactions are fewer when compared to the 

non-breeding period, due to lower utilisation of areas where developments are more abundant. 

However, future constructions could pose an impact if they are placed in a manner where RTDs will 

have increased interactions. For example, wind farms placed near their nesting sites (Hovick et al. 

2014). In this case, alternative methodologies would be required to accurately assess behaviour, 

which could include camera traps, GPS or accelerometers, which would provide information on 

nesting behaviour (Gómez Laich et al. 2008, Bird et al. 2022). 

While this thesis has allowed for a wide range of new insights into the ecology of RTDs in the non-

breeding period, there remain a few aspects of RTD ecology that lack in empirical study. Firstly, the 

knowledge of exact movement patterns to a fine spatial and temporal resolution have not yet been 

described. For future modelling and predictions for the impacts of offshore wind farms, this 

information is essential to allow for high quality simulations. Distributions of individuals can form an 

understanding of where they are, their habitat preferences and give some insight into prey density 

(Karpouzi et al. 2007), which alleviates some uncertainty. However, fine scale movement also 

provides insight into the probability of individuals moving to new foraging patches or moving into the 

region of wind farms or ship traffic (Mikami et al. 2022). To gain this fine scale understanding, the 

deployment of location tracking tags with a high temporal resolution of location fixes would be 

required (Heinänen et al. 2020). One of the largest issues in the deployment of such tags is the 

uncertainty of the long-term effects of deployment (Dierschke et al. 2017, O'Brien et al. 2020). This 

raises moral and ethical considerations in whether such deployments are in the best interest of the 

species. Alternatives to this could be in the form of newer smaller tags with GPS capabilities which 

would minimise impacts on individuals. This is important since, due to the poor performance of GLS 

tags in determining RTD locations, I cannot recommend their continued deployment on this species. 

As discussed in Chapter 4, these performance issues likely stem from shading of the sensors, driven by 

resting behaviour during twilight events. I therefore suggest light based methods of geolocation are 

avoided for RTDs. 
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Secondly, although this thesis has looked at foraging behaviour, there is still a lack of detailed diet 

composition across the range of RTDs. Our results have shown a combination of pelagic and benthic 

foraging strategies and this variety of prey types is generally supported by the literature (Kleinschmidt 

et al. 2019, Morkūnė et al. 2016). Further advancing this information could be essential in 

understanding the complicated relationships between foraging efficiency and prey density, depending 

on the relative abundances of prey species in a given year (Benoit-Bird et al. 2013). Finally, another 

area of priority work would be a complete understanding of the habitat drivers of foraging 

opportunities, along with understanding the degree of flexibility RTDs have in moving to new habitat. 

This work is essential in further modelling the consequences of displacement (Kirkpatrick et al. 2018, 

Kelsey et al. 2018). In a case where RTDs have a wide range of unutilised habitat and can move to new 

areas following displacement, this may reduce the estimated effects of disturbance. However, if they 

are limited to a small area of habitat, which they currently occupy, then the consequences could be 

vastly underestimated. Either way, addressing these research questions will form an integral part of 

assessing the future impacts of offshore windfarms on RTDs. 

 

Main conclusions 

This thesis has presented many of the first insights into the ecology of red-throated divers and made 

steps to address the questions of how they may respond to anthropogenic stress. Primarily, this 

assessment of vulnerability is based on their spatial overlap with current and planned windfarms 

along with capacity for additional foraging. Our current estimates suggest that while RTDs moving into 

the North Sea are at the highest risk of encountering developments, they also have a high capacity to 

handle change. This point was further demonstrated through the IBM. 

The novel behaviour and ecological insights into RTDs have been a notable output of this thesis. Prior 

to this work, the majority of knowledge into the habitat use of divers was based on their two-

dimensional use of the marine environment they inhabited. The work here presents much of the first 

exploration of vertical diving movements, which provided insight into the nature of the benthic and 

pelagic diving patterns. These foraging patterns showed how spatial and temporal changes to foraging 

behaviour can manifest. This suggests that populations are adapting to local environmental 

conditions, which may in turn suggest the species has a degree of adaptability to habitat change both 

through their annual cycle and across their spatial distribution. 

I have identified key areas of future work to inform and create a final model capable of predicting the 

consequences of displacement in known and unknown habitats. Given the high level of interest, both 
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economically and ecologically in understanding these threats; there will likely be projects addressing 

these challenges in the next few years. These results will then hopefully form the gold standard for 

both understanding threats to RTDs, along with other species of marine birds.
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Chapter 9 Supplementary materials 
Chapter 3 Supplementary materials 
 

FIGURE 9.1 CHAPTER 3, SUPPLEMENTARY FIGURE 1 

Comparison of the candidate models for each of the response variables tested in this paper. ▪ 

represents the variable was present in the model. Tables show the best fitting model first then 

the ΔAIC values in relation to the best fitting model. In cases where multiple models had 

ΔAIC<2, the most parsimonious model was selected. 

i. dive duration, family=gaussian 

Site Random effect 

for individual 

K ΔAICc 

▪ ▪ 5 0 

 ▪ 3 19.16 

 

ii. log(bout duration),  family=gaussian 

Site Random effect 

for individual 

K ΔAICc 

▪ ▪ 5 0 

 ▪ 3 6.06 

 

iii. log(maximum dive depth), family=gaussian 

Site Random effect 

for individual 

K ΔAICc 

▪ ▪ 5 0 

 ▪ 3 9.49 
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iv. number of dives in a bout, family=gaussian 

Site Random effect 

for individual 

K ΔAICc 

▪ ▪ 5 0 

 ▪ 3 7.07 

 

v. proportion of U-shaped dives, family=binomial 

Site Dive duration Site : Dive 

duration 

Random effect 

for individual 

K ΔAICc 

▪ ▪ ▪ ▪ 7 0 

▪ ▪  ▪ 5 153.71 

 ▪  ▪ 3 161.43 

▪   ▪ 4 2184.32 

   ▪ 2 2191.22 

 

vi. daily time spent foraging, family=gaussian 

Site Time Site:Time Random effect for 

individual 

K ΔAICc 

▪   ▪ 5 0 

▪ ▪  ▪ 6 0.01 

▪ ▪ ▪ ▪ 8 1.17 

   ▪ 3 4.02 

 ▪  ▪ 4 4.39 
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vii. proportion of IDZ dives, family=binomial 

Site Time Site:Time Random effect for 

individual 

K ΔAICc 

▪ ▪ ▪ ▪ 7 0 

▪ ▪  ▪ 5 11.03 

 ▪  ▪ 3 32.81 

▪   ▪ 4 256.81 

   ▪ 2 381.06 
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FIGURE 9.2 CHAPTER 3, SUPPLEMENTARY FIGURE 2 

Proportion of time the saltwater immersion loggers were wet per day throughout the 

deployment period. Red lines show the estimated end of summer using a cut-off. This cut-off 

was defined as the first day of five continuous days with greater than 45% of the records 

showing immersion in saltwater.  
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FIGURE 9.3 CHAPTER 3, SUPPLEMENTARY FIGURE 3 

The model output from the best model explaining the proportion of U-shaped dives across 

three sites against the dive duration. The likelihood of detecting a U-shaped dive increases as 

dive duration increases as there are more data points per dive.   
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TABLE 9-1 CHAPTER 3, SUPPLEMENTARY TABLE 1 

Number of red-throated divers captured and tags recovered across the three study sites. 

Site GLS and 

TDR 

deployed 

Birds 

recaptured 

GLS 

recovered 

Working 

GLS tags 

TDR  

recovered 

Working 

TDR tags 

Birds with 

both a TDR 

and GLS tags 

Finland 31 10 10 7 8 8 6 

Scotland 31 9 9 5 8 8 4 

Iceland 12 8 8 7 7 7 6 
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Chapter 5 Supplementary materials 
 

 

 

 

 

FIGURE 9.4 CHAPTER 5, SUPPLEMENTARY FIGURE 1A  

A density histogram showing the proportion of IDZ dives in each bout, where the number of 

bouts within was over eight for the Finland population of RTD. The bandwidth is the standard 

deviation of the smoothing kernel for each panel, which itself is generated from a Gaussian 

distribution. Bouts are not weighted for the number of dives within them. 
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FIGURE 9.5 CHAPTER 5, SUPPLEMENTARY FIGURE 1B  

A density histogram showing the proportion of IDZ dives in each bout, where the number of 

bouts within was over eight for the Scotland population of RTDs. The bandwidth is the 

standard deviation of the smoothing kernel for each panel, which itself is generated from a 

Gaussian distribution. Bouts are not weighted for the number of dives within them.  
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FIGURE 9.6 CHAPTER 5, SUPPLEMENTARY FIGURE 1C 

A density histogram showing the proportion of IDZ dives in each bout, where the number of 

bouts within was over eight for the Iceland population of RTDs. The bandwidth is the standard 

deviation of the smoothing kernel for each panel, which itself is generated from a Gaussian 

distribution. Bouts are not weighted for the number of dives within them.  
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Chapter 6 Supplementary materials 
 

 

 

 

 

 

TABLE 9-2 CHAPTER 6, SUPPLEMENTARY MATERIALS 1 

Table showing the effect of changing the Tabsolute and Trelative temperature cut-off parameters 

on the behaviours that are defined by them when classifying behaviours in red-throated divers. 

Parameters are changed by looking at increases and decreases of 25% increments from 50% 

to 150%. In all cases, the change to the behaviour caused by changing the cut-off value is less 

than 10% from the original value, demonstrating robustness of the method. 

Behaviour: 

parameter 

changed 

Percentage of cut-off in decision tree 

 50 75 100 125 150 

 Time % Time  Time % Time  Time % Time  Time % Time  Time % Time  

Resting: 

Tabsolute 

8.72 105 8.53 103 8.29 100 8.04 97 7.78 94 

Resting: 

Trelative 

7.73 93 8.11 98 8.29 100 8.37 101 8.4 101 

Flight: 

Trelative 

0.11 92 0.11 92 0.12 100 0.12 100 0.12 100 
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Chapter 6, Supplementary Materials 2: 

We measured and explored variation in body mass and wing length within and between populations 

in order to determine the most appropriate way to account for potential size-driven influences on 

metabolic rates in this species. In this analysis we included data gathered from all individuals that 

were caught through this study (n= 41, 42, 24 for Finland, Scotland, Iceland respectively), not just 

those from which data loggers were retrieved. In Scotland, RTDs can be sexed reliably in the field, 

especially when both individuals in a breeding pair are visible, based on differences in body mass 

(Okill, French et al. 1989). This revealed a similar number of males (n=18) and females (n=20) were 

sampled in Scotland. Identification of the sex of all individuals from Scotland and Iceland was not 

available. Inspection of the distribution of body masses in Finland and Iceland suggested that while 

between populations there is likely to be a difference in the body mass threshold used to sex this 

species in the field, that at both of these sites a similar proportion of males and females were 

sampled. Thus, sex and its potential impact on body mass and wing length was not considered further 

in this analysis. 

We carried out an ANVOA for wing length and body mass to test for differences across the three 

populations. We also modelled body mass as a function of wing length, site and an interaction 

between the two, using a linear model. Finally, we carried out Tukey test post-hoc tests to explore 

differences between populations in all models. 

There was strong evidence for differences in body mass between the populations (F(2, 104) = 8.5, 

p<0.001), with individuals in Finland having a higher body mass than Iceland (p=0.01) and Scotland 

(p<0.001), but there was no evidence for a difference between Scotland and Iceland (p=0.88) 

(Supplementary Materials 1, Figure 1). Similarly wing length varied between sites (F(2, 104) = 21.7, 

p<0.001), with individuals from Finland having a larger wing length than RTDs from Scotland (p<0.001) 

and Iceland (p<0.001), but no difference between Iceland and Scotland (p=0.36) (Supplementary 

Materials 1, Figure 2).  

There was strong evidence that body mass varied with wing length (F(1, 101) = 156.1, p<0.001) 

(Supplementary Materials1, Figure 3). However, there was no evidence for an interaction between 

population and wing length (F(2, 101) = 1.6, p=0.2) (Supplementary Materials 1, Figure 3). The linear 

model also showed no difference in intercept for any of the sites, even in models built with the 

interaction term removed (P>0.05 in all pairwise comparisons). Therefore, the relationship between 

wing morphometrics and body mass was shared across populations, meaning differences in body 

mass between populations were due to birds being morphometrically bigger, rather than just heavier 

for example due to different body condition. 
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Differences in body mass and morphometrics across sites lead to DEE and DEET being presented as KJ 

per unit body mass to the power of the average allometric component from Equation 1 in the main 

paper (Mass0.7545), rather than as just KJ. This allowed comparisons across sites to account for the 

differences in size and hence mass. 
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FIGURE 9.7 CHAPTER 6, SUPPLEMENTARY MATERIALS 2, FIGURE 1 

Boxplot for the mass of each population.  
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FIGURE 9.8 CHAPTER 6, SUPPLEMENTARY MATERIALS 2, FIGURE 2 

Boxplot for the wing lengths of each population.  
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FIGURE 9.9 CHAPTER 6, SUPPLEMENTARY MATERIALS 2, FIGURE 3 

Wing length against the body mass of individuals from the three study populations. The solid 

lines show the predicted relationship between body mass and wing length. Data points for the 

populations from Finland, Scotland and Iceland are shown in red, green and blue, respectively. 

Regression line generated from a model where Body mass = Wing length * 17.5 – 3354. 
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TABLE 9-3 CHAPTER 6, SUPPLEMENTARY MATERIALS 3 

The final models for each of the modelled response variables, where ▪ indicates the presence 

of an explanatory variable in the final model.  s() indicates a smoothing factor was applies to 

the predictor and s(by=site) indicates that a separate smoother was applied to each level 

within the by factor, otherwise the effects are linear. * indicates that the selected model was a 

simpler form of the best fitting model, within 2 ΔAICc units. Both DEE and DEET are calculated 

accounting for body mass. 

Response 

variable 

time s(time) s(time, 

by=site) 

site time:site Adjusted 

R2 

AICc weight 

DEE ▪   ▪ ▪ 0.27 0.86 

Foraging   ▪ ▪  0.28 0.86 

Resting  ▪    0.19 0.81 

Flying ▪   ▪ ▪ 0.03 0.70 

Active on water  ▪    0.20 0.38* 

Swimming   ▪ ▪  0.34 0.93 

DEET   ▪ ▪  0.93 1 
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FIGURE 9.10 CHAPTER 6, SUPPLEMENTARY MATERIALS 4 

The individual outputs of the best fitting model for the five observed behaviours: foraging, 

resting, flight, active on water and swimming. Predictions used from these models which lead 

to negative values are treated as 0 when shown in Figure 3 in the main paper. Finland, 

Scotland and Iceland are shown in red, blue and green, respectively. 
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