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Abstract 

Tidal streams provide important foraging habitat for several species of marine top 

predator. This habitat is potentially vulnerable to alteration from the construction of tidal 

stream turbines. These turbines have been installed in the north of Scotland, with several 

hundred more planned. Tidal turbines may affect inshore habitat or prey distribution by 

shifting tidal flow patterns, altering benthic composition or by forming reefs. However, 

different species will be affected to varying extents based upon their ecological niche. The 

black guillemot Cepphus grylle, an inshore, diving seabird known for benthic foraging has 

been identified as a species vulnerable to tidal turbines due to its use of tidal streams. 

Additionally, the species has been designated as a feature of six Marine Protected Areas 

(MPAs) across Scotland. Both of these developments highlighted gaps in our knowledge of 

black guillemot foraging ecology, and the need to address the extent tidal stream turbines 

may affect, and MPAs will protect, black guillemots. The aim of this thesis is to investigate 

these knowledge gaps relating to black guillemot foraging ecology, with a particular focus 

on tidal stream use.  

 
I related GPS tracking data to predictive habitat data and tidal models to investigate the 

foraging ecology of black guillemots at three colonies in Caithness and Orkney. Firstly, I 

addressed the overlap between foraging locations and the MeyGen tidal lease area within 

the Inner Sound of the Pentland Firth. I found 9.5% of foraging locations overlapped with 

the lease area. Individuals mostly foraged parallel to the MeyGen area, associating with 

slower velocities and shallower depths than those occurring within the lease area. Tidal 

streams were found to be one of multiple foraging niches. These included relatively shallow 

(14m) kelp-dominated habitats, and habitats related to sand substrate with dense infaunal 
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communities (20m). Use of these niches was dependent on colony specific availability, and 

surrounding depth profiles. Within these niches, individuals partitioned their foraging 

locations, and exhibited strong site fidelity. Some individuals displayed fidelity to tidal 

streams near the colony, while others travelled further (maximum 25 km) to alternative 

habitats not associated with tidal currents.  The implications of different behaviours on 

chick provisioning and growth were investigated. I found diet to vary among nests, being 

either composed of: frequent feeds of diverse prey; or in-frequent feeds, of energy rich 

prey. These provisioning strategies did not influence chick growth. Varied foraging 

strategies are potentially driven by differing energetic benefits. I compared camera traps 

and visual observations as study techniques of chick diet and nest predation. Using these 

methods, additional sources of colony failure were identified, including adverse weather, 

and predators (both avian and terrestrial), which should be taken into account in surveys 

of nest success. Using ring recovery data, I investigated natal dispersal and philopatry 

across Britain and Ireland, as metapopulation dynamics may have implications for colony 

recovery. These properties were found to vary with latitude, potentially related to regional 

environmental conditions. 

 

In relation to MPAs, the findings of this thesis have implications with regards to the habitats 

associated with foraging, and the distance birds will travel to use them. Regarding tidal 

turbines, most black guillemots did not forage in areas currently suitable for tidal stream 

turbine deployment, but narrow characteristics of depth and velocity were used by 

foraging individuals within tidal streams. Therefore, minor changes to environmental 

conditions caused by turbines may have large impacts for the birds that do specialise in 

foraging in areas of high tidal flow.  
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Chapter 1. General Introduction 
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1.1 Introduction  

Seabirds are affected by anthropogenic activities including fishing (Furness, 2002; Daunt et 

al., 2008), pollution (O’Hanlon et al., 2017; Eckbo et al., 2019), oil spills (Ewins, 1986; Golet 

et al., 2002), and climate change (Grémillet and Boulinier, 2009; MacDonald et al., 2015). 

The increase in anthropogenic activity arising from the growing marine renewable energy 

industry continues to have unknown effects on seabirds (Inger et al., 2009). In Scotland, 

this industry is driven by goals set by the Scottish Government to achieve 100% renewable 

energy by 2020 (Davies et al., 2014). Tidal stream energy devices, i.e. those based on tidally 

driven currents channelled through narrow areas between landmasses or around 

headlands, are situated in areas of potential current speeds of >2 m/s (MeyGen Ltd, 2012). 

In Scotland, 18 inshore areas have been leased for tidal development (Figure 1.1) (The 

Crown Estate, 2016). These include the MeyGen lease area, situated in the Inner Sound of 

the Pentland Firth. This area is planned to contain an array of up to 398, horizontal axis, 

tidal stream turbines. Within this lease, 4 initial turbines were installed in Winter 2016/17, 

with an array of 49 planned for installation by 2022 (Meygen Ltd, 2017).  

 

The potential impacts of tidal turbines on diving seabirds are largely unknown since only a 

few devices have been deployed to date (Savidge et al., 2014; SNH, 2016). In Scotland, the 

black guillemot Cepphus grylle has been highlighted as the seabird species most at risk from 

tidal turbines (Furness et al., 2012; Robbins, 2012), in part, due to their known association 

with tidal streams (Nol and Gaskin, 1987; Waggitt et al., 2016b). It has been suggested that 

the impacts of tidal turbines on diving seabirds may include changes to foraging habitat, 

foraging efficiency, and diving behaviour (Scott et al., 2014; Benjamins et al., 2015) as well 

as direct mortality through collision (Wilson et al., 2006; Furness et al., 2012). The need for 
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further research regarding impacts to, and responses of, seabirds to renewable energy 

installations has been highlighted with regards to wind (Inger et al., 2009), and wave 

devices (Grecian et al., 2010; Langton et al., 2011). Though particular knowledge gaps have 

been highlighted in relation to diving seabirds and tidal turbines (Furness et al., 2012; 

Masden et al., 2013). Though, it is acknoweldged that research poses challenges, including 

the visual detectablility of seabirds in adverse meteorlogical conditions (Fox et al., 2018). 

The sensitivity of diving seabirds to the impacts of tidal turbines is likely to vary in relation 

to the extent of spatial and temporal overlap (Waggitt and Scott, 2014). In the absence of 

empirical data, sensitivity can be expected to relate to foraging locations, diving depth, 

variation in year-round distribution and behaviour, the extent of association with tidal 

currents, the sensory cue used when foraging, and diurnal rhythms in foraging (Wilson et 

al., 2006; Furness et al., 2012). Further ecological knowledge of these factors is needed to 

inform decision makers on the potential impacts related to tidal turbine allocation and 

operation (Fox et al., 2018). 

 
 

The siting of marine renewable lease sites around Scotland coincides with the designation 

of six Scottish Marine Protected Areas (MPAs) specifically with black guillemots as a major 

protected feature (SNH, 2014; Figure 1.1). A further four MPAs have been established for 

benthic communities containing kelp which may in turn protect habitat associated with 

black guillemot prey (blennies and gadoids) (Ewins, 1990; SNH, 2014). This also emphasises 

the need for more information on black guillemot foraging ecology to ensure MPAs fulfil 

their desired conservation outcomes by encompassing foraging habitat. 
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The aim of this chapter is to provide a synthesis of current knowledge regarding black 

guillemot ecology and its relevance to potential impacts from tidal stream turbines. Key 

aspects of black guillemot movement are reviewed, including: 1) foraging movements, 2) 

diving behaviour, and 3) seasonal distribution. Further factors, which may compound the 

impact of tidal stream turbines are also considered, including 4) other sources of 

disturbance to nesting adults, and the process of colony recovery. For each topic: i) the 

Figure 1.1: Distribution of black guillemots as produced from Seabird 200 
count data in relation to tidal renewable lease areas and Scottish black 
guillemot Marine Protected Areas (MPAs). 
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knowledge required to assess the impacts of tidal stream turbines on black guillemots is 

outlined, ii) current knowledge is reviewed, iii) gaps in current research are highlighted, and 

recommendations for future research are provided. The aim of this structure is to outline 

the knowledge gaps that will be  the focus of this thesis.  

 
 

1.2 Foraging movements 

Tidal stream turbines may increase habitat heterogeneity through the addition of 

previously absent structures, which will potentially form reefs, act as Fish Aggregating 

Devices (FADs), and may alter seabed sedimentation patterns (Shields et al., 2009; Miller 

et al., 2013). How susceptible a seabird will be to these changes depends on their ecology 

(Wilson et al., 2006). Firstly, species which forage within the inshore environment rather 

than offshore are more likely to encounter tidal devices (installed within 5km of shore) (The 

Crown Estate, 2016). Secondly, temporally varying habitat use (related to season, time of 

day, or tidal phase) may influence the duration foraging birds experience disturbance from 

turbine construction, maintenance, or operation (Waggitt and Scott, 2014). Lastly, the dive 

depths exhibited by a foraging bird may indicate the extent of vertical overlap with turbine 

blades (Furness et al., 2012). This overlap will also be dependent on depth profile of the 

tidal device encountered, which include floating (3-19m) (Scotrenewables, 2017) and 

seafloor mounted (8-26m) designs(MeyGen Ltd, 2012; Masden et al., 2013). Risk of 

collision, or a barrier effect, may depend on tidal speeds and depths targeted for foraging. 

MeyGen turbines have a cut-in speed of 1m/s, situated at depth >31m (nacelle depth: 13.5-

16m), a minimum of 8m from the surface, on scoured rock substrate (MeyGen Ltd, 2012). 

Foraging related to these parameters would potentially be at greatest risk of interacting 

with blades.  The blade swept area held by a turbine will dictate the potential extent of a 
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barrier effect. With regards to the seafloor mounted MeyGen device, which will have a 

maximum blade radius of 20m, the total blade swept area would be 314m2, rows of up to 

11 turbines would therefore form a barrier area of 3,454 m2 (MeyGen Ltd, 2012). In terms 

of black guillemots, a small foraging range, frequent use of inshore areas, and deep/benthic 

diving behaviour could bring individuals into frequent contact with inshore tidal turbines 

(Furness et al. 2012). The assessment of the overlap between potential turbine lease areas  

and foraging black guillemots requires ecological knowledge of both movement and habitat 

use at sea.  

1.2.1 Foraging movements: Current knowledge 

Black guillemots are inshore, generalist, central place foragers with a relatively short 

foraging radius (Thaxter et al., 2012; Owen, 2015). Initial work regarding black guillemot 

foraging ranges monitored the direction that adults flew from the nest by visually following 

individual birds (Petersen, 1981; Ewins, 1986; Nol and Gaskin, 1987; Cairns, 1992) (Table 

1.1). More recently, electronic tracking studies of adult black guillemots have revealed the 

foraging locations and distances travelled by individuals, with greater accuracy (Sawyer, 

1999; Owen, 2015) (Table 1.1).  

 

Reference Method n Seasons 

sampled

Mean                  

(km)

Median (km) Maximum (km) Location

Petersen, 

1981

Visual 

observation

65 3 2-4 - 7 Flatey Island, Iceland

Ewins,  

1986

Visual 

observation

73 1 - - 2  Shetland, Scotland

Sawyer, 

1999

Visual 

observation

623 1 - 5.5                                    

(300m offshore)

8.4                                  

(840m offshore)

Holm of Papa, Orkney, 

Scotland

Sawyer, 

1999

VHF tag 18 3 - 5.5                                    

(275m offshore)

9                                     

(700m offshore)

Holm of Papa, Orkney, 

Scotland

Shoji et 

al., 2015

GPS tag 1 1 - - 1.8 Copeland, Northern 

Ireland

Owen, 

2015

GPS tag 19 1 - - 7.45 Grassholm, Shapinsay, 

Orkney, Scotland

Table 1.1: Summary of breeding season foraging distance studies for black guillemots. 
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These relatively short, inshore, foraging ranges are reflected in their diet, and lead to 

variability in prey species between localities based on local benthic communities (Table 1.2) 

(Ewins, 1990; Barrett and Anker-Nilssen, 1997; Hario, 2001). In Scotland, butterfish Pholis 

gunnellus tend to dominate diet, followed by sandeels Ammodytes marinus, Gadoid spp., 

blenny spp., sculpin spp., and flatfish spp. (Slater and Slater, 1972; Harris and Riddiford, 

1989; Ewins, 1990, 1992; Sawyer, 1999).  
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Foraging black guillemots have been shown to associate with moderate current speeds and 

tidal eddy features of tidal streams (Wade, 2015; Waggitt et al., 2016b). Diving seabirds 

may associate with eddies features, the product of upwellings and agitated nutrients, as 

they are potentially predictable and reoccurring areas of aggregated and exposed prey 

(Alldredge and Hamner, 1980; St. John et al., 1992; Ladd et al., 2005; Embling et al., 2012).  

Foraging is most common at speeds of 0.5-1 m/s, reducing in frequency at higher current 

speeds of >2 m/s (Nol and Gaskin, 1987; Wade, 2015; Waggitt et al., 2016a). For black 

guillemots, the use of tidal streams is a potential trade-off between foraging success and 

the energy required to move in this energetically demanding environment (Nol and Gaskin, 

1987). While swimming costs may be higher in fast flowing water, ‘tidal-conveyor’ foraging 

behaviour (repeatedly flying upstream and then diving, allowing the current to carry an 

individual downstream while foraging) may be a strategy which reduces the energy 

required to search a large transect of the seafloor (Ewins, 1986; Robbins, 2017). However, 

the relationship between black guillemots and tidal streams are not always consistent 

between studies. For example, when comparing studies of tidal microhabitat use, Waggitt 

et al. (2017) found heterogeneity between study sites, with the probability of detecting 

black guillemots in fast habitats greater in 3 of 5 study sites. A number of variables could 

cause this heterogeneity, including differing eddy locations/formations and the associated 

foraging behaviour needed to exploit them.  

 

Foraging in tidal streams can relate to tidal phase (Robbins, 2012) potentially associated 

with variations in current speeds or depths. Diving depths required to access the seafloor 

are shallower at low tide, potentially reducing the energetic costs of foraging on the 

benthos and increasing the accessibility of prey (Vermeer et al., 1993). Shore based 
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observations of foraging black guillemots found distance from shore (Ronconi and Clair, 

2002), and density of individuals (Waggitt et al., 2016a) increased at low tide. The influence 

of low tide on Cepphus spp. colony attendance varies in significance between studies 

(Petersen, 1981; Ewins, 1985a) potentially attributed to local tidal ranges (Vermeer et al., 

1993).  

 

Temporal cycles may influence black guillemot behaviour. Diel cycles have been shown to 

affect colony attendance (Hilden, 1994), foraging activity (Robbins, 2012), and foraging 

dives (Shoji et al., 2015b). This is potentially related to light levels and visibility in the water 

column (Regular et al., 2011) or diel movements of prey (Kamenos et al., 2004). Changes in 

prey species provisioned to chicks has been correlated with time of day, shifting from a 

peak in sandeels in the morning (0700 hrs) to blenny spp. thereafter (Ewins, 1990). The 

tidal speeds associated with black guillemot foraging may alter seasonally, however these 

relationships are variable between studies. Foraging took place in faster flows and a 

broader range of habitats in the non-breeding season compared to the breeding season in 

the Fall of Warness, Orkney (Waggitt et al., 2016b), however the reverse was observed in 

the Pentland Firth (Wade, 2015). It was speculated that a release from interspecific 

competition (Waggitt et al., 2016b) or a reduction in prey availability in winter (Ewins, 1990) 

may cause black guillemots to broaden their foraging niche into high flow areas.  

 

Differing habitat use observed among studies may be related to the exploitation of niches 

which vary locally in substrate type, benthic flora, and tidal dynamics. However, studies 

highlighting the prevalence of individual behaviour in black guillemots (Slater and Slater, 

1972; Petersen, 1981; Owen et al., 2019), raise the possiblity of inter-individual niches 
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existing within the total niche width (Bolnick et al., 2003). Varied niche use may be 

exhibited most distinctively through generalist (selection of multiple prey types, foraging 

locations or habitats) and specialist foraging (selection of single prey types, foraging 

locations or habitat). Niches related to tidal stream dynamics could be altered by tidal 

turbines. The prevalence of inter-individual niches suggests that individuals within a colony 

could associate with tidal streams to different extents, and so are affected by habitat 

change related to tidal turbines differently.  Generalist and specialist foraging behaviours 

prevalent in black guillemots (Cairns 1987, Ewins 1990, Barrett and Anker-Nilssen 1997) 

and pigeon guillemots (Litzow et al., 2004, 2000, 1998), may dictate those individuals best 

suited to adapt to habitat change. 

 

1.2.3 Foraging movements: Knowledge gaps 

In assessing the extent to which black guillemots use tidal currents, previous studies 

highlight that while tidal streams are a common foraging habitat, a large degree of 

heterogeneity exists in their use (Nol and Gaskin, 1987; Wade, 2015; Waggitt et al., 2016b, 

2017). The reasons behind these differing tidal associations between study sites has not 

been investigated in-depth. Previous studies have considered these differences to be 

potentially related to the pressures of interspecific competition or differing benthic 

communities (Wade, 2015; Waggitt et al., 2016b, 2017). Few studies have investigated the 

relationship between tidal currents, bathymetry and benthos. There is currently a 

knowledge gap in terms of the interactions between these three properties, and further 

investigation could highlight common drivers behind black guillemot foraging distributions 

within tidal streams. By identifying these habitat associations, predictions can also be made 

as to how they may be altered by tidal turbines. To identify the sensitivity and responses 
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of birds to tidal stream turbines, future research should focus on the ecological 

relationships that intertwine within tidal streams, explicitly the benthos and associated 

prey, and how certain tidal dynamics may be advantageous to foraging. GPS data, such as 

those presented in Owen (2015) identify horizontal movement patterns and potential 

foraging locations, but, the environmental characteristics of these foraging locations have 

not yet been detailed. It is possible that tidal stream turbines may significantly alter the 

conditions that foraging birds respond to, but until the drivers behind foraging are 

established, it is not possible to fully consider the risks and potential impacts. 

 

Understanding the characteristics of black guillemot foraging habitats, assessing the 

changes tidal turbines will exert on these habitats, and subsequently discovering how black 

guillemots use these altered habitats, are primary considerations that should be accounted 

for by developers when siting tidal turbines. Potential outcomes of tidal turbine installation 

include shifts in current flows previously associated with foraging, or blocked access to 

benthic habitat (Savidge et al., 2014). Tidal devices may increase turbulence within the 

current flow (Churchfield et al., 2013; Edmunds et al., 2014), having ecological impacts 

downstream (Shields et al., 2011). Alternatively, tidal turbines may act as FADs (Scott et al., 

2014; Wilhelmsson et al., 2006), potentially attracting more foraging birds (Savidge et al., 

2014). The formation of reefs may create new habitat features producing heterogeneous 

biodiversity in comparison to the adjacent seabed (Wilhelmsson et al., 2006; Shields et al., 

2009; Broadhurst and Orme, 2014). Though FADs may increase fish abundance, fish may 

aggregate around turbines to avoid predation, potentially reducing prey availability to 

seabirds and/or encouraging them to forage in areas of higher collision risk (Langton et al., 

2011). Where fast current flows create physical stress on benthic communities, a reduction 
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in kinetic energy through tidal turbine structures may precipitate an increase in biodiversity 

and species abundance (Moore and Roberts, 2011).  

 

The individual-specific variation in foraging location (Owen, 2015), or diet (Slater and Slater, 

1972) has been related to intra-specific competition (Phillips et al., 2017), foraging 

efficiency (Patrick et al., 2014; Grecian et al., 2018; Morgan et al., 2019), and high quality 

diet (Wanless et al., 1992). Knowledge of the extent of variation in foraging behaviour 

related to the individual, life-stage, or sex, is required in order to define the sample size of 

observations of foraging location or diet, that is representative of the colony (Soanes et al., 

2013a; Scott et al., 2014; Wakefield et al., 2015; Grecian et al., 2018). Individually varying 

extents of threat of altered habitat use or collision posed by tidal turbines can indicate the 

proportion of a colony at risk.  

 

With habitat use and diet potentially varying diurnally (Ewins, 1990), tidal turbine 

operation, construction, and maintenance may obstruct foraging birds at key periods, i.e., 

when foraging is most efficient and high quality prey items are normally present in the diet. 

Distinct colonies have differing behavioural responses to tidal phase and diurnal cycles. 

While there have been some suggestions for the reasons for these differences, including 

tidal height and diet, no research has positively identified the underlying drivers (Petersen, 

1981; Ewins, 1990; Vermeer et al., 1993). Further study of the ecological interactions 

driving temporal variation in movement may help inform and mitigate against the periods 

during which disturbance from construction and maintenance of tidal turbines is most 

deleterious to foraging birds.  
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Modern tagging techniques, such as GPS (Owen, 2015), and time-depth recorders (TDRs) 

(Masden et al., 2013; Shoji et al., 2015b) are powerful methods of identifying the horizontal 

and vertical foraging components of individual movement. Associating foraging location 

and behaviour to habitat or prey items would provide useful information on the 

environmental characteristics related to differing foraging strategies (Elliott et al., 2008; 

Woo et al., 2008). While several studies have suggested that foraging in black guillemots is 

associated with kelp, few have made a definitive link (Ewins, 1992; Sawyer, 1999). 

Combining tracking techniques, prey observations, and environmental data could identify 

these links. Previously, studies have related seabird diet to movement using data loggers 

in relation to variables of depth (Barrett and Furness, 1990; Woo et al., 2008), foraging trip 

duration (Weimerskirch, 1998), and foraging location (Votier et al., 2010; Caron-Beaudoin 

et al., 2013; Linnebjerg et al., 2013). Understanding black guillemot horizontal foraging 

location and associated prey would provide developers and licensing authorities with 

invaluable knowledge regarding habitat use and ecology within tidal lease areas and MPAs.  

 

1.3 Diving behaviour 

Turbine arrays have been suggested to act as barriers to the movement of diving seabirds 

(Savidge et al., 2014) and have been identified as particularly hazardous to black guillemots 

due to their benthic foraging behaviour (Furness et al., 2012, Masden et al., 2013; Robbins, 

2012; Wade, 2015). The behavioural responses of diving birds to tidal turbine blades have 

yet to be fully understood, including the potential risks of collision or effects on foraging 

efficiency (Wilson et al., 2007). It is currently unknown how black guillemots use tidal 

currents when diving, currents that tidal turbines may alter by obstructing water flow 

(Shields et al. 2009). In foraging areas associated with tidal stream turbines, knowledge of 
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black guillemot diving behaviour in relation to direction, profile, and use of currents could 

indicate the potential for underwater interactions with turbine blades.  

 

1.3.1 Diving behaviour: Current knowledge 

A wide range of diving depths have been reported for black guillemots, although they have 

not been recorded exceeding 50m (Piatt and Nettleship, 1985; Nol and Gaskin, 1987; Ewins, 

1990; Masden et al., 2013; Shoji et al., 2015b) (Table 1.3). Methods to deduce these dive 

depths involved corresponding visual observation of dive locations to bathymetrical charts 

(Ewins, 1986; Nol and Gaskin, 1987; Cairns, 1992), trawl depth of fisheries by-catch (Piatt 

and Nettleship, 1985) and TDR deployments (Masden et al., 2013; Shoji et al., 2015b).  

  

Black guillemots dives include W, V and U-shaped profiles (Shoji et al., 2015b). V and W-

shaped dives exploit the midwater, while U-shaped dives are indicative of foraging lower 

in the water column, suggesting that black guillemot diving behaviour is often related to 

the benthos (Shoji et al., 2015b).  

 

Table 1.3: Summary of breeding season dive depth studies for black guillemots. 

Reference Method n Seasons 

sampled

Mean   

(m)

SD Median             

(m)

Maximum             

(m)

Location

Ewins, 1986 Visual 

observation

73 1 30-50 - - 50 Shetland, Scotland

Piatt and Nettleship, 

1985

Fisheries  

by-catch 

36 2 13.6 - - 50 Newfoundland, 

Canada

Nol and Gaskin, 1987 Visual 

observation

799 2 26.4 14.9 - 50 Bay of Fundy, 

Canada

Cairns, 1992 Visual 

observation 

130 1 21.1 10.5 22.5 48 Northeast Hudson 

Bay, Canada

Masden et al., 2013 TDR tag 2 1 - - 32 43 Stroma, Caithness, 

Scotland

Shoji et al., 2015 TDR tag 4 1 9.3 2.8 - 18.7 Bangor/Copeland, 

Northern Ireland
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Tidal-conveyor foraging entails an individual drifting downstream with the direction of the 

tidal current, before flying upstream, landing, and then diving (Robbins, 2017). Fraenkel 

(2006) has suggested that in relation to tidal turbines, diving birds will likely be swept 

between blades within the current flow (through ‘entrainment’), or, possess the 

manoeuvrability to avoid contact with blades. Langton et al. (2011) countered this 

assumption, indicating that for diving birds to manoeuvre around turbines they must first 

be able to see, recognise and predict blade movements. Wade (2015) suggests that 

seabirds diving within tidal streams actively face into the direction of the current; this was 

concluded from surface observations of locations where individuals submerged and 

resurfaced, and assumptions that fusiform body shapes are more suited to swimming 

against the current, minimizing drag and energy expenditure (Lovvorn et al., 2001). The fact 

that diving birds may actively swim into the direction of the current may increase the 

likelihood of collision, as turbines approached from upstream may be outside their field of 

vision (Wade, 2015).  

 

1.3.2 Diving behaviour: Knowledge gaps 

Current literature describes black guillemots diving to depths that overlap with turbine 

blades (Masden et al., 2013). However, whether these dives will overlap with the horizontal 

locations of turbines in sites with high tidal flow is as yet unknown. Furthermore, there is 

currently no available research to indicate how black guillemots orientate and manoeuvre 

within the water column and may behave when encountering a tidal turbine.  

 

To address this, knowledge of black guillemots diving behaviour in relation to current flow 

speeds, and manoeuvrability in relation to obstacles or arrays of turbines is a priority. To 
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prevent collisions, blade avoidance would need to occur while birds are swimming through 

strong tidal currents whilst also ascending or descending through the water column actively 

seeking prey. Sediment disturbed by tidal turbines may increase turbidity and affect 

visibility within the water column (Shields et al. 2009). Decreased visibility may significantly 

affect the foraging ability of diving birds, whilst also reducing their ability to avoid collision 

with devices (Wilson et al., 2006; Grecian et al., 2010). Black guillemots, as with other auks, 

are visual foragers (Martin and Wanless, 2015), though little is known of the extent to which 

turbidity will effect foraging behaviour. Tactile cues may be employed by diving birds for 

navigation in low light situations, but these have yet to be identified (Regular et al., 2011), 

making vision the primary known sense to be potentially affected. Turbidity has been 

shown to reduce visual resolution in great cormorants Phalacrocorax carbo (Strod et al., 

2004). Similar work is needed on the extent to which visibility relates to black guillemot 

foraging efficiency, and, how their optical orientation (Martin and Wanless, 2015) and 

depth of vision (Katzir and Howland, 2003) relates to their foraging movements and their 

potential to react to structures in their underwater environment (Martin, 2011).  

 

Further research combining diving depth data with horizontal location information may 

reveal how black guillemots use the water column in three-dimensions and potentially 

quantify the extent of overlap with tidal turbine blades. One major information gap to be 

addressed is the relationship of dive depth with conditions such as bathymetry and the 

benthos. Differences in dive depths reported in Masden et al. (2013) and Shoji et al. (2015b) 

were primarily attributed to variation in bathymetry between the study sites. Approaches 

which may help improve our knowledge of underwater seabird behaviour might include 

combined deployments of TDRs, animal-borne cameras, accelerometers and GPS devices 
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(Sato et al., 2008; Berlincourt and Arnould, 2014). By combining accelerometers with TDRs, 

foraging events at certain depths can be inferred, and have been used to identify foraging 

habits in diving seabirds (Watanuki et al., 2006; Laich et al., 2010). Similarly, combinations 

of deployments may identify the number of dives per foraging trip, something not currently 

addressed in previous studies. The number of dives could help quantify the level of 

exposure to turbine blades per foraging trip. Animal-borne cameras can record the field of 

vision of the animal, identifying foraging events and behaviour within track data (i.e., prey 

captures and species). In other studies (which could be applied  black guillemots), the 

relationship between dive depth and sediment types were investigated in European shags 

Phalacrocorax aristotelis through the use of combined camera and depth sensor 

deployments (Watanuki et al., 2008). However, the technology is not yet light weight 

enough to deploy on smaller diving birds, including black guillemots (Chimienti et al., 2016). 

 

1.4 Seasonal distribution 

Assessing seasonal variations in the overlap of black guillemot foraging distributions with 

tidal stream turbine arrays is the first step required in quantifying periods of risk. Seabird 

distributions may shift due to seasonal migrations, however, as a non-migratory seabird, 

black guillemots remain inshore year round (Ewins and Tasker, 1985). Despite this, black 

guillemot habitat use or distributions can vary in response to climatic conditions, prey 

behaviour, or inter-annual variations in relation to climate change (Veit and Manne, 2015).  

 

1.4.1 Seasonal distribution: Current knowledge 

As year-round inshore residents (Ewins and Kirk, 1988) black guillemots must adapt to 

changing inshore conditions. For example, in Shetland, black guillemots are known to move 
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to less exposed areas of coastline in the winter (Ewins and Kirk, 1988). The winter range of 

black guillemots has also shifted over decadal scales southward (Veit and Manne, 2015; 

Potvin et al., 2016) attributed to climate change.  

 

In the non-breeding season, birds are no longer central-place foragers as they do not need 

to return to a single nest location with prey. This will potentially alter their foraging 

locations (Mehlum and Gabrielsen, 1993). As well as modulating their foraging priorities, 

from chick rearing to only self feeding, foraging habitat may broaden with the opening up 

of prey resources previously unavailable during the breeding season due to inter-specific 

competition with species that have migrated out with the area (Chase, 2011; Waggitt et al., 

2016b).  

 

Foraging locations may change to correspond with changes in prey behaviour (Ewins and 

Kirk, 1988). Some benthic prey species migrate to deeper water in winter, such as butterfish 

(Shorty and Gannon, 2013), whilst sandeels remain buried for most of the winter except to 

spawn (Greenstreet et al., 2006). Ewins (1990) explored the differences in breeding (May-

August) and non-breeding (September-April) diet in adult black guillemots. Taking into 

account different sample sizes between seasons, the variety of prey items observed in non-

breeding diet was larger than in the breeding season.  

 

1.4.2 Seasonal distribution: Knowledge gaps 

Seasonal differences in movement may dictate the periods which black guillemots are most 

likely to overlap with tidal arrays. To investigate these movements, counts through visual 

observations (Ewins and Kirk, 1988; Cole et al., 2019) and aerial surveys (Gaston and 
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Mclaren, 1990; Prach and Smith, 1992; Heinänen et al., 2017) may be carried out year-

round, and are useful methods to investigate population-scale movements. Observational 

survey methods can highlight fine-scale foraging habitat in both breeding and non-breeding 

seasons (Waggitt and Scott, 2014; Cole et al., 2019). However, individual movements 

studied through the use of tracking deployments are difficult to obtain outside of the 

breeding season. During the non-breeding season, birds do not display site fidelity to a nest, 

making their capture difficult. The use of geolocators (GLS) has made tracking over long 

periods feasible, allowing capture during the breeding season and data collection carrying 

on into the winter, this has provided data on non-breeding movements of some alcids 

(Harris et al., 2013, 2015; Jessopp et al., 2013; McFarlane Tranquilla et al., 2014). The use 

of GLS technology has contributed significantly to improving understanding of the non-

breeding movements of arctic black guillemots (Divoky et al., 2016). GLS technology 

assesses individual movement within an error of several hundred kilometres, making it a 

viable method to study movements relating to migration (Jessopp et al., 2013), and large 

scale sea-ice boundary movement (Divoky et al., 2016).  

 

Diet could be used as a tool to investigate black guillemot foraging ecology, which may be 

a useful indicator of potential seasonal shifts in foraging habitat related to tidal turbines. 

Current literature provides limited knowledge of the inshore behaviour and diet of black 

guillemots during the non-breeding season (Ewins and Kirk, 1988; Gaston and Mclaren, 

1990; Wade, 2015; Waggitt et al., 2016b). Studies of black guillemot diet have primarily 

been conducted during the breeding season and therefore largely  prey fed to chicks 

(Barrett and Furness, 1990; Cairns, 1987a; Ewins, 1990; Furness and Barrett, 1985; Harris 

and Riddiford, 1989; Petersen, 1981; Weslawski et al., 1994). These studies are also limited 
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to a relatively short period of the year and to restrictive foraging ranges (Brown and Ewins, 

1996). This makes adult diet outside the breeding season a more robust, but difficult to 

ascertain, measure of black guillemot foraging ecology in relation to habitats associated 

with tidal turbines (Barrett et al., 2016).  

 

1.5 Sources of disturbance and colony recovery 

Tidal turbine arrays may affect the nesting habitat of black guillemots through the 

construction of onshore infrastructure required to manage the generated electricity. 

Human disturbance through ongoing turbine maintenance and operation also has the 

potential to displace black guillemots, affect breeding success, and disturb nesting habitat 

(Cairns, 1980). When assessing the extent of the impact created by tidal turbines on 

breeding black guillemots, it is imperative that existing sources of background disturbance 

and mortality at nest sites are taken into account, such as that caused by predators (Ewins, 

1985b; Craik, 1995) and adverse weather (Hario, 2001). 

 

Should colonies be disturbed by human activity related to tidal turbines, or other factors, 

mechanisms of recovery need to be better understood. Dispersal patterns may indicate the 

potential for metapopulation rescue of colonies that have experienced significant 

mortalities due to tidal turbines. These dispersal patterns may relate to the amount of 

philopatry and emigration occurring within colonies, which vary depending on several 

factors including competition, disturbance and availability of suitable breeding habitat 

(Harris et al., 1996; Moum and Árnason, 2001; Lavers et al., 2007). Understanding the 

extent of emigration and philopatry, including breeding and natal dispersal distances within 

a metapopulation, may indicate the distance at which source-sink relationships between 
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colonies may develop between those effected by tidal turbine related disturbance or 

mortalities.  

 

1.5.1 Sources of disturbance and colony recovery: Current knowledge 

Regarded as less colonial than other alcids (Harris and Birkhead 1985), black guillemot 

colonies are small and dispersed (Cairns, 1980). Black guillemots are regarded as crevice 

nesters, primarily choosing gaps within boulder beaches to nest (Greenwood, 2002). They 

are also known to nest under, or within, a range of natural and manmade objects 

(Greenwood, 2002). Direct human disturbance at black guillemot nest sites has been 

suggested to cause individuals to reduce incubation times or abandon breeding attempts 

(Cairns, 1980). However, colonies have been shown to exist where human activity is high 

and predictable, such as harbours and ferry terminals (Greenwood, 2002), indicating that 

acclimation to human presence is possible.  

 

The shore based nesting behaviour in black guillemots is vulnerable to certain mammalian 

invasive species (Ewins, 1990; Nordström, 2002; Magnusdottir et al., 2014). There are now 

numerous accounts of island seabird colonies, including black guillemots, being impacted 

by American mink Neovison vison predation (Craik, 1995, 1997; Barrett and Anker-Nilssen, 

1997; Clode and Macdonald, 2002; Magnusdottir et al., 2014). The primary impact of mink 

presence is mortality and a loss of breeding habitat, possibly due to an effort by black 

guillemots to avoid predation (Ewins, 1985b; Mitchell et al., 2004). Predation is a major 

confining aspect of black guillemot abundance, and may lead to emigration (Petersen, 

1981; Nordström and Korpimäki, 2004). Adverse weather through intense precipitation or 

storm swells may wash out coastal nests; and the frequency of these incidents may increase 



41 
 

 
 

with climate change (Lowe et al., 2001). Failure of black guillemots caused by heavy rain 

and high waves has previously been witnessed in Finland (Hario, 2001).  

 

The ability of birds to disperse is important in colony/population recovery and persistence, 

and the transfer of individuals between colonies may reduce the potential for colony 

extinctions (Frederiksen and Petersen 2000). Recolonization by immature black guillemots 

may (for example) have driven local population recovery in Sullom Voe following the Esso 

Bernicia oil spill in 1979 (Ewins, 1986; Heubeck, 1995). The rate of recovery may vary 

dependent on the behaviour of local populations. Dispersal distances derived from UK ring 

recoveries vary in relation to the geographic characteristics of natal sites; with median 

dispersal distances from the isolated islands of Fair Isle and Foula of 56km (n = 36), while, 

within the island groups of Orkney and Shetland median distances were only 6km (n = 35) 

(Ewins, 1988). Rates of philopatry in alcids are generally regarded as high (Coulson, 2016). 

On Flatey Island (Iceland), 34% (n = 322) of marked black guillemots were philopatric 

(Frederiksen and Petersen, 1999a), with higher site fidelity exhibited by breeding birds, and 

dispersal behaviour being more prevalent in natal birds (Frederiksen and Petersen, 2000). 

However, dispersal distances did not differ between adult and immature birds in Shetland 

(Ewins, 1988).  

 

1.5.2 Sources of disturbance and colony recovery: Knowledge gaps 

Understanding how human disturbance affects black guillemot nesting habitat could help 

developers identify impacts associated with the construction, operation, and maintenance 

of tidal turbines. To delineate human caused mortality and disturbance from that occurring 

naturally, background sources need to be identified. Should mortality or disturbance occur, 
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an understanding of the mechanisms of colony recovery could help assess the long-term 

consequences of these impacts. Current literature highlights the potential pressures facing 

nesting black guillemots (primarily terrestrial predators), however, little is known about the 

effects of human disturbance (Ronconi and Clair, 2002). This lack of research makes 

identifying the response of black guillemots to anthropogenic activity difficult. When 

assessing disturbance generated by tidal turbines, changes in breeding success of local 

populations could also indicate the potential effects of tidal turbines. At each colony, 

threats from terrestrial predators, human disturbance, and climate change (EcoWatt, 2017; 

De Dominicis et al., 2018), may all produce larger impacts than those from tidal turbines.  

 

Little is currently known about the transfer of individuals between geographically disparate 

black guillemot colonies. How the metapopulation interacts and will respond to colony 

extinction is relatively unknown. Current literature suggests some metapopulation 

connectivity with individuals transferring between island groups (Ewins, 1988; Frederiksen 

and Petersen, 2000) and dispersal from isolated islands in the absence of suitable winter 

shelter (Ewins, 1988). Methods such as mark-recapture of individuals and genetic analysis 

may be used to address the knowledge gaps related to dispersal patterns within 

metapopulations (Greenwood, 1980; Barlow et al., 2013). While mark-recapture and colour 

ringing are useful, they may be limited by the cryptic nature of crevice nesting black 

guillemots, making it more difficult to study life-history aspects such as dispersal and 

philopatry (Coulson, 2016). Limitations to mark-recapture methods could be alleviated by 

DNA marker analysis, a method that has been suggested to be underutilized in the 

assessment of philopatry (Coulson, 2016). DNA markers also provide the potential for 

historic samples to be used in the study of metapopulation composition (Wink, 2006).  
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1.6 Summary 

Black guillemot foraging behaviour and year-round presence within the inshore marine 

environment have highlighted the species to be particularly vulnerable to interacting with 

tidal stream turbines (Furness et al., 2012). To assess the potential impacts of tidal stream 

turbines on black guillemots, several gaps in our current ecological knowledge require 

addressing. Required information includes: 1) the characteristics of the foraging habitat 

and diet preferences; 2) underwater foraging behaviour, including dive profile and body 

orientation; 3) temporal shifts in behaviour and foraging location related to seasonal, diel, 

and tidal cycles; 4) sources of additional pressure on black guillemots and the potential of 

colony recovery from deleterious effects.  

 

While some knowledge exists about the amount of time black guillemots dive at the depth 

of blades of seafloor mounted turbines (Masden et al., 2013), little is known about how 

dives horizontally and vertically overlap with turbines in space. Fine-scale knowledge of 

behaviour at specific foraging locations is essential to investigate how black guillemots may 

interact with turbines (Waggitt et al., 2016b). Methods to investigate these behaviours 

include visual observation (shore based or aerial), tracking, and diet studies (Grémillet and 

Boulinier, 2009; Ronconi et al., 2012; Soanes et al., 2013a; Lascelles et al., 2016). Once 

foraging locations and behaviours are identified, collating knowledge of prey distribution, 

benthic flora compositions, bathymetry, tidal dynamics, and substrate, will provide vital 

information to identify the characteristics typical of black guillemot foraging habitat.  
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Current knowledge shows that black guillemot foraging habitat, including use of tidal 

streams, are heterogeneous between study sites (Waggitt et al., 2017), seasons (Wade, 

2015; Waggitt et al., 2016b) and individuals (Owen, 2015). Drivers of this heterogeneity 

have not been robustly identified, though have so far been attributed to abiotic and biotic 

spatial and temporal covariates (Waggitt et al., 2017). Identifying predictable or consistent 

drivers of habitat use across studies may provide information to developers on the 

environmental characteristics will have the largest impact on foraging.  

 

The response of breeding birds to terrestrial predators (Craik, 1997) or humans (Ronconi 

and Clair, 2002) could include disturbance, desertion, or nest failure. These disturbances 

could persist, leading to local population declines, or alternatively, once such pressures are 

removed, recolonization from the metapopulation could occur (Frederiksen and Petersen, 

2000). Therefore, further understanding of philopatry and dispersal distances by 

immatures from nearby colonies may inform the potential for recolonization, or creation 

of a source-sink scenario, should any deleterious impacts from tidal turbines occur.  

 

Progress toward large-scale tidal stream turbine installation has highlighted multiple gaps 

in our understanding of black guillemot and (more broadly) inshore diving seabird ecology. 

Researching these gaps will shed new light on this understudied species, which could 

potentially help developers mitigate against impacts of tidal turbine construction and 

operation in the future. A better understanding of black guillemot ecology will put MPAs in 

a better position to serve their purpose, and the knowledge gained will have relevance to 

a wider set of biota that may be impacted by marine renewable developments in the future.  
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1.7 Thesis aims and outline  

This thesis is composed of five ‘data chapters’ and a general discussion chapter. The data 

chapters examine black guillemot movement in relation to patterns of dispersal, tidal 

streams, niche selection, and individual niche partitioning. The final data chapter considers 

chick diet and nest success. To begin, Chapter 2 examines patterns of dispersal and 

philopatry in black guillemots, using historic ring recovery data for Britain and Ireland. This 

analysis is discussed in context of metapopulation dynamics and colony recovery. 

 

Chapter 3, Chapter 4, and Chapter 5 of this thesis use GPS tracking data to investigate the 

movements and foraging ecology of black guillemots. With the installation of turbines 

within the MeyGen tidal lease currently ongoing, the pressing question regarding black 

guillemot use of the Inner Sound of the Pentland Firth is addressed in Chapter 3. The 

chapter focuses exclusively on Black guillemot movements within the Inner Sound, 

considering the environmental covariates associated with foraging, and those related to 

the MeyGen tidal lease area. Chapter 4 broadens the investigation of the environmental 

characteristics related to black guillemot foraging. It examines the prevalence of 

consistently selected niches by considering the used vs. available habitat of three colonies 

within Caithness and Orkney. Population related niches may be partitioned between 

individuals driven by individualistic foraging behaviour. The extent of this behaviour, and 

potential underlying environmental drivers are investigated in Chapter 5. The potential 

implications of individual behaviour on nest productivity are examined in Chapter 6, which 

relates chick growth to diet diversity and feeding frequency. This chapter also touches on 

the theme of ‘sources of disturbance’, and presents some factors which influenced nest 

success, and may confound investigations of anthropogenic activity on breeding birds. 
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Finally, Chapter 7 unites the main findings of the five preceding chapters, and examines 

them in context of seabird foraging ecology, the impacts of marine renewable energy 

devices, and management of these impacts.  

 

The majority of the preceding text has been published as: Johnston, D.T., Furness, R.W., 

Robbins, A.M.C., Tyler, G., Taggart, M.A., Masden, E.A., 2018. Black guillemot ecology in 

relation to tidal stream energy generation: An evaluation of current knowledge and 

information gaps. Marine Environmental Research 134: 121-129. 

 

Chapter 2 has been published as: Johnston, D.T., Furness, R.W., Robbins, A.M.C., Taggart, 

M.A., Tyler, G., Masden, E.A., 2019. Variations in black guillemot Cepphus grylle natal 

dispersal and philopatry across Britain and Ireland. Bird Study 64 (4): 564-569. 

  

https://www.sciencedirect.com/science/journal/01411136/134/supp/C
https://www.sciencedirect.com/science/journal/01411136/134/supp/C
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Chapter 2. Variations in black guillemot Cepphus grylle 

natal dispersal and philopatry across Britain and Ireland 
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2.1 Introduction 

Black guillemots are vulnerable to mortality related to fisheries bycatch (Žydelis et al., 2009; 

Barrett et al., 2016), native (Ewins, 1985b) and invasive predators (Craik, 1997), and marine 

renewable energy devices (Furness et al., 2012; Masden et al., 2013). This vulnerability is 

compounded by their non-migratory behaviour, potentially making the species susceptible 

to deleterious interactions year round (Ewins and Kirk, 1988). At a population level, the 

transfer of individuals within the wider metapopulation may mitigate against impacts, 

aiding the recovery of extinct or reduced colonies (Wilcox et al., 2006; Buxton et al., 2014). 

There are six recently designated Marine Protected Areas (MPAs) in Scotland which include 

black guillemots as protected features (Marine Scotland and SNH, 2012). These may 

facilitate rescue metapopulations (Fagan et al., 2001), by providing source colonies free 

from disturbance pressures. The drivers behind colony recovery are not, however, well 

understood, though they may be related to metapopulation dynamics including natal 

philopatry (Steiner and Gaston, 2005), and density driven dispersal leading to immigration 

into depleted areas from surrounding colonies (Buxton et al., 2014).  

 

Philopatry, the behaviour of returning to the natal site to breed, and the contrary, dispersal, 

may have consequences for demography and metapopulation dynamics (Koenig et al., 

1996). Understanding variation in philopatry between colonies is important in relation to 

understanding gene flow and population regulation (Coulson and Coulson, 2008). The 

degree of philopatry may also be indicative of the quality of certain characteristics of the 

natal site (Coulson, 2016), and may vary depending on factors such as age (Frederiksen and 
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Petersen, 2000), competition (Harris et al., 1996), disturbance (Lavers et al., 2007), food 

availability (Oro et al., 2004) and breeding habitat (Cam et al., 2004).  

 

Most published information regarding philopatry of individual seabirds are based on single 

colony studies (Harris et al., 1996; Frederiksen and Petersen, 1999a; Steiner and Gaston, 

2005), with few studies comparing variation across several colonies (Lavers et al., 2007). 

The black guillemot Cepphus grylle is one such species for which our knowledge of 

philopatry is almost entirely based on one study on Flately Island (Iceland), where 34% (n 

= 322) of marked birds were found to be philopatric (Frederiksen and Petersen, 1999a). 

Similarly, few studies have investigated black guillemot dispersal (Ewins, 1988; Frederiksen 

and Petersen, 2000). Dispersal can occur in two forms: natal dispersal being the movement 

of a new recruit away from to its site of birth; and breeding dispersal being the movement 

of an adult that has bred in one colony to breed in another (Petersen, 1981; Paradis et al., 

1998). In black guillemots, natal dispersal in juveniles has been shown to occur more 

frequently and over larger distances than breeding dispersal in adults (Frederiksen and 

Petersen, 2000). Dispersal distances may also vary between natal sites, possibly in relation 

to geographic characteristics, for example, larger median distances have been recorded 

from single isolated islands (56km, n = 36, Fair Isle and Foula) than from archipelagos, i.e., 

groups of islands (6km, n = 35, Orkney and Shetland, Ewins, 1988; Max = 10km, n = 32, 

Breiðafjörður, Iceland, Frederiksen and Petersen, 2000). However, occasional dispersal 

distances of several hundred kilometres have also been recorded (max = 877km, Ewins, 

1988), indicating that typical dispersal distance is not confined by an inability to move long 

distances.  
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Several aspects make the investigation of philopatry and dispersal of black guillemots 

difficult, both at single and multiple colony scales. As a crevice-nesting seabird, breeding in 

inaccessible areas, the study of black guillemots using mark-recapture techniques is 

restricted (Coulson, 2016). Observer bias may also limit the scope for comparative analysis 

of multiple colonies over large geographic scales (Coulson and Coulson, 2008). Observer 

bias may arise from the tendency for studies to be focused on specific colonies, inflating 

the number of bird witnessed as returning to the study site, opposed to those individual 

which have disperse to unobserved areas (Coulson and Nève de Mévergnies, 1992). This 

study aims to compare philopatry and dispersal distance across geographically distinct 

colonies within Britain and Ireland. Using mark-recapture data, this study specifically 

investigates philopatry and dispersal for known age, potentially natal dispersing black 

guillemots. This chapter highlights limitations in the data using seabird 2000 count and 

ringing effort data to display disparity in the coverage of black guillemot mark-recapture 

data for Britain and Ireland.  

 

2.2 Methods 

This study is based on mark-recapture ring recovery data and ringing effort data collated 

by the British Trust for Ornithology (BTO) for Britain and Ireland 1935-2015. Candidate 

records eligible for investigating natal dispersal were identified as known-age birds (i.e. 

ringed as chicks), recovered at breeding age (≥3 years), during the breeding season (May-

August). Records eligible for investigating breeding dispersal were categorised as known-

age birds recovered as adults (≥3 years) in 2 or more breeding seasons (May-August), and 

in addition, all breeding season recoveries of adults of unknown-age (i.e. ringed as adults).  
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To identify if an individual was dispersed or philopatric this study used a distance limit 

attributed to foraging range derived from GPS tracking studies, the most extensive of their 

kind carried out for black guillemots in the UK to date. Using the foraging distances 

recorded by GPS tags from 13 black guillemot individuals on Stroma, Caithness; 22 from 

North Ronaldsay, Orkney (Chapter 4, section 4.2); and 19 from Shapinsay, Orkney (Owen, 

2015), the mean maximum foraging range (mean across the maximum foraging ranges of 

the 53 tracked individuals) was calculated to be 6.21km. Using the mean maximum foraging 

range individuals found >6.21km from their original natal site were categorised as having 

“dispersed”. Recoveries at ≤6.21km from the ringing location were categorised as 

“philopatric”. Previous studies of black guillemot philopatry have focussed on movements 

over much smaller distances (1-1000m) within individual colonies or study islands 

(Frederiksen and Petersen, 1999a). Philopatry may however be regarded at different 

scales, from the broader scale of an individual returning to a natal colony, to the finer scale 

consisting of an individual returning to a specific natal nest site. The data in this study do 

not record recoveries to a scale that would reveal nest site location, hence, philopatry was 

regarded as an individual returning to a foraging range around the natal colony to breed 

(≤6.21km). Philopatry was defined within a broader distance of 6.21km, to account for the 

degree of spatial error within the data, and assess if an individual has moved beyond the 

foraging range related to its natal colony (Paradis et al., 1998). Whether birds had bred at 

other locations before being recovered could obviously not be determined, therefore, this 

study can only use the available data to determine the extent of movement in relation to 

the original natal site. The value of ‘ringing effort’ assigned to a recovered bird is the sum 

of chicks ringed in the year and location respective to that bird. A number of factors could 
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affect ringing effort, including weather conditions and the number of ringers, however, 

these could not be accounted for in this study.  

 

To investigate potential latitudinal differences in dispersal distance/philopatry, mean 

dispersal distance and the proportion of dispersed:philopatric birds for each natal site were 

calculated. These properties were then separately modelled against latitude using a linear 

regression (philopatric proportion), and a quadratic polynomial regression (mean dispersal 

distance) to account for a non-linear relationship (R Development Core Team, 2017).  

 

2.3 Results 

Within Britain and Ireland, 282 ring recoveries of live (n = 51) and dead (n = 231) black 

guillemots were collected by the BTO from 1935 to 2015 and of these 117 records were 

identified as eligible for investigating natal dispersal (Table 2.1). Distances travelled from 

the ringing to the recovery site for natal candidates (not as yet categorised as philopatric 

or dispersed) were found to be: max = 126km, min = 0km, mean = 29km, and median = 

18km (Figure 2.1). 62.4% (n = 73) were regarded as dispersed, and 37.6% (n = 44) as 

philopatric (refer to Table 2.1 for summary by county).  

 

When considering natal dispersal, the islands of Shetland and Orkney produced a higher 

proportion of philopatric records than islands within the Irish Sea (Table 1, Figure 2.2a). 

Dispersal in Orkney and Shetland generally occurred less frequently, and over shorter 

distances than within the Irish Sea, and dispersing birds remained within their respective 

archipelagos (Figure 2.2b). Philopatric proportion at natal sites was significantly related to 

latitude (Linear regression: DF = 24, r = 0.34, P = 0.002, Figure 2.3a); similarly, dispersal 
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distance also displayed a significant relationship with latitude (Quadratic polynomial 

regression: DF = 24, r = 0.30, P = 0.004, Figure 2.3b).  

Table 2.1: Natal site ring recovery information including: location, recovery distance (mean, min, 
max), quantity philopatric/dispersed (n), ringing effort- number of chicks ringed (n) respective to 
year of ringing, and Seabird 2000 mean counts. Ring county relates to BTO defined regions. 

 

mean min max

Sanda 3 6.7 0.0 17 2 1 48 213

Oban 2 9.0 8.0 10 0 2 9 6

Belfast Belfast 2 18.0 16.0 20 0 2 8 28

Bangor 20 32.0 4.0 124 2 18 459 60

Copeland 20 18.5 9.0 65 0 20 223 72

Portaferry 5 28.8 17.0 32 0 5 11 3

Newcastle 1 NA 62.0 62 0 1 1 35

Dublin Rockabill 11 59.6 0.0 126 3 8 535 66

Ballachulish 3 27.0 0.0 78 2 1 14 0

Helmsdale 1 NA 3.0 3 1 0 1 0

North 

Ayrshire
Imachar, Arran 1 NA 13.0 13 0 1 4 4

North Ronaldsay 11 18.3 0.0 66 7 4 206 417

Auskerry 9 14.4 0.0 42 4 5 437 33

Holm of Papa 4 13.3 0.0 26 2 2 362 143

Faray 2 7.5 0.0 15 1 1 16 152

Rusk Holm 1 NA 0.0 0 1 0 29 37

Eynhallow 1 NA 18.0 18 0 1 1 147

Papa Westray 1 NA 0.0 0 1 0 50 77

Swona 1 NA 21.0 21 0 1 17 79

Fair Isle 8 15.1 0.0 121 7 1 310 199

Mousa 4 5.3 0.0 10 2 2 487 209

Foula 2 0.0 0.0 0 2 0 43 147

Bressay 1 NA 11.0 11 0 1 18 113

Scalloway Islands 2 3.0 0.0 6 2 0 21 138

Wicklow Bray Head 1 NA 110.0 110 0 1 2 0

Ringing 

Effort (n)

Seabird 

2000 mean 

(1998-2003)

Dispersal 

distance  (km)

Orkney

Shetland

Highland

Down

Argyll 

and Bute

nSite nameRing  

County

Philopatric 

(n)

Dispersed 

(n)
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Figure 2.1: Ring recovery locations and distance from ringing site. a) Encompasses the North 
of Scotland, including Orkney and Shetland; b) encompasses recoveries with the Irish Sea and 
the West of Scotland.   
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Figure 2.3: a) Proportion of philopatric individuals, and b) dispersal distance mean, per study 
colony, in relation to latitude. Red line displays linear relationship in a), and polynomial 
trend in b). 

Figure 2.2: Properties of ring recovery data (regarding natal dispersal, n = 117). a) 
Philopatry/dispersal proportion at original ringing site. Pie-chart symbol size is scaled sample 
size, mean symbol and sample size shown (7.1). b) Grouped mean dispersal distance (km) 
corresponding to ringing site. 
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Thirty-eight recovery records were categorised as eligible for investigating breeding dispersal. 

These were repeated captures of live breeding adult individuals originally ringed as chicks (n = 17), 

and recaptures of individuals ringed as breeding adults (n = 21). Dispersal distances for these were 

max = 106km, min = 0km, mean = 33km, and median = 21km. When individuals were categorized 

as dispersed or philopatric, 18.4% (n = 7) had dispersed, and 81.6% (n = 31) were philopatric. The 

sample size for breeding dispersal was however too small for robust comparisons to be made.  

 

2.4 Discussion 

This study indicates that philopatry and dispersal distance vary between colonies, 

potentially in relation to latitude, as birds from southern colonies were less philopatric and 

dispersed over longer distances than those in the north. As philopatric rates and dispersal 

distances vary widely between colonies, this study exhibits that results from individual 

study sites cannot be regarded as indicative of universal behaviour. However, this study 

also finds regional trends in philopatry and dispersal, which indicate that neighbouring 

colonies behave similarly. This may be due to regional differences in foraging habitat, 

climate, and availability of, or distance to, other suitable nesting areas (Paradis et al., 1998). 

This trend is perhaps most likely related to the extent to which dispersal requires 

movement across open water (as in Shetland and Orkney) rather than along linear 

coastlines (as in the Irish Sea). 

 

Ring recovery records analysed in this study collected before 1987 have previously been 

presented in Ewins (1988), who noted differences in dispersal distances between Shetland, 

Fair Isle and Foula, Orkney, Mainland Scotland, and Ireland. Ewins (1988) noted large 

dispersal distances from the isolated isles of Fair Isle and Foula in comparison to the 
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archipelagos of Orkney and Shetland. In contrast to Ewins (1988), this study only considers 

records of birds reaching breeding age. In refining the dataset for potentially breeding 

birds, the individuals in Ewins (1988) which exhibited large dispersal distances from these 

isolated islands, were effectively excluded from the analysis as they were typically below 

breeding age. This highlights a potential contrast in dispersal patterns between immature 

individuals and those of breeding age. Long distance recoveries of pre-breeding birds (as 

described in Ewins, 1988) were also related to dead birds, indicating that while dispersal 

distances of immatures may be large (and the location of death unknown), they are less 

likely to survive and contribute to metapopulation connectivity and gene flow.  

 

While other studies have observed differences between natal and breeding dispersal in 

terms of frequency and distances involved (e.g., Frederiksen and Petersen, 2000), this study 

found that the breeding dispersal sample size was too small to offer robust comparisons 

with natal dispersal. However, the available results indicated that the frequency of 

breeding dispersal is lower than that of natal dispersal. This is in agreement with previous 

studies (Frederiksen and Petersen, 2000). However, in contrast to Frederiksen and 

Petersen (2000), there appeared to be little difference in natal and breeding dispersal 

distances in the data used here.  

 

Several factors inherent in the nature of ring recovery data might bias analysis, including 

recovery sample size, and the probability of ring recovery decreasing with increasing 

dispersal distance (Both et al., 2012). This study’s sample size is potentially too small to 

accurately represent natal dispersal behaviour for all black guillemot populations within 

Britain and Ireland. For example, the Seabird 2000 census highlighted that the Western 
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Isles of Scotland hold 12% of the Scottish black guillemot population (37,505 Individuals – 

Mitchell et al., 2004), though this area had a ringing effort of just 17 birds from 1960 to 

2015. By contrast, Orkney contains 15% of the Scottish population, and 5,620 black 

guillemots were ringed there in the same period. The reasons behind this discrepancy are 

almost certainly related to the availability of ringers, the proximity to bird observatories, 

and the accessibility of nesting sites. Regardless, such a contrast highlights prevailing 

discrepancies within the spatial coverage of the current ring recovery data, and therefore 

the limited potential of such data to address gaps in our knowledge of spatial variation in 

behaviour. Increased ringing effort across the black guillemot colonies of Britain and Ireland 

could help address this knowledge gap. 

 

Other methods could also be used to increase our knowledge of black guillemot philopatry 

and dispersal behaviour. Colour ringing studies could enhance the probability of re-

identifying individuals (Barlow et al., 2013; Furness and Wanless, 2014), by reducing the 

need for recoveries to be based on hand capture or the recovery of dead individuals. Colour 

ringing has been used before on black guillemots in the assessment of behaviour and 

survival (Ewins, 1985a; Frederiksen and Petersen, 1999b). However, this technique is 

generally associated with intensive re-sighting fieldwork, and may have limitations with 

regards to the longevity of colour rings (Sutherland et al., 2004). Genetic studies using DNA 

marker analysis could also be used in the assessment of philopatry and dispersal (Barlow 

et al., 2011; Coulson, 2016). Historic samples could be used to study metapopulation 

composition (Wink, 2006) and assess genetic mixing between colonies (Moum and 

Árnason, 2001). Currently, no such study exists for black guillemots.  
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Geographic variation in philopatry and dispersal may have implications regarding 

population recovery following perturbations from anthropogenic pressures. black 

guillemot colonies may be affected by disturbances including mammalian predators (Craik, 

1997), fisheries by-catch (Barrett et al., 2016), human disturbance (Ronconi and Clair, 2002) 

and marine renewable energy development (Furness et al., 2012). Neighbouring colonies 

may act as rescue metapopulations, recolonising effected colonies. For example, black 

guillemot colonies eradicated within Sullom Voe (Shetland) by the Esso Bernicia oil spill 

recolonised after six years (Ewins, 1986; Heubeck, 1995, 2000). Similar recolonisations by 

black guillemots have also occurred after the removal of alien invasive predators such as 

American mink Neovison vison (Nordström, 2003; Nordström and Korpimäki, 2004). The 

drivers behind recovery are not, however, well understood, though they may be related to 

the strength of natal philopatry (Steiner and Gaston, 2005), or from immigration into 

depleted areas by dispersing individuals from surrounding colonies (Buxton et al., 2014). 

Rates of recolonisation would be expected to be related to the regional philoparty and 

dispersal activity. This study highlights that the transfer of individuals between colonies 

may be site-specific, with potential latitudinal trends. This has implications for the 

expansive role six MPAs, designated for black guillemots in Scotland, provide to 

surrounding colonies (Fagan et al., 2001; Marine Scotland and SNH, 2012). The location, 

and the ecological/environmental characteristics of these MPAs may dictate the behaviour 

of the birds breeding within them and their ability to act as source colonies. These 

characteristics may include geography (Ewins, 1988) and availability of quality nesting 

habitat (Frederiksen and Petersen, 1999a), which may play a role in black guillemot 

dispersal/philopatry. However, key drivers of dispersal/philopatry remain to be universally 

identified, and may contribute to the latitudinal variation highlighted in this study.  
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Chapter 3. Tidal stream use by black guillemots Cepphus 

grylle   
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3.1 Introduction 

Tidal power is an emerging renewable energy source currently being harnessed in Scotland. 

Tidal streams, fast flowing currents through narrow gaps between landmasses or around 

headlands (Benjamins et al., 2015), are the most energetically efficient areas for tidal 

turbines to be located. Within the Inner Sound of the Pentland Firth, tidal current speeds 

can reach a maximum of 3.5 m/s (Goddijn-Murphy et al., 2013). One device that can 

convert this energy to electricity is a seafloor mounted horizontal axis turbine, which 

requires currents of >2 m/s to operate (Fraenkel, 2006). An array of tidal-stream turbines 

is currently being installed within the Inner Sound, with 398 units planned for construction 

within the MeyGen lease area (3km2, situated 0.5km offshore) (MeyGen Ltd, 2012). 

MeyGen installed 4 turbines in Winter 2016/17, with a further 2 turbines planned for 

installation in 2019 (MeyGen Ltd, 2019), and 49 to be added by 2022 (Meygen Ltd, 2017). 

If 398 turbines are ultimately installed it is estimated 597MW of energy could be produced. 

 

Areas of tidally-driven fast-flowing currents, in which tidal turbines may be planned, often 

support productive and biodiverse marine communities, due in part to the continual supply 

of dissolved oxygen and nutrients (Connor et al., 2004; Harendza, 2014). Seabirds such as 

European shags Phalacorax aristotelis and black guillemots Cepphus grylle exploit foraging 

niches associated with tidal driven currents, and may therefore come into conflict with tidal 

stream turbines (Furness et al., 2012). It has been established that diving black guillemots 

can overlap vertically in space with turbine blades, making collision a potential risk (Masden 

et al. 2013). The introduction of benthic-mounted tidal turbines within the Pentland Firth 

may also alter the tidally dynamic inshore environment by redirecting current flow and 

sedimentation processes (McIlvenny et al., 2016). These changes and the additional 
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creation of artificial reefs may alter foraging habitat (Shields et al. 2009) and prey 

distribution (Langton et al. 2011). The breeding population of black guillemots on the island 

of Stroma, adjacent to the MeyGen area, creates a potential situation for overlap between 

black guillemots and tidal turbines. This overlap is of greater potential as black guillemots 

have been observed using tidal currents analogous to those within the MeyGen area 

(Wade, 2015). To quantify the potential for collision, or, the impact of habitat change, 

foraging locations and habitat associations of black guillemots must be identified.  

 

Previous studies have shown black guillemots to have a mean maximum foraging range of 

4.77 ± 1.71km (n = 19, Shapinsay, Orkney, Owen 2015). Foraging locations are generally 

within 500m of the shore (Sawyer, 1999) and therefore encompass inshore predictable 

tidal current features (Benjamins et al., 2015). These processes in turn influence black 

guillemot feeding rhythms which have been related to ebb and flood tides (Robbins, 2012). 

This may be related to optimal diving depth and its influence on accessibility of the seafloor 

(Vermeer et al., 1993). Within tidal streams, foraging black guillemots have also been seen 

to associate with moderate current speeds and predictable tidal eddy features (Wade, 

2015), as these may aggregate prey (Alldredge and Hamner, 1980; St. John et al., 1992). 

Black guillemots most commonly associate with current speeds of 0.5-1 m/s, reducing in 

occurrence at higher current speeds of >2m/s (Nol and Gaskin, 1987; Wade, 2015). 

Foraging in strong tidal currents presumably represents a trade-off between prey 

availability and the energy required to dive within a demanding environment (Nol and 

Gaskin, 1987). Foraging dives may also incorporate ‘conveyor belt’ foraging behaviour 

within tidal streams, where individuals fly upstream, dive, then are passively carried 
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downstream while foraging (Robbins, 2017). The use of such ‘tidal-conveyors’ may reduce 

the energetic cost of foraging along the seafloor (Holm and Burger, 2002; Robbins, 2017). 

 

The relationship between black guillemots and tidal streams is not always consistent 

between locations (Waggitt et al., 2017), and therefore common characteristics of black 

guillemot tidal stream use have so far been difficult to identify. Waggitt et al. (2017) 

compared 5 different studies of black guillemot use of fast flowing habitat, finding the 

probability of detecting black guillemots within tidal stream to differ in 3 of those 5. This 

heterogeneity may have been caused by unaccounted variables, including benthic 

communities, or oceanographic features, which may alter foraging behaviour. The benthic 

composition of the Inner Sound has been previously studied in detail, with some disparity 

found between the MeyGen lease and the surrounding areas (Harendza, 2014). ROV 

surveys categorized the Inner Sound into transitioning benthic assemblages, delineated by 

both the scouring effect of fast current flows and the relationship between depth and light 

(Harendza, 2014). Shallow (≤15m) infralittoral edges of the Inner Sound habitats are 

characterised by dense kelp forests of Laminaria hyperborea, which give way to less dense 

kelp park and dense foliose red seaweeds at 15m-20m. As depth and exposure to tidal 

currents increases at 20-25m, the deepest area of the infralittoral becomes dominated by 

foliose red seaweed. With decreasing light at depths >25m, in areas of highest flow, floral 

assemblages transitioned to faunal turf of barnacle Balanus crenatus, and hydroid 

Tubularia indivisa. Direct observations by Harendza (2014) suggest that the faunal turf 

biotope dominates much of MeyGen.  
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Identifying, to a high degree of accuracy, the locations of black guillemots while foraging is 

required to discover the environmental characteristics they associate with. Current studies 

of black guillemot distribution within the Inner Sound have been carried out using shore 

based observational methods (Wade, 2015), or boat-based transect surveys (MeyGen Ltd, 

2012). While these record species presence, they do not indicate individual movements. 

Alternatively, telemetry such as GPS tags, can be attached to individual birds, highlighting 

movements on a finer scale (fixes > 30 secs). However, tracking technology is limited by 

battery life, and study outside the breeding season is often not possible due to the reduced 

accessibility of birds. For the purposes of identifying foraging locations, GPS technology 

provides detailed tracks from which behavioural states can be derived. This can done using 

established modelling techniques including Hidden Markov Modelling (HMM), deriving 

behavioural states from step length and turning angle between successive GPS points 

(Whoriskey et al., 2017), and reoccurrence modelling, which calculates the number of 

revisits to each GPS location (Bracis et al., 2018). GPS tags are also capable of periodic 

remote download of data, broadcast via Ultra High Frequency (UHF), to onshore base 

stations. This method of data collection from tags has increased the feasibility and 

probability of retrieving data.  

 

This study aims to identify the foraging habitat used by black guillemots within the Inner 

Sound, through the application of GPS tags to breeding adults. To achieve this, tidal, 

bathymetrical and benthic habitat covariates were associated with GPS data acquired from 

tagged birds. Covariates were compared between the behavioural states inferred within 

the tracking data. GPS tracking was carried out from Stroma, Caithness, an island of interest 

due to its close proximity (500m) to the MeyGen tidal lease area within the Inner Sound of 
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the Pentland Firth. The environmental variables associated with foraging and to those 

occurring within MeyGen were compared. 

  

3.2 Methods 

3.2.1 Data collection 

Fieldwork took place on the island of Stroma (58°40′48″N, 3°07′12″W), which had a black 

guillemot population of 496 individuals in 2017 (unpublished data, survey conducted by the 

Environmental Research Institute). GPS logger deployment took place over the 2016 and 

2017 breeding seasons, with tracking occurring during the periods of 15 – 29 June 2016 and 

23 June – 02 July 2017. Breeding birds were caught by hand on the nest or using noose-

mats placed at entrances to nests. Loggers were attached using self adhesive Tesa™ tape, 

applied to the lower middle back. Three base stations were attached to wooden stakes on 

grassy overlooks in proximity to tagging locations. Loggers recorded location data every 5 

minutes, remotely transmitting data via UHF to onshore base stations every 30 minutes. 

PathTrack nanofix GPS loggers were fitted to 17 individuals, with data retrieved from 13 by 

remote download. Data were not obtained from 4 of the 17 birds possibly due to the 

loggers being removed through preening before transmitting data. Weight (g) and wing 

length (mm) were taken from all birds handled (further detail in Section 4.2.1/4.3.1), 

including a record of handling time.  

 

3.2.2 Foraging trips 

Movements inside and outside of a 300m perimeter around nest locations were used to 

deduce the start and finish of foraging trips. This perimeter was defined to exclude GPS 

errors created due to detection of reduced satellites when birds remained on the nest and 
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under cover (Frair et al., 2010). This perimeter was also intended to prevent confusion of 

foraging trips with nearshore loafing behaviour. Each foraging trip was assigned a unique 

identifier. In order to make a direct comparison between black guillemot habitat use within 

the Inner Sound and habitat associated with MeyGen, only GPS points overlapping with a 

polygon encompassing the Inner Sound were included in the analysis (Figure 3.3a). Within 

each foraging trip, locations potentially representative of foraging were identified using the 

recurse package (Bracis et al., 2018). Recurse assigns a score to each GPS point based on 

the number of re-entries to a designated radius around each point. A radius of 200m was 

decided upon through the incremental testing of several radii, as recommended in Bracis 

(2017). Too small a radius may exclude potentially revisited areas, too large a radius and 

areas of the highest revisits may be misidentified (All detail on radius allocation can be 

found in section 4.2.2). Revisits were modelled for each individual foraging trip separately, 

ensuring reoccurrence values were not calculated for multiple trips. Revisit values were 

delineated into two groups as either ‘high’ or ‘low’, intended to indicate if a location is 

related to foraging or not foraging. To place revisit values into high or low groups, 

segmented regression analysis was used on the pooled revisit values for each individual 

(Muggeo, 2008). Segmented regression produces two estimated linear regression lines of 

differing slopes to fit to an explanatory variable, the location delineating each segment is 

called the ‘breakpoint’. Using segmented regressions, a breakpoint was identified within 

the revisit values. Values above this breakpoint were grouped as ‘high’/‘foraging’. Flyways 

or locations overlapping while birds are commuting may produce a revisit value should they 

be crossed within an individual foraging trip. As revisit scores are produced in insolation 

within a specific foraging trip, these revisit values are likely =1, considering overlaps 

between the outbound and returning journeys. These relatively low revisit values will likely 
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fall below the break point produced by the segmented regression, avoiding confusion of 

commuting revisit values with those derived from foraging. 

 

Birds sitting on land or at-sea man-made objects (such as fish farms or navigational buoys) 

could potentially be confused with birds foraging at sea. To ensure this did not occur, 20m 

boundaries were set around all land masses, and man-made objects (downloaded from the 

EDINA Digimap Ordnance Survey Service, http://edina.ac.uk/digimap), GPS points within 

these boundaries were excluded before the reoccurrence analysis. 

 

HMMs (Whoriskey et al., 2017) were initially tested as a method of inferring behavioural 

states within the tracking data. However, the model could not accurately differentiate 

behavioural states within the tidal stream. Large step lengths coupled with acute turning 

angles exhibited in areas of fast tidal flow, created erratic consecutive GPS points which 

undermined the parameters of the model. This was potentially due to the movement of 

tidal currents acting on diving birds or potentially sedentary birds sitting on the water. 

Though not used exclusively, HMMs provide a useful, though limited, comparison with the 

outputs of Recurse.  

 

3.2.3 Environmental data 

Environmental covariates were merged in space and time with all GPS points. Covariate 

data temporally corresponding to the tracking data were merged to 300 random locations 

within the Inner Sound (48 points fell within MeyGen) to be used for comparative analysis. 

The quantity of 300 random points was chosen as a representative random sample of the 

1150 available locations from the TELEMAC model lattice (further TELEMAC lattice detail in 

Section 4.2.3). Six covariates were tested (Table 3.1). Dynamic covariates which vary in both 

http://edina.ac.uk/digimap


68 
 

 
 

space and time included flow velocity (m/s) (Figure 3.1b), elevation (m), and Turbulent 

Kinetic Energy Dissipation- referred to here as turbulence. Two-minute increment time 

series of these covariates were generated through TELEMAC predictive models (Table 3.1) 

(Robins et al., 2014; Hashemi et al., 2015), and merged to the nearest GPS point in space 

and time. Covariates static in space and time included depth (Figure 3.1a), benthic lifeform, 

and biotope. Benthic lifeform and biotope layers were provided by Scottish Natural 

Heritage (SNH), collected and formed through the Predictive Seabed Mapping Resource 

(Table 3.1, Figure 3.1c) (Foster-Smith, 2010).  

 

 Predicted biotopes produced by the seabed mapping resource were informed by benthic 

records collated within the Marine Recorder database by the Joint Nature Conservancy 

Committee (JNCC). These point observations were then modelled and extrapolated into a 

predictive map using data on wave exposure, tidal currents, sediment, and topography 

(Foster-Smith, 2010). It should be noted that the predicted biotopes are potentially subject 

to accumulated inaccuracies within each of the contributing variables and the availability 

Table 3.1: Environmental covariate synopsis. 

Variable Description Source 

Velocity m/s – current speed at a 5m depth layer TELEMAC – ERI 

Turbulence WATT/KG – the measurement of 
turbulent flow by the kinetic energy per 
unit mass- 

TELEMAC – ERI 

Elevation m – height fluctuations between the 
surface and a 5 metre deep layer. Used 
as a proxy for tidal height/phase 

TELEMAC – ERI 

Depth m – seafloor depth SeaZone data – EDINA 
Marine Digimap service 

Benthic Lifeform The species group identified as the most 
likely to describe the chosen point. 

Predictive Seabed 
Mapping Resource – SNH 

Biotope Suite The biotope complex identified as the 
most likely to describe the chosen point. 

Predictive Seabed 
Mapping Resource – SNH 
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of point observations. While this may lead to the over/under -representation of certain 

biotopes, the resource was found to be generally representative of biotope characteristics 

(Foster-Smith, 2010). The decision to use the most likely benthic lifeform was carried out 

as a measure to mitigate for some of the inaccuracy potentially inherent in more detailed 

biotope categories available.  

 
 

3.2.4 Habitat modelling  

Foraging habitat selection was modelled using General Additive Mixed Models (GAMMs) 

provided by the “gamm4” R package (Wood and Scheipl, 2017). Models had a binomial 

distribution to account for the Foraging (1)/Not Foraging (0) independent variable (Wood 

and Scheipl, 2017). GAMMs were chosen to account for non-linear continuous independent 

variables, and correlations within the dependent variable (Thomas et al., 2013). Spatial and 

temporal correlation inherent in the GPS tracks were accounted for through the 

incorporation of a random effect based on time. Spatial autocorrelation was accounted for 

by the addition of a smoothed variable of longitude and latitude nested within each 

individual using tensor product smoothing (Wood et al., 2013). Thirty-two candidate 

models were constructed to describe habitat selection, with the best fitting model selected 

using Akaike’s Information Criterion (AIC), and model averaging for the models within the 

top 5 AIC units (Burnham et al., 2011).  
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3.2.5 MeyGen comparison 

Comparisons were made between habitat associated with both foraging and non-foraging 

locations of black guillemots in the Inner Sound, and temporally corresponding habitat 

characteristics within MeyGen’s random locations. Continuous variables were compared 

using Wilcoxon matched-pairs test, suitable for the non-normal distributions of the data. 

Factorial variables were compared using a Chi-squared test.  

 
 

3.3 Results 

3.3.1 Tracking 

Of the 13 tracked individuals from Stroma, 5 associated with the Inner Sound of the 

Pentland Firth. While there were some differences between individuals in the number of 

foraging trips and deployment periods, foraging trip periods were generally similar (Table 

3.2). Birds carrying tags ‘13_2017’, ‘54_2017’, and ‘75_2016’, foraged entirely within the 

Inner Sound, while ‘43_2016’, and ‘50_2016’ also foraged outside this area (Figure 3.3b); 

activity of these birds outside the Inner Sound was excluded from consideration in this 

chapter. The tracking data from all 13 individuals are considered in Chapters 4 and 5. 

 

Table 3.2: Summary of individual tracks deployment period, foraging trip distance, and duration. 

  
Tag Year Trips Total(h:m) Max Mean SD Mean SD

43 5 60:12 11.47 3.46 2.05 3:47 2:28

50 6 51:01 14.06 2.91 3.21 2:46 3:09

75 14 76:24 8.62 1.13 1.02 1:53 3:07

13 11 77:07 6.03 1.54 1.61 2:59 3:34

54 24 111:56 7.54 1.42 1.32 2:59 3:46

75:20 9.544 2.092 1.842 2:53 3:13Average

Average Trip Distance (km) Average Trip Duration(h:m)

2016

2017
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Tag weights in proportion to body size and tagging effects are discussed in Section 4.3.1 of 

Chapter 4.  

 

3.3.2 Habitat selection 

When delineated into foraging and not-foraging locations, 461 GPS locations were inferred 

as foraging, and 537 GPS locations were inferred as not-foraging. Depths of the foraging 

locations were mean: -24.73 m; min: -11.01 m; max: -44.53 m. Not-foraging depths were 

mean: -26.38 m; min: -5.77 m; max: -66.06 m, and displayed a wider range and deeper 

mean than the foraging locations. Velocities associated with foraging were mean: 0.88 m/s; 

min: 0.02 m/s; max: 3.80 m/s. Not-foraging velocities were mean: 1.37 m/s; min: 0.00 m/s; 

max: 4.35 m/s. As with depth, not-foraging locations displayed a larger range and mean 

velocity than foraging locations.  

 
 

The presence of collinearity between continuous variables was tested using Pearson’s 

correlation coefficient. Velocity and turbulence were found to be collinear (correlation 

coefficient: r = 0.68, Figure 3.2). Comparison of AIC weights from GAMM models using, 

turbulence (AIC = 1174.3) or velocity (AIC = 1130.3), for velocity to maintain the best fit, 

leading to turbulence being excluded from the model. Understanding the role of velocity 

in habitat choice is possibly more important due the potential for comparison with other 

studies (Waggitt et al., 2017). Potential collinearity between the factor variables of benthic 

lifeform and biotope suite, led to the removal of biotope suite from the model. Benthic 

lifeform is also a more robust variable, as guidance from the developers suggests: “the 

more detailed biotope classification and resolution you attempt to use…the higher the risk 

of spurious results. So, my advice would be to start with the coarsest level of information 

and see if that is adequate for your purposes.” (Chris Leakey pers. comm).  
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Of the 32 GAMM models, the top 5 selected by AIC are displayed on Table 3.3, indicating 

the best fitting covariates describing foraging. Velocity was selected as the sole variable in 

the best fitting model describing foraging. However, using model averaging, the models 

within the top 5 AIC units, produced a the most parsimonious model to be :  

 

Velocity (m/s) + Depth(m) + Elevation(m) + Lifeform + Individual Coordinates 

 

The relationship with velocity and foraging derived from the model displays a linear 

negative trend with increasing velocities (Figure 3.5). In contrast, depth and elevation 

display weak in trends with foraging (Figure 3.5). 

 
Figure 3.2: Correlation between potential model covariates. Pearson correlation 
coefficient results: Turbulence/Velocity, r= 0.68; Depth/Velocity, r= -0.06; 
Elevation/Velocity, r= -0.25; Elevation/Depth, r= -0.10. 
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Figure 3.4: Nest locations in relation to MeyGen. Red points 
indicate nests which relate to individuals which used the 
Inner Sound; Green points indicate nests locations on tagged 
individuals; Purple points indicate all confirmed nests.  

Table 3.3: GAMM Model selection of foraging habitat characteristics using AIC. ∆AIC = change in AIC. 

 Lifeform Depth (m) Elevation (m) Velocity (m/s) Coordinates AIC ∆AIC Weight

Model 1 NA NA NA + + 1118.29 0.00 0.68

Model 2 NA NA + + + 1121.51 3.22 0.14

Model 3 NA + NA + + 1122.79 4.49 0.07

Model 4 + NA NA + + 1122.82 4.53 0.07

Model 5 + NA + + + 1125.62 7.33 0.02



76 
 

 
 

 

 

 

Temporal trends in elevation values were a potentially useful consideration, as descending 

or ascending values may indicate the associated tidal phase. Figure 3.6 displays the 

elevation time series of tracks ‘75_2016’, ‘54_2017’, and ‘13_2017’, individuals where 

sample sizes were large enough to be observable. It appears that foraging is occurring at 

periods of both ebb (decreasing elevation), and flood tides (increasing elevation) in all three 

individuals (Figure 3.6).  

 

Figure 3.6: Elevation time series of track a) 75_2016, b) 54_2017, and c) 13_2017. Coloured by 
behavioural state, Not-Foraging (grey), Foraging (red). 

   
Figure 3.5: Fitted GAM relationship (±95% CIs shaded) of predictive probabilities of Foraging (1)/Not Foraging (0) in 
relation to tidal velocity, depth, and elevation. Sample size is indicated on the x –axis with black lines. 
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3.3.3 MeyGen comparison 

The random set of 48 points within the MeyGen tidal lease associated with depths of mean: 

32.18m; max: 39.14m; min: 27.51m. The velocities experienced within MeyGen, concurrent 

with the GPS time periods, were: mean 1.68m/s; max, 5.47m/s; min 0.01m/s. Tracking 

indicated that the birds using the Inner Sound were primarily found outside the MeyGen 

lease area, as 44 (9.5%) foraging points and 93 (17.3%) not foraging points overlapped with 

lease area. Comparison between the habitat covariates associated with foraging/not-

foraging and MeyGen, indicated that all covariates were significantly different from 

MeyGen, except for the elevations associated with not-foraging (Table 3.4). In both 

behavioural states depth was shallower, and velocity slower, compared to those associated 

with MeyGen (Figure 3.7). The relationship between velocity and depth occurring within 

the MeyGen site and foraging locations is displayed in more detail in Figure 3.8a, with the 

mean velocities of each random point within MeyGen clustering at faster/deeper values. 

This relationship is not as defined when comparing not-foraging locations and MeyGen 

(Figure 3.8b), however a similar pattern is still visible. Compositions of benthic lifeform 

varied slightly between foraging, not-foraging and MeyGen (Figure 3.9). All groups were 

dominated by kelp forest & park, however, the proportion of kelp park and maerl & 

seaweed increases in not-foraging and MeyGen locations compared to foraging locations 

(Figure 3.9).  
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When divided by individual birds, depth and benthic lifeform were consistently significantly 

different between MeyGen and both behavioural states (Table 3.5). Depth associated with 

individuals were consistently shallower between all behavioural states and MeyGen (Figure 

3.10). Velocity was significantly different between all individuals and MeyGen except for 

Individual ‘43_2016’ (Table 3.5, Figure 3.10). Elevation predominately had no significant 

difference between MeyGen and the behavioural states of all individuals, except for two 

foraging individuals: ‘13_2017’ and ‘43_2016’. Individuals ‘43_2016’, and ‘50_2016’, which 

also foraged outside the Inner Sound displayed a less definitive relationship from MeyGen 

and associated with a smaller range of velocities, than ‘13_2017’, ‘54_2017’, and ‘75_2016’ 

(Figure 3.10).  

 
Figure 3.7: Boxplots of a) velocity, b) elevation and c) depth relating to behavioural states, and the 
temporally corresponding values within MeyGen. c) Excludes not-foraging MeyGen box, as it is identical to 
foraging MeyGen.  
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Figure 3.8: Comparison of velocity and depth between a) foraging locations, b) not-foraging 
locations and MeyGen. In relation to MeyGen, means of the concurrent velocities are displayed.  



80 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5: Comparative analysis of velocity, elevation, turbulence, depth, habitat, 
and benthic lifeform between each individual’s behavioural states and the 
temporally corresponding values within MeyGen.  

Year Track w p-value w p-value w p-value Chi-Sq p-value

75 160290 0.0016 210560 0.3312 4366 <0.0001 43.495 <0.0001

50 4114 0.0180 3712 0.1142 493 <0.0001 15.048 0.0018

43 13825 0.1705 22499 0.0258 724 <0.0001 10.824 0.0127

13 184930 <0.0001 355480 0.0322 3826 <0.0001 8.7442 0.0329

54 775040 <0.0001 1391300 0.6257 11292 <0.0001 114.18 <0.0001

Year Track w p-value w p-value w p-value Chi-Sq p-value

75 181420 <0.0001 232110 0.2266 4347 <0.0001 22.54 0.0002

50 12660 0.1814 15206 0.9066 1127 <0.0001 12.271 0.0065

43 37917 0.2484 47105 0.2087 1651 <0.0001 7.634 0.0542

13 519760 <0.0001 678000 0.4475 6274 <0.0001 12.638 0.0270

54 679570 <0.0001 950930 0.9897 8476 <0.0001 17.926 0.0013
2017

Not Foraging 

Chi-Sq

Chi-Sq

Lifeform

2016

2017

2016

Wilcox-test

Wilcox-test

Foraging 

Velocity Elevation Depth

DepthElevationVelocity

Lifeform

Table 3.4: Comparative analysis of velocity, elevation, turbulence, depth, 
and benthic lifeform between the behavioural states and the temporally 
corresponding values within MeyGen. 

 

Velocity Elevation Depth

W 3703300 5596800 21133 Chi-Sq 65.95

p-value <0.0001 0.0005 <0.0001 p-value <0.0001

Tracks mean 0.88 -0.51 -24.73

MeyGen mean 1.55 -0.40 -32.17

Velocity Elevation Depth

W 5348100 6845800 22324 Chi-Sq 20.01

p-value <0.0001 0.0878 <0.0001 p-value 0.0012

Tracks mean 1.37 0.33 -26.35

MeyGen mean 1.81 -0.30 -32.17

Not Foraging

Lifeform

Wilcox-test Chi-Sq

Lifeform

Wilcox-test Chi-Sq

Foraging
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Figure 3.9: Proportional histogram of dominant benthic lifeforms 
corresponding to Foraging/Not Foraging locations and random points within 
MeyGen (n=48). 

 
Figure 3.10: Boxplots of velocity, elevation and depth relating to tracked individuals’ behavioural states, 
and the temporally corresponding values within MeyGen. 
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3.4 Discussion 

Planar overlap between MeyGen and the locations used by black guillemots within the 

Inner Sound was low within this study (9.5% of foraging locations, 17.3% of not-foraging 

locations). Foraging occurred in shallower areas, and at velocities significantly slower than 

those concurrently occurring within MeyGen (Figure 3.7 and 3.8). This selection of a slower 

tidal velocities may account for overlap primarily occurring within the eastern end of the 

MeyGen lease area (Figure 3.3c), an area of potentially slower current flow. The selection 

of these velocities and depths for foraging may be related to a combination of eddy 

locations and the energetic cost of diving to the benthos while swimming through strong 

currents. Deeper and faster currents may not be as energetically economical as the 

characteristics targeted by birds in this study. While the foraging locations did overlap with 

areas of fast maximum tidal velocities (2-3m m/s, Figure 3.1b), when time and space were 

considered the mean velocity was 0.88m/s. This mean velocity associated with foraging 

indicates that the risk of collision with rotating turbines blades is potentially reduced as the 

cut-in speeds of the MeyGen turbines is approximately 1m/s (MeyGen Ltd, 2012). 

Therefore, turbine blades may not be turning during periods of preferential foraging within 

the Inner Sound. 

 

Moderate tidal velocities related to foraging indicate that tidal phases coinciding with 

reduced tidal velocities may be targeted, seen to some extent here through the elevation 

covariate (Figure 3.6). This may arise from tidal conveyor foraging being preferential at 

distinct flow velocities related to certain phases of the tide. Alternatively, the associated 

velocities may correspond to the formation of tidal fronts/upwellings and prey 

aggregations (Holm and Burger, 2002; Benjamins et al., 2015). These oceanographic 
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features are indicated visibly on the surface by shearlines and eddies, which black guillemot 

distribution within the Inner Sound has been shown to significantly associate with (Wade, 

2015). Investigation of the presence and influence of these oceanographic features in 

relation to foraging was outside the remit of this study. The covariate ‘turbulence’ could 

potentially act as an indicator of these features (Cole et al., 2019), however due to its close 

relationship with velocity (Figure 3.2), distinguishing the influence of this covariate would 

have been difficult. Additionally, the presence of collinearity between two variables would 

have undermined the assumptions of the GAMM model.  

 

Models used in this study found depth and benthic lifeform to be an influence on foraging 

within the Inner Sound. Within the tidal stream, velocity interacting with these variables 

was potentially the primary factor influencing foraging. This was potentially due to velocity 

interacting with certain depth and benthic compositions, forming prey aggregations related 

to tidal eddies. This study found some a disparity between benthic lifeform within MeyGen 

and the foraging locations. Foraging was primarily associated to kelp forest & park (Figure 

3.9), a habitat previously linked to foraging (Ewins, 1990; Sawyer, 1999; Owen, 2015). 

MeyGen almost entirely associated with the circalittoral, deep habitat of reduced light 

availability, prompting an increase in scoured rock, and reduced kelp density (Connor et al., 

2004). Predictive mapping was used to provide a habitat variable, as mapping layers of 

observational data were not available (Figure 8). However, site-specific ROV observations 

of the Inner Sound provide information on the ecological communities associated with 

these predicted benthic habitats (Harendza, 2014). In relation to the findings of Harendza 

(2014), foraging locations primarily lie within the transitional area between the infra and 

circalittoral, potentially overlapping with both foliose red seaweeds and faunal turf 
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biotopes, and MeyGen primarily overlaps with faunal turf biotopes. Predictive mapping 

suggests that maerl beds are a major habitat within MeyGen (Figure 3.1c), however 

Harendza (2014) indicates that maerl beds were found only in isolated areas, of shallow, 

fast flowing current, with coarse sediment. This is an example of where predictive mapping 

may diverge from direct observations, indicating that development of more accurate 

benthic community maps would be beneficial for investigating foraging ecology in relation 

to marine renewable energy developments.  

 

Foraging occurred primarily at mean depths of 24m (Table 3.4). A wide range of diving 

depths for black guillemots have been previously recorded although they generally do not 

exceed 50m (Piatt and Nettleship, 1985; Ewins, 1986; Nol and Gaskin, 1987; Masden et al., 

2013; Shoji et al., 2015b). This indicates that the depths held within MeyGen (mean: 

32.18m) are not outside the potential foraging range of black guillemots. Consequently, 

velocities and benthic community composition altered by the addition of tidal turbines 

could potentially allow deeper areas to become suitable foraging areas (Moore and 

Roberts, 2011). Arrays of up to 398 tidal stream turbines within the Inner Sound have been 

modelled to decrease peak tidal current velocities downstream of arrays by 24% (Harendza, 

2014), reducing the hydrodynamic forces causing shear-bed friction and scouring. This 

reduction of stress on the benthos may encourage settlement and propagation of benthic 

species, potentially increasing species abundance and biodiversity (Moore and Roberts, 

2011). However, velocities and shear-bed friction within the array area have been 

predicted to increase, due to channelled currents around the obstructing turbines (Martin-

Short et al., 2015). This effect was predicted to negligibly effect both the immediate stress 

resistant circalittoral communities, and the surrounding kelp habitats (Harendza, 2014). 
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Seafloor anchored tidal stream turbines may also form reefs, which may act as Fish 

Aggregator Devices (FADs) (Scott et al., 2014; Wilhelmsson et al., 2006) potentially 

attracting foraging birds (Savidge et al., 2014). The formation of reefs may introduce new 

habitat types, leading to changes in biodiversity, and fish abundance (Shields et al., 2009, 

Wilhelmsson et al., 2006). It is yet to be seen if shifts in current flows, formation of reefs, 

and invigorated surrounding benthic communities will affect black guillemot foraging 

ecology and habitat choice.  

 

The variables chosen for the foraging habitat model were intended to represent both the 

relevant abiotic and biotic environmental characteristics influencing black guillemot 

foraging. However, improved knowledge of benthic community, and locations of 

oceanographic features, including upwellings and eddies, could inform more robust models 

explaining habitat choice. The tracking results highlighted a large amount of individual 

variability in the use of the Inner Sound (see Chapter 5). This indicated that a proportion of 

the population from Stroma does not forage within the Inner Sound and may infrequently 

come into contact with MeyGen. However, of those that do use the Inner Sound, this study 

highlights that foraging occurring within tidal streams are confined to a narrow band of 

environmental characteristics. Minor changes by tidal turbines to these distinct 

characteristics (primarily tidal velocity) could have pronounced effects on the foraging 

behaviour of black guillemots, which has potentially formed adapted over years of 

experience (Phillips et al., 2017; Votier et al., 2017; Grecian et al., 2018; Morgan et al., 

2019).  

 

Currently, the risk of collision may be minimized by the disparity between the MeyGen 

lease area and habitat preferences of black guillemots. However, this study has shown this 
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disparity to be narrow. Installation of turbines within the lease area will certainly alter this 

environment, possibly changing previously unsuitable habitat surrounding the array into 

foraging habitat. These changes may increase the chance of collisions by attracting black 

guillemots into closer proximity with tidal turbines. Monitoring black guillemot tidal stream 

use and foraging ecology pre and post-installation of turbines is crucial to assessing the 

environmental modifications made by turbines 
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Chapter 4. Black guillemot Cepphus grylle foraging niche 
preference in relation to site-specific niche availability  



88 
 

 
 

 4.1 Introduction 

Declines in global seabird populations (Paleczny et al., 2015) have necessitated the 

increased need to establish Marine Protected Areas (MPAs) to mitigate against the impacts 

of anthropogenic activities such as pollution and over-fishing (Croxall et al., 2012). Black 

guillemots Cepphus grylle are inshore benthic foraging species, and are regarded as coastal 

seabirds. While global population declines in coastal seabirds are not as pronounced as 

those of pelagic seabirds (Mitchell et al., 2004; Croxall et al., 2012), and currently the UK 

population of black guillemots is stable (JNCC, 2018), this species remains susceptible to 

anthropogenic activities within the inshore. Historically, black guillemots have been 

negatively affected by oil pollution (Ewins, 1986; Heubeck, 1995), fisheries bycatch (Tasker 

et al., 2000; Žydelis et al., 2009; Barrett et al., 2016), and mammalian predators (Ewins, 

1985b; Ewins and Tasker, 1985). Likewise, in the future, emerging industrial activities may 

further impact the foraging habitat of black guillemots, i.e., large-scale inshore kelp 

harvesting (Smale et al., 2013; Burrows et al., 2018; Marine Biopolymers Ltd, 2018) and the 

deployment of tidal stream turbines (Furness et al., 2012). 

 

In Scotland, the government has responded to seabird declines through the extension of 

current Special Protected Areas (SPAs) for seabirds listed under Annex 1 of the European 

Union Birds Directive (2009/147/EC) (Stroud et al., 2001; Kober et al., 2012). The Scottish 

Government has also created several MPAs specifically for the black guillemot, the singular 

seabird species not protected under Annex 1 as it is considered non-migratory (Swann, 

2014). These inshore MPAs aim to maintain encompassed habitats in a ‘favourable 

condition’ (The Scottish Government, 2010). MPAs have been identified using knowledge 

of seabird foraging ranges and foraging aggregations (Kober et al., 2010; Daunt et al., 2015; 
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Jovani et al., 2016; Oppel et al., 2018). Protected areas for coastal seabirds, such as 

European shags Phalacrocorax aristotelis (Daunt et al., 2015), potentially encompass 

home-ranges better than those designated for pelagic seabirds, where there is potential 

mismatch between key foraging locations and the designated protected area (Critchley et 

al., 2018). Nevertheless, in the case of black guillemots, <20% of the ‘at-sea’ population in 

Britain is currently contained within all designated MPAs (Critchley et al., 2018).  

 

Britain’s black guillemot MPAs (Chapter 1, Figure 1.1) are located on the Small Isles (Rum 

and Canna), Inner Hebrides; Clyde Sea Sill (including Sanda Island), Argyll; Monach Isles, 

Outer Hebrides; East Caithness Cliffs, Caithness; Fetlar to Haroldswick, Shetland; and on 

Papa Westray, Orkney (The Scottish Government, 2014a, 2014b, 2014c, 2014d, 2014e, 

2014f). In general, these MPAs have an average 2km seaward boundary (SNH, 2014). When 

formed to protect other biological features, MPAs can extend >2kms in some instances to 

encompass thermal fronts important for fish stocks in the Clyde Sea Sill (The Scottish 

Government, 2014a); and fan mussels Atria fragilis near the Small Isles (The Scottish 

Government, 2014f). To date, the 2km MPA boundary around black guillemot colonies has 

been assumed to be sufficient to contain their key foraging range, because of their inshore 

foraging behaviour. Whether this boundary limit does indeed always encompass the key 

foraging locations for all these black guillemot colonies is, however, yet to be confirmed, 

as knowledge regarding black guillemot foraging range is still very limited, with few tracking 

studies published to date (Owen, 2015; Shoji et al., 2015b). Indeed, previous studies using 

visual observation have reported maximum foraging ranges of 7km (Petersen, 1981), 2km 

(Ewins, 1986) and 8.4km (Sawyer, 1999) (Chapter 1, Table 1.1). With modern advances in 

tracking technology, measurements of foraging range are becoming ever more accurate, 
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and are expanding the limits of observable distance, especially with regards to distance 

from the colony. Recent GPS tracking by Owen (2015) found a maximum foraging range of 

8km for black guillemots from a colony on Shapinsay, Orkney, while on island of Sklinna, 

Norway, maximum foraging ranges of 33km have been observed (Svein-Håkon Lorentsen, 

pers. comm.). This clearly indicates that foraging range is likely to vary greatly between 

colonies, as well as between individuals, depending on foraging preferences and available 

habitat. 

 

The allocation of MPAs for black guillemots has highlighted the current lack of knowledge 

regarding the species’ foraging habitat. For example, the quality of existing habitat within 

these MPAs has not been quantified. While kelp rich areas have been considered important 

for black guillemots (Ewins, 1990; Sawyer, 1999), few extensive studies have actually been 

done to date on the particular habitat associations of black guillemots (Nol and Gaskin, 

1987; Waggitt et al., 2016b). Black guillemots are considered to be generalist benthic 

foragers (Cairns, 1992), in the Northeast Atlantic they prey on an array of species (Ewins, 

1990; Barrett et al., 2016) including: sandeel Ammodytes marinus and butterfish Pholis 

gunnellus in Shetland (Ewins, 1990); and squat lobsters Galathea strigose in Northern 

Norway (Barrett et al., 2016). Benthic habitat associated with these prey may include: kelp 

forest, related to butterfish (Ewins, 1990; Barrett et al., 2016); sandy substrates, related to 

flatfish spp. (Sawyer, 1999) and sandeel A. marinus (Ewins, 1990); and rocky substrates 

related to sculpin spp. (Maitland and Herdson, 2009). However, many questions remain 

regarding the key defining properties that may underly site-specific foraging associations. 

Inshore waters often provide a very heterogeneous environment, varying in depth, benthic 

substrate, floral and faunal community, and tidal current speeds over relatively small 
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distances (i.e., 100’s of metres) (Sebens, 1991). One key aspect of black guillemot foraging 

behaviour that may affect both their range and habitat associations is diving depth. A 

variety of dive depths have been recorded for black guillemots, however, to date they have 

not exceeded 50m (Piatt and Nettleship, 1985; Ewins, 1986; Nol and Gaskin, 1987; Masden 

et al., 2013; Shoji et al., 2015b).  

 

In contrast to pelagic MPAs, inshore MPAs may require greater site-specific consideration 

when designating critical benthic habitat to be protected, as greater heterogeneity will be 

present over smaller scales (Waggitt et al., 2017, 2016; Wakefield et al., 2009). Assessing 

the site-specific requirement of any MPA to encompass certain foraging habitat would 

potentially require costly and extensive GPS tagging studies, which is often not feasible for 

black guillemots, due to the inaccessibility of nest sites (Marine Scotland, 2011; Critchley 

et al., 2018). Thus, increasing knowledge regarding key ecological niches for black 

guillemots could aid appropriate decision making when designating MPA boundaries (i.e., 

making them more suitably based on key habitat contained; and lessening the need for 

repeated GPS tracking surveys). This would require the key ecological niches for black 

guillemots to be defined and related to the features actually available in the MPA 

(Feinsinger et al., 1981; Dolédec et al., 2000). Accounting for resource availability in 

proportion to use is also particularly important when considering niche breadth, as this 

may differ between populations based on local characteristics (Feinsinger et al., 1981). 

Ultimately, niche breadth is constrained by site-specific habitat availability (Barnagaud et 

al., 2012), which may be operating over smaller distances (i.e., 10’s of km) and site-pecific 

scales for benthic foragers such as black guillemots. 
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Further, small-scale habitat associations are important to understand when considering 

localized modifications to benthic habitat, i.e., due to the construction of tidal turbines 

which may alter community structure and prey distribution (Fahrig, 2003). While studies of 

individual tidal turbines have indicated that changes to the benthos may be negligible 

(Kregting et al., 2016; O’Carroll et al., 2017a, 2017b), large arrays of turbines may well have 

a significant impact on benthic composition (Harendza, 2014). While such impacts remain 

uncertain, changes in predator/prey behaviour have already been observed, whereby 

structures have acted as Fish Aggregation Devices (FADs), with potential knock-on effects 

for seabird distribution, including for black guillemots (Savidge et al., 2014). Currently, the 

possible impacts of tidal stream turbines on benthic communities (Harendza, 2014; Martin-

Short et al., 2015), biodiversity (Shields et al. 2009) and ultimately black guillemot foraging 

habitat, are unknown. Thus, a greater understanding of the typical niche characteristics 

used by black guillemots, and, the distance they will travel to exploit that niche, are now 

crucial if we are to assess the degree to which i) MPAs will conserve, and ii) tidal stream 

turbines may impact, black guillemots.  

 

Here, we compare available habitat, defined by site-specific black guillemot foraging range, 

to used foraging habitat. Available habitat relates to the inshore characteristics which most 

likely influence black guillemot foraging strategy: benthic habitat, depth, and tidal velocity. 

The relationship between study sites is explored, examining homogeneous or 

heterogeneous niche availability, as well as potential spatial patterns in niche use.  
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4.2 Methods 

4.2.1 Data collection 

Deployment of GPS tags on breeding black guillemots was carried out on the islands of 

Stroma, Caithness (58°40′48″N, 3°07′12″W), and North Ronaldsay, Orkney (59°22'6"N, 

2°25'29"W) in 2016/17. Additional GPS tracking data were provided by the Royal Society 

for the Protection of Birds (RSPB) from deployments carried out on Grass Holm, Shapinsay 

(59° 3'39"N, 2°56'3"W), a small neighbouring island to Shapinsay, Orkney, in 2013/14 

(Owen, 2015). The colony on Grass Holm, Shapinsay, will be referred to as “Shapinsay” 

hereafter.  

 

Tagging took place over the summer breeding seasons: on North Ronaldsay, from 28 June 

- 2 July 2016 and 10 June - 12 July 2017; on Stroma, from 15 - 29 June 2016 and 23 June - 2 

July 2017; and on Shapinsay, from 16 June - 27 July 2013 and 18 July - 10 August 2014. 

PathTrack nanofix GPS loggers were used on North Ronaldsay and Stroma, and ECOTONE 

Uria 240 tags were used by the RSPB on Shapinsay. North Ronaldsay and Stroma tags 

recorded location fixes every 5 minutes, while Shapinsay tags recorded locations every 4 

minutes. Over the 2016/17 breeding seasons, tags were deployed on 17 individuals on 

Stroma, and 27 on North Ronaldsay. On Shapinsay, 23 tags were deployed over the 2013/14 

field seasons. Breeding birds were targeted and caught using a variety of methods 

including: hand capture; noose-mats; or, mist nets. Loggers were attached using TESA tape, 

applied to the lower middle back. All tags were equipped with UHF (PathTrack) or VHF 

(Ecotone) remote downloading capabilities, which allowed the tags to transmit their GPS 

records to a base station located at the colony. This negated the need to recapture tagged 
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individuals to recover tags, increasing the likelihood of recovering data, and decreasing the 

risk of disturbance to the birds.  

 

On Stroma and North Ronaldsay, during alternating 2-week trips between each island, nest 

success surveys were also carried out, on average, every 5 days. On Stroma, these were 

carried out at every accessible nest found. On North Ronaldsay, due to the large size of the 

island, these surveys were carried out on concentrations of nests at Moe Geo 

(59°21'33.51"N, 2°26'52.34"W), Gretchen beach (59°21'42.22"N, 2°26'38.07"W) and 

Westness beach (59°23'15.53"N, 2°24'51.59"W). Shapinsay field work carried out by the 

RSPB included monitoring of nests within artificial cairns, on 13 visits to the island between 

5 April - 9 August 2013, and 1 visit in 2014 (Owen et al., 2019). Further detail on nest 

monitoring methods is contained in Chapter 6, section 6.2.1 .  

 

Previous successful deployment of similar loggers on black guillemots by Owen (2015) 

provided confidence that the impact of the loggers on bird behaviour was likely to be slight. 

The attachment method was intended to result in loggers being shed after a period of some 

days in order to minimise any long-term impact of the device on birds. All birds were 

weighed to assess the percentage of the bird’s body mass that the tag comprised, with tags 

deployed on birds where they comprised <3% of body mass. Nest monitoring was carried 

out to assess any statistical difference (t-test) in the nest productivity, calculated as the 

number of chick fledged per nest, between tagged and control nests.  
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4.2.2 Foraging locations 

A combination of reoccurrence modelling (provided by the R package Recurse (Bracis, 

2017)), and segmented regressions were used to characterise GPS locations as ‘foraging’ or 

‘not-foraging’. Recurse calculates the number of revisits within a defined radius to each 

GPS point within a track. In this study tracks were separated by unique ‘foraging trips’, and 

recurrence was calculated separately for each. A ‘foraging trip’ consisted of an individual 

leaving and subsequently re-entering a 300m buffer around the colony. Within each 

foraging trip, revisits to each GPS point are identified by re-entries within the track into 

radius around each point. The pooled revisit values for each individual bird were used to 

delineate each point as either containing high revisits = ‘foraging’, or low revisits = ‘not-

foraging’, through segmented regression analysis (Muggeo, 2008). Segmented regressions, 

identify a breakpoint between two linear lines within the revisit values. Revisit values above 

this breakpoint were characterised as ‘foraging’ and values below, ‘not foraging’. 

 

To calculate reoccurrence using Recurse, the user allocates the radius around each point, 

which should be selected to reflect the actual revisited areas. A small radius may exclude 

potential revisits, a large a radius may misidentify revisited areas (Bracis, 2017). To select 

an appropriate radius, the effect of radius on the number of points designated as foraging 

was tested on 25 radii, incrementally increasing by 20m. The sums of foraging locations 

were plotted in relation to the corresponding radius for each study island and all islands 

merged (Figure 4.1a). The number of foraging locations, corresponding to all islands, 

increase in frequency with expanding radii from 20-180 metres. At radii 180-200m the 

number of foraging locations begins to plateau, with small consequent variations in the 

sum of foraging locations up to the maximum test radius of 500m. Considering the 
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combined values of the study islands, 200m was chosen as the recurse radius as the 

smallest radius after which, through visual identification, variation is minimal (Figure 4.1a). 

Visualisation of spatial variation of foraging locations in relation to increasing radii are 

displayed in the appendix (Appendix 4.5, Figure 4.14, 4.15, 4.16). 

 

 

4.2.3 Available habitat 

Foraging locations were compared to the habitat characteristics present within the 

surrounding ‘available’ area. The definition of ‘available’ habitat, was based on observed 

maximum foraging range and water depth. The maximum foraging range from each colony 

was used to define a radial boundary limit encompassing the ‘available’ habitat (Thiebot et 

al., 2011). Based on the results of the tracking presented in this study (Table 4.2), maximum 

Figure 4.1: Recurse radius in relation to GPS points characterised as foraging.  Mean total 
foraging points for a) all study islands. Sum of foraging points in relation to b) North 
Ronaldsay, c) Shapinsay, and d) Stroma. Polynomial trend line is displayed in red. 
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distances used were: 27km, Stroma; 9km, Shapinsay; and 11km, North Ronaldsay. The 

boundary was set using Cost Distance analysis in ArcMap (ESRI Spatial Analyst). This 

calculates the weighted distance required to travel from a source point or set of points 

through a grid of cells to a defined limit (Figure 4.4). Here, we set the ‘source points’ as the 

tagging locations and the ‘defined limit’ as the observed maximum foraging range. This 

method takes into account obstructing landmasses which black guillemots are unlikely to 

cross. Within the defined area, depths deeper than 48m were excluded, as this was the 

maximum depth associated with GPS points where behaviour was classified as foraging in 

this study. This also concurred with previous knowledge of black guillemot maximum dive 

depths (Piatt and Nettleship, 1985; Ewins, 1986; Nol and Gaskin, 1987; Cairns, 1992; 

Masden et al., 2013).  

 

Within the defined ‘available’ habitat area, a random grid of points was then selected as 

representative of that ‘available’ habitat area. These were randomly selected from a 

triangular lattice generated through the TELEMAC model (Appendix 4.5, Figure 4.10) (Avdis 

et al., 2018). A minimum distance of 200m was defined between grid points. To calculate 

this distance, a series of random grids were compared, each incrementally differing in the 

minimum spacing between points by 50m. 12 grids were produced for each study island 

with a maximum spacing distance of 600m between points (Figure 4.2). Assessing the mean 

number of available points for all the study sites combined, 200m was identified as the 

distance at which variance became minimal at further increases in distance (Figure 4.2a). 

This distance excluded clustering within the TELEMAC model lattice, allowing for an evenly 

spaced random grid while also retaining the greatest number of available habitat points.  
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4.2.4 Environmental data 

Relevant environmental covariates were compared between foraging locations and 

available habitat. These covariates included maximum flow velocity, bathymetry, and 

lifeform (Table 4.1). Maximum flow velocity was generated through the 

TELEMAC predictive model (Robins et al., 2014; Hashemi et al., 2015). Depth was defined 

using SeaZone data (raster format) provided through EDINA (Seazone Solutions Ltd, 2008). 

Benthic lifeform was provided through the Predictive Seabed Mapping Resource (feature 

class format) developed by Scottish Natural Heritage (SNH). The specific species 

compositions of each benthic lifeform are detailed in Appendix 4.5, Table 4.8. Distance was 

defined as the distance between each GPS tracking point and the original tagging site, or, 

Figure 4.2: Random point minimum spacing distance in relation to sum of available 
points characterised as foraging.  a) Mean of the available points for all study islands. 
Sum of the available points in relation to b) North Ronaldsay, c) Shapinsay, and d) 
Stroma. Polynomial trend line is displayed in red. 
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for the ‘available’ habitat points, the distance to the nearest tagging site based on cost 

distance analysis.  

 

4.2.5 Resource selection functions 

Resource Selection Functions (RSF) were used to assess the selection ratio between 

foraging or ‘used’ habitat, and random points within the ‘available’ habitat area. These 

functions assessed the probability of habitat use in proportion to the availability of that 

habitat, thus allowing the identification of actively selected habitat (Manly and Manly, 

2002). RSFs were modelled using the R Package “ResourceSelection” (Lele et al., 2019) 

which uses binomial logistic regression models. To identify the covariates most likely to be 

influencing resource selection, a series of models (of varying composition) were produced, 

with weighting and selection of the best fit model carried out using Akaike’s Information 

Criterion (AIC) (Burnham et al., 2011). Each study island was investigated separately, with 

14 candidate models tested for each. The RSFs were carried out using a used/available 

binomial dependent variable, log transformed continuous variables (maximum velocity, 

depth, distance), and a single categorical variable for “benthic lifeform”. Log-

transformation was carried out to fit the covariates to a normal distribution, an assumption 

of RSF. 

Table 4.1: Environmental covariate data used. 

Variable Description Source 

Maximum 
velocity 

m/s – current speed at 5m depth TELEMAC – ERI 

Depth m - seafloor depth SeaZone data - EDINA 
Marine Digimap service 

Lifeform The lifeform identified as most likely to 
describe the biological component of a 
point. 

Predictive Seabed 
Mapping Resource - SNH 

Distance m - distance from tagging location Cost distance analysis 
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The extent of ‘available’ habitat was based on maximum foraging distance, previously 

described as ‘home range’ (Manly and Manly, 2002; Thiebot et al., 2011). This is based on 

Third Order selection as defined in Johnson (1980), which examines the range pertinent to 

the selection of habitat related to its use for foraging, within a home range. To investigate 

if this was the most appropriate boundary for ‘available’ habitat, RSFs were carried out with 

boundaries based on the maximum foraging distance, the mean foraging distance, and the 

mean of the maximum foraging range of each study site. AIC model selection was then 

carried out to identify the best fitting model for each variation in ‘available’ habitat limit 

(see Appendix 4.5, Table 4.9). The best fitting models for each available habitat limit were 

compared and contrasted using the results from the Hosmer-Lemeshow Goodness of Fit 

(GOF) Test incorporated in the “ResourceSelection” package (Lele et al., 2019). GOF 

produces a chi-square value (X2), with the lowest value being indicative of the best fitting 

model. GOF’s indicated that limits based on mean and the mean maximum distance 

produced the poorest fitting models (Appendix 4.5, Table 4.10), except for models based 

on mean maximum limits in relation to North Ronaldsay (X2 = 175.1). By taking mean chi-

square values across the study sites, maximum foraging range exhibited the lowest chi-

squared value (X2 = 337.8) (Table 4.10). This indicated that limits based on maximum 

foraging range produced the best fitting models across all islands/colonies. Therefore, RSFs 

based on ‘available’ habitat defined by maximum foraging range were ultimately used.  

 

4.2.6 Niche comparison 

An ecological niche describes the resource characteristics an organism exploits within its 

environment. The breadth of characteristics associated with foraging may further vary with 
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the size of the examined population (Bolnick et al., 2003). Here, we investigated the niches 

associated with each study island, and compared niche associations between islands. This 

requires niches to be formed taking into account the habitat characteristics of all three 

islands.  

 

To investigate between-colony differences in niche availability and use, the K-Means 

clustering algorithm was used to group ‘available’ habitat (pooled together from all 

colonies) into “niches”. Clusters were defined using components of the best fitting RSFs. 

These included values for depth, velocity and benthic lifeform, which related to ‘available’ 

habitat points only. Niches were then allocated to foraging points applying the attributes 

of the nearest ‘available’ habitat point to the foraging location point. Relationships in terms 

of the ‘proportion of foraging niche/available niche’ were then used to investigate niche 

partitioning within and between colonies.  

 

K-means clustering was adopted as an objective method to identify niches within the 

pooled ‘available’ habitat. This method selects random points and clusters surrounding 

points based on the Euclidean distance between each point (potentially defined by multiple 

variables) (Ahmad and Dey, 2007). The mean and variance of this distance is then calculated 

for each cluster. This process is repeated for a set number of cycles, selecting differing 

initial points each time, with each cycle reducing the variability between points within a 

cluster and increasing the variability between clusters (Peeples, 2011). When the clustering 

explains the lowest variability within clusters and the greatest variance between clusters, 

the process is complete.  
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The selection of the optimal number of clusters (k) was carried out using the ‘Elbow 

Method’ (Kodinariya and Makwana, 2013). This is achieved by computing a series of k-

mean algorithms, varying in the number of clusters from 1 - 25. The within-cluster sum of 

squares (wss) is calculated for each value of k. When increasing values of k are plotted 

against their corresponding wss values, the reduction in variation with increasing k is 

visualised (Figure 4.3). Where the reduction of variation is most pronounced and variation 

becomes minimal, this is considered to be the location of optimal k. Through visual analysis 

of Figure 4.3, the 4 niche clusters were selected as the optimal value of k.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Number of K-means clusters (k) in 
relation to within-cluster sum of squares (wss). 
Polynomial trend line is displayed in red.  
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4.3 Results 

4.3.1 Data collection, nest monitoring, and tag effects 

GPS data were returned from 21 tagged individuals from North Ronaldsay, 19 from 

Shapinsay (Owen, 2015), and 13 from Stroma. Recurse analysis combined with segmented 

regressions delineated GPS points related to foraging at 37% of all GPS points for North 

Ronaldsay, 39% for Shapinsay, and 43% for Stroma (Figure 4.4). The maximum foraging 

distance exhibited for North Ronaldsay birds was 10896m (mean = 5671 m); for Shapinsay 

birds was 7906m (mean = 4109 m); and for Stroma birds was 26485m (mean = 10153m); 

(Table 4.2).  

 

 

 

 

 

The results of nest monitoring for the three island colonies studied are presented in Table 

4.3. There was a clear reduction in the number of successful nests on Stroma in 2017 

compared to 2016. This was connected to  high storm swell coupled with a spring tide on 

24th June 2017, which raised the mean high-water extent up the boulder beaches on 

Stroma and into the nesting areas. Larger and with more nest sites, in this study North 

Ronaldsay supported the largest black guillemot breeding population, though this is not 

reflected in nest counts, as only a sub-sample were monitored in the breeding success 

Table 4.2: Tracking data summary regarding mean and 
maximum depths for each island. Also displayed are the 
mean maximum and overall maximum foraging distances.   

Island Value Group Mean (m) Max (m)

Foraging -17.18 -41.62

Not Foraging -18.88 -48.33

Distance Foraging 5671 10897

Foraging -10.34 -30.17

Not Foraging -11.53 -31.38

Distance Foraging 4109 7906

Foraging -20.59 -47.11

Not Foraging -28.40 -91.97

Distance Foraging 10153 26485

Depth 
Stroma 

Depth North 

Ronaldsay

Shapinsay
Depth 
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surveys (Table 4.3). However, the size of the breeding population is clear from the number 

of chicks ringed (n=167) on North Ronaldsay in 2016 (North Ronaldsay Bird Observatory, 

unpublished data) (Table 4.3). 

 

Loggers plus attachment materials weighed 11.6g (10.8g tag, 0.8g tape), on average 2.86% 

of bird body mass (mean = 405.45, n= 44). This study found to no significant difference 

between the nest productivity of tagged nests (n=30, mean chicks fledged = 0.96), and 

control nests (n=95, mean chicks fledged = 1.08) (T-test: t=0.73, p=0.47). This analysis took 

into account failures caused by adverse weather and predators, however excluding these 

factors still found no significant difference (T-test: t=0.94, p=0.35). Factors influencing nest 

success are discussed in Chapter 6, section 6.3.3.  

 Table 4.3: Nest success and pre-breeding population counts respective to each 
Island studied.   

Year Nests Successful nests Chicks Success Population

2012 47 27 42 0.89 180

2013 55 41 62 1.13 190

2014 50+ 35 48 1 (approx.) 100+

2016 49 40 58 1.18 496

2017 49 33 48 0.98 841

2016 33 20 29 0.88

2017 27 12 17 0.63 420

Shapinsay

N. Ronaldsay

Stroma
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Figure 4.4: Foraging locations (yellow) in relation to ‘available’ habitat (blue). 
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4.3.2 Resource selection functions 

AIC weightings indicated that a combination of ‘Lifeform, Maximum Velocity, Depth and 

Distance’, produced the best fit model for North Ronaldsay, Shapinsay and Stroma (Table 

4.4). Specific lifeforms selected at each island are indicated by a significant difference 

between used/available habitat (p < 0.05), these are displayed in Table 4.5. There was no 

evidence of selection by black guillemots relative to availability of infauna habitat around 

Shapinsay, or coarse sand, sand, kelp & infauna, and tidal swept kelp around Stroma (Table 

4.5).  

 
 

 

 

 

 

 

 

Table 4.4: AIC weightings for Resource Selection Function (RSF) models. Lowest AIC value, and 
therefore the best fitting model, is in bold.  

Model AIC ∆AIC AIC ∆AIC AIC ∆AIC

1 Depth + Distance + Lifeform + Max Velocity 40359.88 0.00 30337.88 0.00 21428.88 0.00

2 Distance + Lifeform + Max Velocity 40547.37 -187.49 30420.33 -82.46 21718.45 -289.57

3 Depth + Lifeform + Max Velocity 42211.30 -1851.42 31140.97 -803.09 21561.76 -132.88

4 Lifeform + Max Velocity 42399.49 -2039.61 31236.30 -898.42 21824.95 -396.07

5 Depth + Distance + Max Velocity 40805.86 -445.98 30623.17 -285.29 23884.13 -2455.25

6 Distance + Max Velocity 41951.63 -1591.75 30698.61 -360.73 24029.10 -2600.23

7 Depth + Max Velocity 42537.14 -2177.26 31554.46 -1216.58 24038.47 -2609.60

8 Max Velocity 44700.36 -4340.49 32102.28 -1764.40 24210.98 -2782.11

9 Depth + Distance + Lifeform 40717.51 -357.64 30492.13 -154.25 21485.75 -56.88

10 Distance +Lifeform 40750.80 -390.92 30591.90 -254.02 21740.96 -312.08

11 Depth + Lifeform 42260.59 -1900.72 31140.71 -802.84 21987.37 -558.50

12 Depth + Distance 41226.61 -866.73 30822.61 -484.73 23909.04 -2480.17

13 Distance 42286.88 -1927.01 30942.88 -605.01 24036.19 -2607.31

14 Depth 42578.88 -2219.00 31558.74 -1220.87 24057.85 -2628.97

North Ronaldsay Shapinsay Stroma
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4.3.3 Niches and k-means 

Across the three study sites, pooled environmental characteristics were clustered into four 

niches. The characteristics of each of the four key/distinct niches in relation to mean depth, 

mean velocity and lifeform composition are presented in Table 4.6. These four niches 

converged and deviated in relation to these principle variables. Niche 1 and 4 converged in 

relation to mean depths (-19.49m, Niche 1; -20.80m, Niche 4), however differed in mean 

maximum velocities (0.43 m/s, Niche 1; 2.50 m/s, Niche 4) (Table 4.6, Figure 4.5). Niche 1, 

associated with the slowest mean maximum velocities (0.43 m/s), was primarily comprised 

of infauna related benthic lifeforms. Niche 4 contained the fastest mean maximum velocity, 

and associated with the broadest composition of benthic lifeforms, only excluding sand-

based benthos. Niche 2 and 3 maintained the opposite relationship to 1 and 4, converging 

in relation to mean maximum velocities (0.91 m/s, Niche 2; 1.13 m/s, Niche 3), and 

diverging in their associated mean depths (-13.75m, Niche 2; -32.84m, Niche 3) (Table 4.6, 

Figure 4.5). Niche 2 centred around the shallowest mean depths and contained the majority 

Table 4.5: P-value results of RSF models. P-value < 0.05 indicates a 
significant difference between ‘available’ and ‘used’ foraging habitat.  
Blank values indicate that the benthic lifeform was not present in 
relation to the study island. 

Lifeform N. Ronaldsay Shapinsay Stroma

Faunal turf & brittle stars <0.0001 <0.0001

Infauna         <0.0001 0.3708 <0.0001

Kelp & infauna <0.0001 0.2147

Maerl & seaweed & infauna <0.0001 <0.0001

Kelp forest  <0.0001 <0.0001 <0.0001

Kelp park    <0.0001 <0.0001 <0.0001

Muddy sand <0.0001

Coarse sand 0.1865

Sand   <0.0001 0.1797

Tideswept kelp <0.0001 0.1356

Maximum velocity          <0.0001 0.0147 0.0422

Depth        <0.0001 0.1199 <0.0001

Distance          <0.0001 <0.0001 <0.0001
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of kelp forest and park lifeforms. Niche 3 centred around the deepest mean depths and 

encompassed the sand associated benthos, and the majority of tidal swept kelp, and faunal 

turf and brittle stars.  

 

Niche compositions surrounding the study islands are displayed in Table 4.7/Figure 4.9 and 

mapped in Figure 4.8. North Ronaldsay’s ‘available’ habitat was split between Niche 3 (0.61, 

proportion of points; 2023, total points), and Niche 2 (0.37, proportion; 1237, total 

available points). ‘Available’ habitat of Shapinsay was comprised of Niche 1 (0.52, 

proportion; 1086, total), Niche 2 (0.36, proportion; 764, total), and Niche 4 (0.12, 

proportion; 252, total). Stroma was more fragmented, with 52% within Niche 1 (0.52, 

proportion; 2804, total) and all other Niches contained a lesser portion: Niche 2 (0.11, 

proportion; 616, total), Niche 3 (0.24, proportion; 1271, total); and Niche 4 (0.13, 

proportion; 709, total). Comparing the proportion of available niches between islands 

(using binomial tests for equal proportions), indicates that proportional niche availability 

was varied, with no one niche being ubiquitous across the three study sites (Table 4.7, 

Figure 4.9). However, Stroma and Shapinsay maintained similar proportions of Niche 1 and 

4, and North Ronaldsay and Shapinsay contained similar proportions of Niche 2. Stroma 

and North Ronaldsay differed in proportional availability of all niches.  

 

Binomial tests for equal proportions were also carried out to compare the proportion of 

niche ‘used’ for foraging to the proportion ‘available’ (Table 4.7). Foraging occurring at 

North Ronaldsay was primarily associated with Niche 2 (0.77, proportion; 2119, total 

foraging points) and this proportion was significantly different (<0.001) to the proportion 

of Niche 2 available, and did not reflect the most common niche, Niche 3.  Likewise, the 
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majority of foraging at Shapinsay occurred within Niche 1 (0.60, proportion; 1255, total), 

while this was also the most common ‘available’ niche, use was disproportionate to 

availability (p < 0.001). Most of the remaining foraging took place in Niche 2 (0.36, 

proportion; 764, total), which, alternatively was proportionate to availability (p > 0.1). At 

Stroma, Niche 1 (0.42, proportion; 609, total) and Niche 4 (0.44, proportion; 627, total) 

were most frequently used. Niche 1 was the most abundant ‘available’ habitat, while Niche 

4 (associated with the fastest tidal currents) was 3rd most abundant, but was selected most 

frequently and was significantly disproportionate to availability. A comparison of niches 

used between islands, found that use was significantly different for all niches except for 

Niche 4 in relation to Shapinsay and North Ronaldsay (Table. 4.7).  
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Figure 4.5: Niche composition including benthic lifeform proportions, mean niche depth, and 
velocity. 

 

 

 

Table 4.6: Mean niche depth, velocity, and the sum of available habitat lattice points 
relating to the corresponding benthic lifeform characteristics. 

Niche 1 Niche 2 Niche 3 Niche 4

Depth (m) -19.49 -13.75 -32.84 -20.80

Velocity (m/s) 0.43 0.91 1.13 2.50

Coarse sand 0 0 195 0

Faunal turf & brittle stars 0 0 2739 1

Infauna 1117 0 0 16

Kelp & infauna 1842 0 0 81

Kelp forest 0 1309 0 51

Kelp park 0 1308 0 730

Maerl & seaweed & infauna 939 0 0 156

Muddy sand 0 0 57 0

Sand 0 0 119 0

Tideswept kelp 0 0 186 0

Mean

Benthic 

lifeform
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Figure 4.6: Clusters of ‘available’ niches in relation to depth and maximum velocity for all 
islands.  

 
Figure 4.7: Clusters of foraging ‘used’ niches in relation to depth and maximum velocity.  
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Figure 4.8: Niche composition in relation to spatial location.  
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Figure 4.9: Proportional niche composition in relation to study island and ‘available'/‘foraging’ habitat.  

Table 4.7: Proportional relationships between niche and ‘available' versus ‘foraging’ habitat.  
Values in bold represent proportional relationships indicated by tests for equal proportions.  

Island Niche 1 Niche 2 Niche 3 Niche 4

N. Ronaldsay 0.00 0.37 0.61 0.02

Shapinsay 0.52 0.36 0.00 0.12

Stroma 0.52 0.11 0.24 0.13

N. Ronaldsay 0.00 0.77 0.18 0.05

Shapinsay 0.60 0.34 0.00 0.06

Stroma 0.42 0.11 0.02 0.44

N. Ronaldsay 0.0267 <0.0001 <0.0001 <0.0001

Shapinsay <0.0001 0.1161 0.4796 <0.0001

Stroma <0.0001 1.0000 <0.0001 <0.0001

N. Ronaldsay / Shapinsay <0.0001 0.6211 <0.0001 <0.0001

Stroma / N. Ronaldsay <0.0001 <0.0001 <0.0001 <0.0001

Shapinsay / Stroma 0.8293 <0.0001 <0.0001 0.1924

N. Ronaldsay / Shapinsay <0.0001 <0.0001 <0.0001 0.0880

Stroma / N. Ronaldsay <0.0001 <0.0001 <0.0001 <0.0001

Shapinsay / Stroma <0.0001 <0.0001 <0.0001 <0.0001

Foraging/

Available

Proportion  test 

(p-value)
Available 

Foraging 

Available Proportion

Foraging Proportion
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4.4 Discussion 

4.4.1 Foraging habitat 

Homogeneous use of a particular niche or niches across all colonies may suggest that black 

guillemots actively select certain habitats. Heterogeneous niche use across colonies may 

instead indicate that foraging habits change in relation to habitat availability. The 

relationship between ‘available’ niches and their use for foraging here, as examined 

through proportional differences, indicated that each island colony heterogeneously used 

most available niches. The exception to this is the shallow/ kelp associated Niche 2. 

Homogeneous use of Niche 2 was seen between Shapinsay and Stroma, but not North 

Ronaldsay. The disproportionately frequent use of this niche 2 by North Ronaldsay birds, 

potentially indicates a preference over the most available Niche 3. Niche 3 was related to 

deepest depths, and was the least popular foraging niche when present. Variable niche use 

is potentially due to proportional differences in availability, although, proximity may also 

drive niche use. This is seen most clearly with regards to the niche associated with fast tidal 

currents (Niche 4). This niche was foraged on to a similar and minimal extent on Shapinsay 

and North Ronaldsay, however on Stroma it was the primary nearshore habitat, potentially 

driving the disproportionate selection of this niche. The influence of proximity in habitat 

selection on Stroma is apparent in selection of close, fast tidal flowing niches, or distant, 

slow velocity related infauna niches. Varied niche use highlights the potential presence of 

the inter-individual niche partitioning, an attribute previously noted in black guillemots 

(Slater and Slater, 1972; Petersen, 1981; Owen, 2015; Shoji et al., 2015b) and is potentially 

related to intra-specific competition (Araújo et al., 2011; Phillips et al., 2017). 
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4.4.2 Foraging range 

It is apparent that site-specific properties may cause differentiation in foraging behaviour 

and range. Differences in foraging range between these three colonies could be related to 

a number of factors. For example, foraging trips of increasing distance may correlate with 

intra-specific competition influencing prey availability nearshore (Birt et al., 1987; Phillips 

et al., 2017), increasing likelihood of prey capture further afield (Wilson et al., 1990). 

Benthic foraging species such as black guillemots have been observed to associate strongly 

with a narrow bathymetrical range (Watanuki et al., 2008; Masden et al., 2013; Shoji et al., 

2015b); hence, variations in depth between our study sites, may lead to patchiness in 

‘available’ habitat, requiring large commuting steps to reach sites of suitable depth 

(Davoren et al., 2003; Weimerskirch, 2007; Benoit-Bird et al., 2013). This was probably the 

case on Stroma, which had a markedly greater maximum and mean maximum foraging 

range than the other sites (Table 4.2). The area surrounding this island also had the greatest 

depth variation (Appendix 4.5, Figure 4.12a) before the exclusion of depths >48m 

(Appendix 4.5, Figure 4.12b). This apparent patchiness in available habitat is very clear in 

Figure 4.8, which shows the break in suitable habitat (at <48 m) immediately north of 

Stroma, within the Pentland Firth, with suitable habitat arising again to the north within 

Scapa Flow, Orkney. Specific preferences for certain habitat characteristics or prey types, 

driving these longer foraging distances, require further research. 

 

The prevalence of heterogeneous niche availability and use highlights that black guillemots 

may be selecting suitable breeding areas despite their surrounding habitat not being ideal 

for foraging. This suggests that black guillemot populations might be more severely 

constrained by breeding habitat than by foraging habitat, which would appear to be 
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consistent with their broad use of a range of foraging habitats providing water depth allows 

benthic foraging. Nevertheless, the long foraging trips observed from some nest sites 

implies that prey capture rates at distant sites must be high, in order to make such 

commuting behaviour profitable. In future, further investigation regarding fine-scale 

individual foraging selection and locations could aid understanding what is ‘quality’ 

foraging habitat. Such research should relate colony size to foraging range, examining 

carrying capacity in relation to the quantity of available habitat depths (Jovani et al., 2016).  

 

4.3.3 Implications for MPAs 

The definition of MPA boundaries based on seabird foraging range has largely been 

considered with regards to pelagic seabirds (Grecian et al., 2012; Perrow et al., 2015; 

Soanes et al., 2016). Previous studies suggest the use of mean maximum foraging range 

when setting home range area (Perrow et al., 2015; Soanes et al., 2016), or, maximum 

foraging range (Grecian et al., 2012). While using maximum foraging range ensures that 

MPAs encompass all foraging habitat (BirdLife International, 2010; Perrow et al., 2015), the 

argument towards using a more conservative mean maximum has been made to ensure 

MPAs are not ‘unfeasibly large’ (Critchley et al., 2018). Here, we show that maximum 

foraging range is more representative than mean maximum foraging range when 

investigating black guillemot foraging habitat (Appendix 4.5 Table 4.9). While maximum 

foraging ranges may not always be appropriate due to their potentially vast size when 

considering pelagic seabird MPAs, they may be more suitable for coastal and benthic 

foraging seabirds like black guillemots.  
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Regarding the allocation of black guillemot MPA boundaries, it was recognised during the 

consultation process that novel tracking studies (Owen, 2015) had demonstrated that birds 

may forage beyond 2km’s (the MPA limit set). However, it was surmised in the designation 

process that these more distant foraging trips occurred only within island groups, rather 

than from mainland sites, and that they were colony specific in nature (Marine Scotland, 

2011). However, as demonstrated here, black guillemots do travel longer distances from 

colonies (i.e., 27km from Stroma) and may even travel large distances from shore (i.e., 7km 

north from North Ronaldsay). However, black guillemots also forage within a narrow range 

of depths (i.e., <48m, Table 4.2) and are therefore potentially confined by habitat <50m 

depth availability. If depths exceed this within the 2km MPA boundary, clearly this may 

imply this area is actually potentially unsuitable. Likewise, if depths remain at <50m outside 

the MPA boundary, energetic costs permitting, black guillemots will likely forage beyond 

the protected area. Ultimately, as a benthic forager, MPA boundaries should therefore be 

allocated in relation to known dive limits, in the absence of site-specific foraging range 

information (Soanes et al., 2016).  

 

While the allocated MPA boundaries for black guillemots have yet to be confirmed as 

suitable for the local populations, further knowledge regarding maximum foraging ranges 

could inform boundary allocations in the future (Soanes et al., 2016). Whilst the use of 

tracking to assess site-specific foraging ranges would be the most accurate method 

(Lascelles et al., 2016), it is not always feasible to do this due to colony inaccessibility 

(Soanes et al., 2016). This work has shown that black guillemot foraging range can be 

variable, and highly influenced by depth profile. Hence, rather than using alternative 

methods to tracking, such as Foraging Radius Approach (Soanes et al., 2016), it may be 
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more appropriate to examine the environmental characteristics surrounding a colony, with 

particular weight given to depth information. This study has clearly shown variation in 

foraging range with respect to colonies adjacent to shallow and deeper areas. Foraging 

ranges of black guillemots nesting on isolated islands, surrounded by steep depth profiles 

are as yet unstudied with regards to their foraging range and the distance they may travel 

to reach neighbouring coastline. The Fair Isle is one particular interesting example, 37km 

south from mainland Shetland and 43km northeast of North Ronaldsay, with a depth of 

<50m extending up to 3.6km offshore.  

 

Conclusion 

Here, we highlight that the benthic nature of black guillemot foraging means that longer 

foraging trips are not a quirk of anomalous sites, but, that foraging distances may be 

routinely heterogeneous, and a clear relationship with adjacent water depth is perhaps 

common. MPA boundaries for black guillemots may therefore be better defined if they take 

account of local depths, rather than a fixed foraging range from the colony. Foraging 

habitat availability investigated here was heterogeneous between colonies, potentially 

driving site-specific selection for certain habitats. Most notably kelp, infauna, and strong 

tidal current related niches. This inconsistency in habitat selection between colonies, could 

indicate that colonies are more confined by suitable breeding habitat and local bathymetry 

than association to a specific foraging niche. However, knowledge of the influence of site-

specific habitats on breeding success, could help define habitat quality. This knowledge 

could inform on the quality of habitat encompassed within MPAs or tidal streams. 
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4.5 Appendix 

 

Appendix Figure 4.10: Two-dimensional hydrodynamic model grids corresponding to North 
Ronaldsay (blue), Shapinsay (yellow), and Stroma (brown). 
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Lifeform

Algal crust/faunal turf

Brittle stars

Burrowing fauna

Coarse sand

Faunal turf

Faunal turf & Modiolus

Faunal turf & brittle stars

Faunal turf & crusts

Infauna

Infauna & Modiolus

Keelworm & Modiolus

Keelworm & infauna

Kelp

Kelp & infauna

Kelp & seaweeds

Kelp forest

Kelp forest & park

Kelp park

Maerl

Maerl & infauna

Maerl & seaweed

Modiolus

Modiolus & infauna

Mud

Muddy sand

Ophiura

Sand

Sea grass, kelp & infauna

Tideswept kelp

Appendix Figure 4.11: Distribution of the most likely dominant benthic lifeform, throughout Caithness 
and Orkney study area. 
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Appendix Table 4.8: Specific ‘Benthic Lifeform’ organism components.  

Benthic lifeform Composition 

Faunal turf & brittle stars Brittle stars Ophiothrix fragilis, Brachiopods, and ascidians. 

Infauna          Sea pen spp. Virgularia mirabilis, brittlestar Ophiura spp., 
Cerianthus lloydii anemones, hydroids Nemertesia spp., maerl 
beds Phymatolithon calcareum, sea cucumber Neopentadactyla 
mixta, keel worms Pomatoceros spp. and barnacles Balanus spp.. 

Kelp & infauna Laminaria hyperborea, brachiopods, ascidians  Virgularia 
mirabilis , Ophiura spp., mixed sediment mud, seapens, 
burrowing megafauna Funiculina quadrangularis, anemone's 
Cerianthus lloydii and hydroids Nemertesia spp.. 

Maerl & seaweed & 

infauna 

Sugar kelp Saccharina latissimi, mats of Trailliella red algae 
including mearl beds Phymatolithon calcareum, sea potatoes 
Echinocardium cordatum, razor clam Ensis spp., lugworm 
Arenicola marina. And mussel beds Modiolus modiolus, Chlamys 
varia, sponges, hydroids, and bryozoans. 

Kelp forest   Dense Laminaria hyperborea with Laminaria digitata 

Kelp park     Sparse Laminaria hyperborea, brachiopods, ascidians, Laminaria 
digitata, Modiolus modiolus beds, Chlamys varia, sponges, 
hydroids, bryozoans, and brittle stars Ophiothrix fragilis. 

Tideswept kelp Mixed kelps, foliose red seaweeds, Modiolus modiolus beds, 
Chlamys varia, sponges, hydroids and bryozoans. 
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Appendix Figure 4.13: Maximum velocity of ‘available’ and foraging habitat in relation to island, 
a) Depths >48m included, b) Depths >48m removed.  

a) b) 

 
Appendix Figure 4.12: Depths of ‘available’ and foraging habitat in relation to island, a) Depths 
>48m included, b) Depths >48m removed.  

b) a) 
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Appendix Figure 4.14: Variations of North Ronaldsay associated “Foraging” and 
“Not Foraging” locations with increasing Recurse radii. a) 20m recurse radius, b) 
100m radius, c) 200m radius, d) 300m radius, e) 400m radius, f) 500m radius. 
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Appendix Figure 4.15: Variations of Shapinsay associated “Foraging” and “Not 

Foraging” locations with increasing Recurse radii. a) 20m recurse radius, b) 

100m radius, c) 200m radius, d) 300m radius, e) 400m radius, f) 500m radius. 
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Appendix Figure 4.16: Variations of Stroma associated “Foraging” and “Not 
Foraging” locations with increasing Recurse radii. a) 20m recurse radius, b) 
100m radius, c) 200m radius, d) 300m radius, e) 400m radius, f) 500m radius. 
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Chapter 5. Environmental conditions related to foraging 

site fidelity in black guillemots Cepphus grylle  
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5.1 Introduction  

Black guillemots Cepphus grylle have been suggested to be at risk from tidal stream 

turbines, as individuals have been found to associate with strong tidal currents and eddies 

during foraging (Furness et al., 2012; Waggitt et al., 2017; Johnston et al., 2018). As a 

polyphagous species (Bradstreet and Brown, 1985), the use of tidal streams may not be 

uniform across a population (Waggitt et al., 2017), and the extent of this risk may vary 

among individuals related to differing target prey species and foraging sites (Soanes et al., 

2013b). Individualistic behaviour is a common occurrence in foraging ecology (Switzer, 

1993; Bolnick et al., 2003; Piper, 2011; Dall et al., 2012), and can be exhibited through 

Individual Foraging Site Fidelity (IFSF), occurring when an individual repeatedly returns to 

a previous foraging location (Irons, 1998; Weimerskirch, 2007). This can lead to dietary 

specialism and niche partitioning, with individual niche widths being much narrower than 

the total niche width of the population (Bolnick et al., 2003).  

 

The development and extent of IFSF in marine predators is becoming better understood 

through tracking studies of both pelagic and benthic foraging individuals of seals (Baylis et 

al., 2012; Hoskins et al., 2015) and seabirds (Cook et al., 2006; Mattern et al., 2007; Patrick 

et al., 2014; Wakefield et al., 2015; Phillips et al., 2017; Morgan et al., 2019). The drivers of 

this behaviour potentially include prey predictability (Cook et al., 2006; Baylis et al., 2012; 

Wakefield et al., 2015) and intra-specific (Ashmole, 1963; Gaston et al., 2007) or inter-

specific (Linnebjerg et al., 2013; Shoji et al., 2015a) competition. The development of IFSF 

has been argued to stem from site familiarity acquired during a bird’s early life stages 

(Grecian et al., 2018), or to be the consequence of “win-stay/lose-shift” foraging strategies 

(Phillips et al., 2017). The benefits of developing IFSF and diet speciality can include: 



129 
 

 
 

increased breeding success (Golet et al., 2000) and improved adult body condition (Morgan 

et al., 2019). However, IFSF may become a disadvantage in times of less predictable prey 

resources which requires plasticity in foraging locations (Wakefield et al., 2015), potentially 

linked to the occurrence of environmental change (Golet et al., 2000, 2002; Sullivan et al., 

2016). 

 

Specialism may be advantageous for diving seabirds targeting high quality prey (larger in 

size or higher in lipid content), which is likely to be depleted in easily accessible areas 

around the colony (Ashmole, 1963; Birt et al., 1987). Therefore, the need to attain higher 

quality prey, for self or chick feeding, means undertaking more distant trips from the colony 

(Sawyer, 1999; Lewis et al., 2001) or dives of longer duration (Wanless et al., 1992). 

Reducing the time spent searching for prey, by remembering and directly commuting to 

previous locations, could be energetically beneficial (Weimerskirch, 2007; Riotte-Lambert 

et al., 2015). This behaviour can be consistent between years (Wakefield et al., 2015; 

Morgan et al., 2019), and be refined with age and experience, sustaining IFSF (Irons, 1998; 

Votier et al., 2017; Grecian et al., 2018).  

 

While the majority of tracking describing IFSF exists for pelagic foraging species over a 

range of 10-100s km (Phillips et al., 2004b; Patrick et al., 2014; Wakefield et al., 2015; Votier 

et al., 2017), in benthic foragers site fidelity narrows to a scale of 100m-1km (Morgan et 

al., 2019; Owen et al., 2019). This is potentially due to a trade-off in the energetic content 

of prey, with pelagic foragers targeting spatio-temporally varying aggregations of prey of 

high lipid value, while benthic foragers target sedentary prey of lower lipid value (Barrett 

and Furness, 1990; Litzow et al., 2004a). Whatever the cause, benthic foraging top 
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predators such as seabirds may exhibit IFSF over smaller distances (Phillips et al., 2017), as 

targeted benthic communities have the potential to be heterogeneous over scales of 10m-

1km, attributed to changes in depth, extreme variations in tidal current speeds, and 

variations in sediment type (Sebens, 1991). Where habitat heterogeneity is within the 

immediate proximity ofa seabird colony, this has the potential to increase variation 

between the niches of individuals as a reflection of resource availability and the intensity 

of competition (Araújo et al., 2011). Niche partitioning and IFSF related to tidally active sites 

could leave some individuals at greater risk to tidal stream turbines than others. 

 

The existence of repeatable individualistic foraging behaviour has been recognised in black 

guillemot foraging areas (Petersen, 1981), diet (Slater and Slater, 1972), and diving 

behaviour (Shoji et al., 2015b). However, little is known about the influence of local 

environmental conditions on the extent of IFSF, or the overlap between individuals. Here, 

tracking data collected from 3 colonies in the North of Scotland were used to investigate 

the existence of IFSF and the potential influence of local environmental characteristics on 

this behaviour. The within-individual affinity to previous foraging trips was used to 

investigate potential environmental covariates which may facilitate IFSF. Between-

individual affinity was used to investigate the environmental covariates subject to 

competition on a colony scale. Improved understanding of the prevalence and causes of 

these behaviours will aid in addressing individual dependent impacts when managing 

environmental change related to marine renewable energy devices. 
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5.2 Methods  

5.2.1 Tagging 

For details on tagging methodology please refer to the Section 4.2.1 of Chapter 4.  

 

5.2.2 Foraging locations and trips 

For detailed methods on the classification of foraging locations please refer to Section 

4.2.2 of Chapter 4. 

 

Individual foraging trips were defined as trips in and out of a perimeter set around the 

colony. Black guillemots tend to loaf on the coastal waters near the colony. To account for 

this, and to prevent misidentification of foraging trips, a 300m perimeter was set around 

the colony (Morgan et al., 2019). Trip duration was derived from the entry and exit times 

from this perimeter. To highlight any prevalent correlations between the environmental 

covariates (Section 5.2.4) and foraging trip characteristics, for each study island the 

relationships between foraging trip duration and maximum foraging distance, mean 

associated foraging depth, and mean associated foraging tidal velocity was visualized 

through scatterplots.  

 

5.2.3 Foraging affinity 

The degree of similarity between foraging trips was assessed by comparing the spatial 

probability density of the foraging locations. Using the R package “adehabitatHR” (Calenge, 

2015), the probability density or Utilisation Distribution (UD) was calculated separately for 

the foraging locations of each trip (Fieberg and Kochanny, 2005). UD determines the 

probability of space use of a series of geographical coordinates within a superimposed grid 
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of cells or ‘raster’ surrounding the study area (Calenge, 2015). Affinity, a measure of 

similarity between two independent populations, was calculated between trips using 

Bhattacharyya’s Affinity (BA) as an overlap index. Bhattacharyya’s Affinity was chosen as 

an appropriate, and recommended (Fieberg and Kochanny, 2005), method for quantifying 

the pair-wise affinity between UD estimates. BA assigns a measure of affinity on a scale of 

0 (dissimilar UDs) to 1 (matching UDs) (Bhattacharyya, 1943; Fieberg and Kochanny, 2005). 

This was carried out through a pair-wise comparison between each unique trip UD raster 

(UD1) to each corresponding UD raster (UD2) using: BA = ∑(√UD1 x √UD2). Two separate 

values of BA were calculated, one representing the similarity of foraging trips within an 

individual, and a second representing the similarity of foraging trips between individuals. 

The mean BAs of each trip for both within and between-individual affinities were then 

calculated.  

 

Analysis of Variance (ANOVA) was used to investigate whether breeding stage (incubating, 

chick rearing, or immature/non-breeding) or tagging island (North Ronaldsay, Stroma, 

Shapinsay) had an influence on within or between-individual affinities, calculated as a mean 

per individual. Immature individuals were only tagged on Shapinsay. 

 

When calculating UD within adehabitatHR, the user defines the pixel resolution of the 

output raster of UDs. While this does not have a large effect on the estimates (Calenge, 

2015), it was important that the grid resolution did not bias BA values, and a resolution was 

chosen that was standard across all 3 study colonies. To choose an appropriate resolution, 

a series of overlap index models were run with grid resolutions incrementally increasing by 

20 pixels. A resolution was selected where the value no longer effected the results of the 
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overlap indices, i.e. where the sum of the Bhattacharyya Affinities plateaued, no longer 

increasing or decreasing with the pixel resolution (Appendix Figure 5.9). From visual 

examination of Figure 5.9, the resolution of 700 was chosen.  

 

5.2.4 Environmental covariates  

To examine potential environmental conditions driving foraging behaviour, foraging affinity 

was investigated in relation to environmental variables relevant to benthic habitat, these 

included: tidal velocity (m/s), seafloor depth (m), and the most likely dominant benthic life-

form. Velocity was extracted at 3m depth from a predictive 2-dimensional hydrodynamic 

TELEMAC model (Robins et al., 2014; Hashemi et al., 2015). A lattice of triangulated points 

was created for each island, increasing in density within tidally dynamic areas, and around 

the study islands (Chapter 4, Appendix Figure 4.10) (Avdis et al., 2018). A 2-minute 

increment time series of velocities was generated within the lattice, which corresponded 

to the tracking dates and times. The velocity closest in space and time was then merged to 

each GPS point. Depth was taken from the SeaZone data provided by the EDINA Marine 

Digimap Service (Seazone Solutions Ltd, 2008). Lifeform was extracted from the Predictive 

Seabed Mapping Resource provided by Scottish Natural Heritage (SNH). For further 

discussion on environmental covariates refer to section 3.2.3.  

 

5.2.5 GAMM analysis  

The relationship between foraging affinity and environmental covariates was modelled 

using General Additive Mixed Models (GAMMs) with the “gamm4” R package (Wood and 

Scheipl, 2017). GAMMs were selected to account for non-linear continuous independent 

variables by fitting a non-parametric smooth relationship (Thomas et al., 2013; Zuur et al., 
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2014). For further discussion see section 3.2.4. Random effect (Zuur et al., 2014) and tensor 

product smoothing (Wood et al., 2013) were used to account for autocorrelation inherent 

within a time series of GPS locations. Temporal autocorrelation was accounted for through 

the incorporation of a random effect based on time, and tensor product smoothing of the 

latitude and longitude coordinates of each spatial point. The relationship was modelled 

between the mean BA of each trip and the independent variables of: velocity (m/s), depth 

(m), distance from tagging location (m), lifeform, individual bird, and the coordinate 

smoother. Affinities corresponding to “within individual” and “between individuals” were 

modelled separately for each of the three islands, ultimately producing six series of models. 

Each series  contained 61 models, analysing all possible combinations of the six 

independent variables (individual, depth, distance, velocity, lifeform, coordinates). Of 

these 61 models the best fitting model from each series was selected using Akaike’s 

Information Criterion (AIC) (Burnham et al., 2011).  

 

5.3 Results 

GPS tracking data was returned from 21 North Ronaldsay birds, 19 birds from Shapinsay, 

and 13 from Stroma. Appendix Tables 5.1, 5.2, and 5.3 display the tracking result 

summaries for the three study islands. The number of foraging trips produced from 

individuals varied between the study islands: North Ronaldsay (23, maximum; 1, minimum; 

and 7.9, mean), Shapinsay (48 maximum; 3, minimum; and 11.4, mean), and Stroma (19, 

maximum; 1, minimum; and 5.5, mean). Mapped GPS locations collected from tracked 

individuals on North Ronaldsay (Figure 5.1), Shapinsay (Figure 5.2), and Stroma (Figure 5.3).  



135 
 

 
 

 

Figure 5.1: North Ronaldsay individual foraging locations.  
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Figure 5.2: Shapinsay individual foraging locations.  
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Figure 5.3: Stroma individual foraging locations.  
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5.3.1 Foraging trips 

The relationship between trip duration and maximum foraging distance showed a positive 

correlation for individuals in relation to each study island (Figures 5.4a, d, and g). However, 

some shorter distanced trips of longer durations were also present, for individuals tagged 

and breeding on Stroma (Figure 5.4g) and Shapinsay (Figure 5.4d). Mean tidal velocity 

associated with foraging locations decreased with increasing trip duration, most apparent 

for individuals tagged on North Ronaldsay and Stroma (Figure 5.4b,h). Velocity is also likely 

correlated with the trip distance, which co-varied with duration. Depth showed no 

discernible relationship with trip duration (Figures 5.4c, f, and i).  

 

Figure 5.4: Trip duration in relation to maximum foraging distance (a,d,g), mean associated 
foraging tidal velocity (b,e,h) and mean associated foraging depth (c,g,i). Rows indicate 
island: North Ronaldsay (a,b,c) ; Shapinsay (d,e,f); and Stroma (g,h,i).  
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5.3.2 GAMM selection 

The top five AIC selected GAMM models are displayed for within-individuals on Appendix 

Table 5.4 and between-individuals on Appendix Table 5.5. The models within >5 AIC units 

from the lowest AIC score were selected and averaged, identifying the best fitting 

covariates describing foraging affinity. The averaged model best describing within-

individual affinity for Stroma included:  

Individual + Depth (m) + Distance (m) + Velocity (m/s) + Coordinates. 

and North Ronaldsay: 
 

Individual + Lifeform + Depth (m) + Distance (m) + Velocity (m/s) + Coordinates. 

 
Lifeform was the singular environmental covariate remainingin the model corresponding 

to Shapinsay, which included: 

 Individual + Lifeform + Distance (m) + Coordinates. 

The best fitting averaged model describing affinities “between individuals” for Stroma 

contained: 

Individual + Lifeform + Depth (m) + Velocity(m/s) + Distance (m) + Coordinates 

While, North Ronaldsay’s averaged model contained: 

Individual + Lifeform + Depth (m) + Distance (m) + Coordinates 

 

Velocity was excluded from the models for Shapinsay and North Ronaldsay, but not 

StromaLifeform was further excluded from the corresponding model for Shapinsay, the 

remaining components included:  

Individual + Depth (m) + Distance (m) + Coordinates. 
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5.3.3 GAMM results 

The relationships between environmental covariates and GAMM predicted that 

probabilities of within-individual affinity varied between study islands. Across all three 

islands there was an apparent decrease in affinities with increasing distance from colony 

to 6,000-8,000m (Figures 5.5a, d, and g). For individuals tagged on Stroma, affinities 

continued to decrease to 25,000m, however, there was a deviation in data availability 

between distances of <7000m and >20,000m (Figure 5.5a). This was due to birds 

commuting from Stroma to Scapa Flow, Orkney (Figure 5.3). The affinity of birds tagged on 

North Ronaldsay subsequently increased >6000m to >10,000m (Figure 5.5d). Shapinsay 

birds displayed some peaks within this general decreasing trend (Figure 5.5g), possibly 

related to the effect of a few individuals repeatedly foraging in particular locations. 

Similarly, Stroma and North Ronaldsay tagged birds both exhibited a small peak in affinities 

at around 1000m (Figure 5.5a,d). Figures 5.1, 5.2, and 5.3 display that there was variation 

in within individual overlap, but frequently they were returning to similar locations.  

 

Tagged birds on Stroma and North Ronaldsay maintained differing relationships with 

velocity, Stroma birds exhibited a peak in affinities at 1m/s, followed by a general decrease 

with increasing tidal velocities >1m/s (Figure 5.5b). North Ronaldsay birds exhibited a 

general increase, with a dip in affinity >2m/s to <3m/s (Figure 5.5e). Regarding the 

influence of depth on within-individual affinity, Stroma birds exhibited a linear decrease in 

affinity apparent with increasing depths (Figure 5.5c). The effect of depth on North 

Ronaldsay birds was static until >30m (Figure 5.5f). Within-individual affinity varied per 

individual, exhibited as generally strong or weak affinities. No obvious trend was seen 

between Stroma, North Ronaldsay, and Shapinsay (Figure 5.6a,b,c). The only 
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environmental factor which influenced individuals tagged from Shapinsay was lifeform 

which displayed no clear weight given to one component, although kelp park appeared to 

have a reduced effect (Figure 5.6d). With regards to North Ronaldsay individuals, the 

influence of lifeform on affinity remained broadly around 0 except in relation to muddy 

sand (Figure 5.6c).   

 

Models corresponding to between-individual affinity, displayed Stroma to be the only 

colony influenced by velocity, this affinity shows no trend with increasing velocities until a 

threshold of 2m/s, above which affinity and sample frequency decrease. Individuals from 

Stroma exhibited a weak increase in affinity with increasing distance (Figure 5.7a). This 

again takes place over distances with a gap in samples between 7000-20,000m (Figure 

5.7a). By contrast, individuals from North Ronaldsay and Shapinsay displayed a decrease in 

between-individual affinities with increasing distance (Figure 5.7c,d). Between-individual 

affinity related to Stroma birds, displayed a dip at shallow depths of 0-10m, however this 

then remained stable >10m (Figure 5.7b). On North Ronaldsay, between-individual 

affinities of tagged birds increased with decreasing depth (Figure 5.7d). Depth showed no 

definitive trend in relation to Shapinsay individuals, though between-individual affinities 

peaked between depths 5-10m (Figure 5.7g). The influence of Individual ID on affinity 

showed no clear pattern on tagged birds from North Ronaldsay and Stroma (Figure 5.8a,c), 

and displayed either a strong or weak relationship with Shapinsay birds (Figure 5.8d). The 

influence of lifeform on affinity remained broadly around 0 except for infauna in relation 

to Stroma birds (Figure 5.8b) and muddy sand related to North Ronaldsay birds (Figure 

5.8d), which have negative relationships with between-individual affinity.  
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Figure 5.5: Fitted GAMM relationship (±95% CIs shaded) of within-individual affinity predictive 
probabilities and covariates: Distance (a,d,g), Velocity (b,e), and Depth (c,f). Plots correspond to: 
Stroma (a-c), North Ronaldsay (d-f), and Shapinsay (g). Sample size is indicated on the x –axis with 
black lines.  
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Figure 5.6: Factor effects variables maintained by within-individual affinity” 
GAMM models for Stroma (a), North Ronaldsay (b-c), and Shapinsay (e,f).  
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Figure 5.7: Fitted GAMM results (±95% CIs shaded) showing the relationship of 
between-individual affinity predictive probabilities and covariates Distance (a,d,f),  
Velocity (c), and Depth (b,e,g). Plots correspond to: Stroma (a,b,c) North Ronaldsay 
(d,e) and Shapinsay (f,g). Data availability is indicated on the x -axis.  
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Figure 5.8: Factor effects variables maintained by between-individual affinity 
GAMM models for Stroma (a,b), North Ronaldsay (c,d), and Shapinsay (e).  
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5.3.4 Breeding stage and island 

ANOVA results indicated that within-individual affinity had no significant relationship with 

breeding stage (F= 1.36, p = 0.270) or tagging island (F= 0.976, p = 0.416). Between-

individual affinity displayed no relationship with breeding stage (F=1.611, p=0.201), 

however, island had a significant influence on between-individual affinities (F-value= 7.283, 

p =0.00193). Tukey post-hoc tests indicated that between-individual affinities associated 

with Stroma were significantly different from both North Ronaldsay (p=0.005) and 

Shapinsay (p=0.037). North Ronaldsay and Shapinsay were not significantly different from 

each other (p=0.801).  

 

5.4 Discussion 

Overlap indices provide a robust method for quantifying both within- and between-

individual affinities. This study used these measurements of affinity to investigate the 

potential influence of environmental conditions on IFSF and between-individual overlap of 

black guillemots from three colonies in North of Scotland.  

 

Models used here highlight individual ID as a non-random factor influencing foraging trip 

affinity and the degree of IFSF, indicating IFSF was present but not uniform within a 

population. Environmental factors influencing IFSF were depth and velocity in individuals 

from two colonies and benthic lifeform on individuals from the third. The influence of these 

conditions on IFSF was most likely related to habitat availability. IFSF was related to velocity 

and depth in North Ronaldsay and Stroma individuals, but not the Shapinsay individuals, 

indicating that foraging locations may be influenced by site-specific environmental 

conditions. However, onStroma, individual affinities to previous foraging locations were 
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not influenced by benthic lifeform, unlike Shapinsay and North Ronaldsay individuals. Birds 

from colonies near marine areas unrelated to strongly heterogeneous velocities or 

topographies, like Shapinsay, may be more influenced in their foraging location by benthic 

lifeform.  

 

While the extent of IFSF was shown to not differ between colonies, overlap between 

individuals was significantly greater in Stroma individuals compared to North Ronaldsay 

and Shapinsay. This between-individual overlap would suggest a degree of intra-specific 

competition was occurring. Additionally, inter-specific competition may arise from other 

species of auk (Anderson et al., 2014), otters Lutra lutra (Koop and Gibson, 1991), and 

gadoids (Salvanes, 1986). This competition may lead to individuals aggregating within tidal 

streams, and alternately some individuals from Stroma foraging further afield, to avoid 

competition and reduce horizontal overlap (Lewis et al., 2001). The extent of between-

individual overlap could be related to differences in heterogeneity and availability of 

foraging habitat (discussed in Chapter 4), with a notable area of overlap occurring in areas 

of moderate flow within the Inner Sound tidal stream (Figure 5.3) (discussed in Chapter 3). 

This is represented by Stroma being the only colony to retain Velocity within models of 

between-individual affinity, with tidal streams also making up a large proportion of near-

shore habitat at this colony (see Chapter 4). While there is strong horizontal overlap in this 

area, competition may be reduced by differentiating foraging time of day, associated 

velocities, or use of vertical space, as dive profile may alter in relation to target prey (Elliott 

et al., 2008). In theory, some individuals may exhibit benthic dives and others pelagic 

(Grémillet et al., 2008; Kotzerka et al., 2011); while pelagic dives are less prevalent they 

have been observed in black guillemots (Masden et al., 2013; Shoji et al., 2015b).  
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Regarding preferential velocities within individuals, foraging affinities peaked at 1m/s for 

Stroma individuals and 2 m/s for North Ronaldsay individuals, potentially relating to the 

use of tidal streams. Exploration of foraging trip duration times showed the associated 

mean tidal velocity to decrease with increasing foraging trip length in North Ronaldsay and 

Stroma individuals (Figures 5.1b and h). This is likely also correlated with the trip distance, 

highly co-varying with duration. Therefore, it can be suggested that longer trips are moving 

away from areas of faster tidal flows. Considering the energetic demands of foraging, it is 

likely that trips near the colony, within tidal streams, may require more energy dedicated 

to prey searching, associated with moving in a highly energetic, dynamic medium, such as 

during “conveyor belt foraging” (Robbins, 2017). In contrast, trips that have a maximum 

foraging range further from the colony, and out with tidal stream areas, will correspond to 

more time spent commuting, but are alleviated from the demands of foraging in strong 

tidal currents. Both foraging techniques are distinctively demanding, however previous 

studies suggest that increased trip length and diving effort correlate with higher quality 

prey (Wanless et al., 1992; Kato et al., 2000). Here we observed that despite some 

individual variation, within-individual affinity persisted at different distances.  

 

Site familiarity facilitating IFSF has been suggested to be more prevalent in inshore benthic 

birds, related to topographical cues (Phillips et al., 2017; Morgan et al., 2019). This is best 

expressed by the individuals seen in Figure 5.3 (‘64_2016’, ‘72_2016’, ‘78_2016’, and 

‘40_2017’) undertaking direct commuting foraging trips from Stroma to Scapa Flow, with 

little search behaviour, exhibiting prior knowledge of foraging sites (Weimerskirch, 2007). 

While repeated commuting trips to specific foraging areas of 10-100m were witnessed in 
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this study, little is known about the influence of age and sex on the development of this 

knowledge in black guillemots. These are demographic aspects that could not be addressed 

in this study, and should be subject of future work as they are seen as major delineators of 

behaviour in seabirds (Phillips et al., 2017). However, while age may refine foraging site 

fidelity, it is not seen as a major factor influencing the variation of individual foraging 

affinities within a population (Woo et al., 2008). In this study, the progression of the 

breeding season was observed to not have a significant influence on foraging site fidelity. 

Breeding stage did not influence within or between-individual affinity, indicating that the 

drivers of foraging site fidelity persist throughout the breeding cycle. This is potentially 

unsurprising, as the high energetic costs of flying and chick rearing in black guillemots 

(Mehlum and Gabrielsen, 1993), will require efficient foraging regardless of breeding stage. 

It is unknown if individual foraging site fidelity persists across years in black guillemots, 

however previous studies of pelagic and benthic seabirds have shown specialism to remain 

in both diet and foraging location between years (Woo et al., 2008; Wakefield et al., 2015; 

Morgan et al., 2019).  

 

Seasonally, individual specialism is likely to persist into the non-breeding season (Phillips et 

al., 2017). The duration of exposure to tidal stream turbines may persist or vary throughout 

the year dependent on the degree of this presence. Black guillemots are regarded as non-

migratory (Ewins and Tasker, 1985), therefore their winter foraging areas may be broadly 

similar to those used in the summer. However, shifts may occur as a consequence of a 

release of inter-specific competition from migratory species, changes in the behaviour of 

prey (Linnebjerg et al., 2013; Waggitt et al., 2016b), or an increase in sheltering behaviour 

from winter storms (Ewins and Kirk, 1988). As with within- and between-individual affinities 
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seen here, and foraging habitat selection (Waggitt et al., 2017), the degree of shift of black 

guillemots from breeding to non-breeding foraging locations is likely defined by local 

environmental conditions. An example of drastically different seasonal environmental 

conditions is found in the High Arctic. The prevalence of IFSF in the Arctic, in both the 

breeding and non-breeding seasons, is less clear due to an association with mobile sea-ice. 

During the breeding season, specialism on Arctic cod that associate with the sea ice means 

fidelity to a specific foraging location is potentially less advantageous, at least between 

years (Divoky et al., 2015). During the non-breeding season, black guillemots shift their 

distribution with the sea-ice edge (Divoky et al., 2016), and are potentially subject to diving 

constraints driven by day length (Elliott and Gaston, 2015). Therefore, black guillemots 

within the Arctic may rely more on adaptability (Ostaszewska et al., 2017), than fidelity to 

a specific foraging site (Amélineau et al., 2016). This indicates that the advantages of 

experience-driven IFSF persistence, in the long term, are potentially diminished during 

periods of environmental change, altering the predictability of prey resources (Kotzerka et 

al., 2011). Across European bird communities there is some evidence to suggest that 

environmental change is increasingly favouring generalist foraging conditions (Sullivan et 

al., 2016). Though, relatively small in comparison to pelagic foraging species (Mitchell et 

al., 2004), the stable population of black guillemots within Britain and Ireland could be 

related to foraging on a relatively robust benthic prey resource, potentially buffered from 

highly variable prey resources (Litzow et al., 2004a). Localized environmental changes to 

foraging habitat by tidal stream turbines could affect birds specializing on that habitat. 

European shags Phalacrocorax aristotelis, a species also regarded as vulnerable to tidal 

stream turbines (Furness et al., 2012; Waggitt et al., 2016b), have also been found to 

display similarly high IFSF (Morgan et al., 2019) as black guillemots. The limited foraging 
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range and benthic/inshore nature of these two species’ foraging behaviour, the attributes 

that make them vulnerable to tidal stream turbines, are potentially the same attributes 

facilitating IFSF (Morgan et al., 2019).  

 

Tagging an appropriate subsample of birds in order to consider if their behaviour is 

representative of the entire colony, is an important consideration. This is of particular 

importance when investigating the extent of overlap between individuals, as this will 

directly depend on the number of individuals tracked. The influence of the number of 

individuals on BA was accounted for here by taking a mean, however whether a 

representative number of individuals has been sampled is another issue. Considering the 

threshold described in Thaxter et al. (2017), this study reaches the minimum number of 

tracked individuals suggested to assess foraging locations related to a colony. However, 

this was achieved by pooling tracking between years, meaning inter-annual variation could 

not be considered in this study.  

 

Conclusion 

Individual foraging site fidelity in seabirds is a common behaviour (Phillips et al., 2017) and 

has been presumed to be occurring in black guillemots for decades (Slater and Slater, 1972; 

Petersen, 1981). In this study, IFSF was found to be present at all the study sites and was 

influenced by local site-specific conditions. However, the main finding of this study is of the 

conditions which drive individuals to overlap. Opposed to North Ronaldsay and Shapinsay, 

it was found that on Stroma, reduced availability and increased heterogeneity of habitat 

(variable depths and tidal flows), has potentially increased the use of a few spatial areas by 

tracked birds. The individuals foraging from Stroma have adapted to the highly turbulent 
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and energetic conditions associated with the Inner Sound of the Pentland Firth, potentially 

through experience gained over several years. The high degree of between-individual 

overlap of birds from Stroma, indicates that the Inner Sound is also an important habitat 

on a colony scale. The prevalence of foraging specialism in the past has been seen to leave 

colonies vulnerable to environmental change. The development of the MeyGen tidal lease 

area, and the alterations to current flows (Martin-Short et al., 2015) and benthic habitats 

(Harendza, 2014) create a potential area of anthropogenically-manipulated environmental 

conditions. Therefore, careful monitoring of changes to the conditions of this site are 

imperative as foraging strategies developed by individual black guillemots could be 

disturbed.  
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5.5 Appendix  

Appendix Table 5.1: North Ronaldsay foraging trip data per individual including number of trips 
(n), trip duration mean, max, and min (hours : minutes), mean maximum foraging distance (m), 
mean associated foraging depth (m), and mean associated foraging tidal velocity (m/s).  

Trips Distance (m) Depth (m) Velocity (m/s)

Island Bird ID (n)  mean max min Mean max Mean Mean 

29_2016 9 3:21 10:09 1:04 2429.57 -26.21 1.17

30_2016 8 3:17 7:04 0:11 6358.02 -13.35 0.62

44_2016 14 2:19 6:38 0:45 2275.89 -17.59 1.03

57_2016 4 1:25 2:20 0:59 1178.31 -22.60 0.81

66_2016 3 7:53 14:05 3:50 6946.09 -12.21 0.54

81_2016 9 2:58 8:05 0:20 1585.94 -7.95 1.15

84_2016 11 2:31 7:50 0:35 1937.37 -10.56 0.85

86_2016 20 2:14 4:41 0:27 2157.20 -24.10 0.98

88_2016 6 2:28 3:49 1:30 3030.96 -30.63 0.64

08_2017 1 9:56 9:56 9:56 7900.90 -8.26 0.59

14_2017 2 1:33 1:53 1:12 993.52 -3.09 0.60

41_2017 10 3:03 5:04 0:20 3099.09 -16.37 0.83

47_2017 2 1:12 2:14 0:10 1472.48 -10.32 1.70

50_2017 1 3:54 3:54 3:54 1070.26 -1.88 2.70

53_2017 8 6:26 11:46 1:18 6985.17 -3.90 1.14

56_2017 3 0:53 1:46 0:19 2377.81 -21.68 0.93

57_2017 3 7:42 9:37 6:31 3543.77 -33.90 0.77

59_2017 7 2:49 6:29 0:35 1664.98 -22.17 1.02

80_2017 23 3:07 11:48 0:20 2296.63 -13.36 0.59

91_2017 5 10:53 17:18 4:49 8184.31 -21.59 0.73

92_2017 17 3:46 11:03 1:09 1598.64 -25.28 0.76

7.90 3:59 7:30 1:55 3289.85 -16.52 0.96Mean

Trip Duration (hr:min)

N.Ronaldsay
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Appendix Table 5.3: Shapinsay foraging trip data per individual including number of trips (n), 
trip duration mean, max, and min (hours : minutes), mean maximum foraging distance (m), 
mean associated foraging depth (m), and mean associated foraging tidal velocity (m/s).  

Trips Distance (m) Depth (m) Velocity (m/s)

Island Bird ID (n)  mean max min Mean max Mean Mean 

25_2013 7 8:08 14:38 1:15 3220.11 -5.95 0.38

26_2013 3 3:53 4:14 3:18 1756.70 -10.11 0.99

29_2013 6 21:45 36:01 10:43 2142.77 -9.21 1.16

32_2013 3 8:33 10:16 7:18 5543.08 -18.96 0.63

43_2013 10 3:19 6:04 0:21 2411.50 -18.29 0.60

44_2013 4 1:36 2:16 1:03 1257.46 -14.19 0.40

46_2013 4 1:37 2:01 1:16 3281.26 -10.62 0.79

47_2013 6 3:12 10:15 0:21 2267.58 -14.94 0.50

01_2014 10 15:57 36:48 5:41 5941.31 -9.24 0.14

03_2014 11 5:13 10:09 2:03 1836.44 -9.05 0.41

04_2014 7 10:07 19:57 0:53 3444.61 -9.66 0.58

10_2014 4 2:26 3:25 1:04 1396.30 -19.73 0.31

11_2014 5 0:57 1:29 0:21 1739.60 -9.86 0.67

12_2014 37 1:18 3:42 0:22 1853.44 -8.16 0.65

13_2014 3 3:55 6:30 0:44 3330.56 -9.58 0.75

14_2014 19 2:25 5:59 0:09 2073.01 -15.73 0.63

15_2014 16 4:08 10:25 0:43 2091.23 -12.68 0.51

16_2014 13 9:19 21:38 0:42 5135.80 -12.69 0.15

17_2014 48 1:52 7:49 0:21 1353.93 -8.01 0.61

11.37 5:46 11:14 2:02 2740.88 -11.93 0.57

Trip Duration (hr:min)

Mean

Shapinsay

Appendix Table 5.2: Stroma foraging trip data per individual including number of trips (n), 
trip duration mean, max, and min (hours : minutes), mean maximum foraging distance (m), 
mean associated foraging depth (m), and mean associated foraging tidal velocity (m/s).  

Trips Distance (m) Depth (m) Velocity (m/s)

Island Bird ID (n)  mean max min Mean max Mean Mean 

34_2016 5 1:35 6:24 0:10 1787.49 -18.07 0.39

43_2016 3 7:26 8:23 6:21 5978.01 -31.32 0.87

50_2016 2 7:58 13:39 2:16 3795.76 -23.90 0.40

54_2016 4 5:14 10:08 0:41 5405.65 -29.60 0.60

64_2016 4 3:29 7:07 1:01 6674.88 -18.74 0.21

72_2016 4 8:47 12:13 2:15 21264.88 -25.49 0.03

75_2016 3 7:43 14:17 0:57 3544.40 -21.09 0.99

78_2016 2 10:22 19:09 1:36 13544.18 -11.34 0.15

13_2017 4 5:59 9:47 1:54 3499.19 -27.42 0.63

25_2017 15 1:08 3:22 0:15 962.34 -22.52 0.96

40_2017 5 11:15 20:45 6:06 24274.95 -7.85 0.02

54_2017 19 2:21 7:14 0:11 1736.84 -25.94 0.90

61_2017 1 4:52 4:52 4:52 1800.22 -22.72 0.82

5.46 6:01 10:34 2:12 7251.45 -22.00 0.54Mean

Trip Duration (hr:min)

Stroma
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Appendix Figure 5.9: Utilization distribution resolution 
selection a) North Ronaldsay, b) Shapinsay, and c) Stroma.  
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Appendix Table 5.5: Within-individual affinity GAMM model selection using AIC. ∆AIC = change 
in AIC.  

Model Individual Lifeform Depth (m) Distance (m) Velocity (m/s) Coordinates AIC ∆AIC weight

Model 1 + NA + + + + -3110.23 0.00 0.9687

Model 2 + NA NA + + + -3102.16 8.07 0.0172

Model 3 + + NA + + + -3101.69 8.54 0.0136

Model 4 + + + + + + -3095.39 14.84 0.0006

Model 5 + NA + + + NA -3056.38 53.85 0.0000

Model 1 + NA + + + + -5919.92 0.00 0.8151

Model 2 + + + + + + -5915.55 4.37 0.0916

Model 3 + NA + + NA + -5915.53 4.39 0.0907

Model 4 + + + + NA + -5908.48 11.44 0.0027

Model 5 + + + NA + + -5862.53 57.39 0.0000

Model 1 + + NA + NA + -3334.83 0.00 0.9826

Model 2 + NA NA + NA + -3326.37 8.46 0.0143

Model 3 + + + + NA + -3322.63 12.20 0.0022

Model 4 + + NA + + + -3320.61 14.22 0.0008

Model 5 + NA + + NA + -3315.69 19.13 0.0001

Stroma

North Ronaldsay 

Shapinsay

Appendix Table 5. 4: Between-individual affinity GAMM model selection using AIC. ∆AIC = 
change in AIC. 

Model Individual Lifeform Depth (m) Distance (m) Velocity (m/s) Coordinates AIC ∆AIC weight

Model 1 + + + + NA + -3644.41 0.00 0.9097

Model 2 + + + + + + -3639.79 4.62 0.0903

Model 3 + NA + + NA + -3587.88 56.53 0.0000

Model 4 NA + + + NA + -3586.33 58.08 0.0000

Model 5 + NA + + + + -3583.42 60.98 0.0000

Model 1 + + + + NA + -11761.69 0.00 0.9991

Model 2 + + + + + + -11747.68 14.01 0.0009

Model 3 + NA + + NA + -11708.42 53.27 0.0000

Model 4 + NA + + + + -11694.04 67.65 0.0000

Model 5 + + NA + NA + -11512.46 249.22 0.0000

Model 1 + NA NA + NA + -7825.45 0.00 0.7892

Model 2 + NA + + NA + -7822.53 2.91 0.1837

Model 3 + NA NA + + + -7817.55 7.89 0.0152

Model 4 + NA + + + + -7817.04 8.41 0.0118

Model 5 + + NA + NA + -7788.18 37.27 0.0000

Stroma 

North Ronaldsay

Shapinsay
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Chapter 6. Black guillemot Cepphus grylle diet diversity 

and chick growth   
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6.1 Introduction  

Climate change, fisheries, and invasive species have been recognised as a global threat to 

seabird biodiversity (Beaugrand et al., 2002; Worm et al., 2006; Lewison et al., 2012). 

Marine Protected Areas (MPAs) have been proposed as a method for facilitating 

biodiversity by alleviating anthropogenic pressures (Lascelles et al., 2012). It is currently 

unknown how recent MPAs designated for black guillemots Cepphus grylle throughout 

Scotland will conserve habitat and prey biodiversity in relation to climate change (SNH and 

JNCC, 2012). Foraging black guillemots associate with marine areas which will potentially 

be affected by the presence of tidal stream turbines. This may negatively affect birds 

through direct collision with blades, habitat loss or alteration, and disturbance to breeding 

habitat (Furness et al., 2012). The installation of tidal stream turbines may, however, have 

positive effects through the increase of biodiversity and abundance of prey resources (Inger 

et al., 2009). Tidal stream turbines have been seen to influence the foraging distribution of 

seabirds, most notably cormorants Phalacrocorax carbo, which increased in abundance 

around a tidal stream turbine (Savidge et al., 2014). This was potentially due to the turbine 

acting as a Fish Aggregator Device (FAD) which increased prey abundance (Wilhelmsson et 

al., 2006). While an individual tidal stream turbine was not seen to create a significant 

impact on the benthic community (Kregting et al., 2016) arrays of turbines may (Harendza, 

2014). This was observed around offshore wind turbines, which formed new habitat and 

altered benthic communities (Wilhelmsson and Malm, 2008). 

 

Alterations to biodiversity by environmental change may affect generalist and specialist 

foraging individuals or species differently. Generalists may be more adaptable than 

specialists to changing prey types and foraging locations, and therefore are better suited 
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to altered environmental conditions from modified local habitat and climate change (Crick, 

2004; Both et al., 2010). There is evidence to suggest generalist foraging birds are becoming 

more prevalent in response to climate change (Sullivan et al., 2016). Diet specialism may 

be advantageous for diving seabirds targeting high quality prey (larger in size or higher in 

lipid content) and this has been correlated with higher breeding success, faster chick 

growth rates (Ewins, 1992), and higher chick survival (Golet et al., 2000; Litzow et al., 2002). 

Specialist diets have also been linked to increased foraging distance, dive depth, and trip 

duration (Wanless et al., 1992; Kato et al., 2000; Ceia et al., 2014; Morgan et al., 2019).  

 

Foraging strategy may have potential consequences for breeding success. For example, 

pigeon guillemot Cepphus columba, is a species within the same genus and exhibits a similar 

foraging strategy to black guillemots. It was observed that specialism, regardless of the 

target species, correlated with higher nest productivity (chicks fledged per eggs laid) and 

fledgling masses (Golet et al., 2000), with diet diversity negatively correlating with these 

factors. Cepphus spp. are single prey-loaders, and high-lipid or larger fish require fewer 

deliveries to sustain chick growth. Less frequent deliveries potentially reduces the period 

adults and chicks spend exposed at the nest entrance during the transfer of prey, and are 

potentially vulnerable to coastal predators (Golet et al., 2000). Therefore, fewer deliveries 

may potentially increase chick survival (Golet et al., 2000), as well as allow longer resting 

periods for adults (Litzow and Piatt, 2003). However, whilst specialism may be beneficial, it 

can leave specialists exposed to alterations in the environment (Kotzerka et al., 2011). This 

was witnessed in pigeon guillemots on Naked Island, Alaska, when a drop in Pacific sandeels 

Ammodytes hexapterus led to a decline in the population, with the remaining small 

population foraging on demersal fish of lower lipid content (Golet et al., 2000). In Scotland, 
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alcids including common guillemot Uria aalge, razorbill Alca torda, and Atlantic puffin 

Fratercula arctica, specialising on sandeels Ammodytes marinus, have undergone declines 

linked to altered prey recruitment brought about by fisheries and climate change (Heath et 

al., 2009; Greenstreet et al., 2010). Although black guillemots in Scotland include sandeels 

in their diet (Ewins, 1990), the Scottish population has remained stable (Mitchell et al., 

2004). This may be related to their polyphagous diet, allowing for alternate prey resources 

to be used (Ewins, 1990; Golet et al., 2000). Diet compositions may vary between 

individuals, exhibiting dietary specialism or generalism (Slater and Slater, 1972; Sawyer, 

1999). 

 

Inter-individual niches may arise within a population experiencing intra-specific 

competition in relation to a diverse range of resources (Bolnick et al., 2003; Araújo et al., 

2011). Black guillemots have a circumpolar distribution which extends to the Baltic Sea, 

with the North Atlantic southern limit reaching the Republic of Ireland (Harris and Birkhead, 

1985). Confined by relatively short foraging ranges (Owen et al., 2013), black guillemot diet 

reflects local prey availability. Studies have recorded birds from different colonies foraging 

on resources of high and low biodiversity. Some Arctic populations maintain diverse diets, 

foraging on fish and crustaceans (Byers et al., 2010; Barrett et al., 2016). In Scotland, 

butterfish Pholis gunnelus is the predominate prey item, though additional prey include 

sandeels, Gadoid spp., blenny spp., sculpin spp., and flatfish spp. (Slater and Slater, 1972; 

Harris and Riddiford, 1989; Ewins, 1990, 1992; Sawyer, 1999). Examples of low diversity 

diets include arctic cod Boreogadus saida in the Alaskan Arctic (Divoky, 2011), and eelpout 

Zoarces viviparous within the Baltic Sea (Hario, 2001; Hof et al., 2018). This suggests 

individuals are foraging within the same niche, whereas different individual niches have 
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arisen in North Atlantic black guillemots (Slater and Slater, 1972), attributed to the diverse 

range of possible prey types (Ewins, 1990), or reduced dominance of a single prey species 

(Costello, 1990). 

 

The influence of spatially divergent diets on adult body condition and nest success is 

unknown in black guillemots, however there is some evidence to suggest that chicks fed on 

a diet of 52% high-lipid sandeels (16.85 g/day Shetland (Ewins 1990, 1992)) grew faster 

than in colonies where sandeels composed < 1% of the chick diet (mean maximum 14.2 

g/day, Hudson Bay, Cairns (1987)). Similarly Sawyer (1999) witnessed increased growth 

(g/day) in the ‘second chick’ in nests of siblings, where there was an increased proportion 

of butterfish in their diet. However, when considering comparative studies of nest success, 

ecological aspects such as predation pressure must also be factored in (Ewins, 1985b; Birt 

and Cairns, 1987; Hario, 2001). Interactions with other species can occur through predation 

of adults and chicks (Ewins, 1985b; Hario, 2001), or kleptoparasitism of prey deliveries to 

chicks (Birt and Cairns, 1987). Recorded mammalian predators of black guillemots have 

included: otters Lutra lutra (Ewins, 1985b), American mink Neovison vison (Craik, 1995, 

1997; Barrett and Anker-Nilssen, 1997; Clode and Macdonald, 2002; Magnusdottir et al., 

2014), hedgehogs Erinaceus europaeus (Ewins, 1986) and brown rats Rattus norvegicus 

(Stoneman and Zonfrillo, 2005). Avian predation can also lead to nest abandonment and 

brood reduction (Hario, 2001). Avian kleptoparasites of black guillemots include Arctic 

skuas Stercorarius parasiticus (Birt and Cairns, 1987), which may reduce feeding frequency 

through loss of prey (Finney, 2002), or increase periods of waiting before delivering prey 

(Emms and Verbeek, 1991). In response, groups of birds may exhibit ‘clumping’ behaviour 

when delivering prey to avoid predation (Birt and Cairns, 1987).  
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Changes in biodiversity related to MPAs and marine renewable devices, may alter resource 

availability and competition experienced by black guillemots, and also influence diet and 

nest success. However, the presence of diet specialism and generalism, and their effect on 

nest productivity, must be better understood. This chapter investigates if certain prey 

species relate to a diverse/generalist or uniform/specialist black guillemot chick diets. The 

potential implications of these opposing diets on prey delivery rates and black guillemot 

chick condition are investigated. However, additional factors of kleptoparasites, predators 

and weather may influence nest productivity. The potential effects of these factors are 

examined in this chapter by considering the influence of kleptoparasites on delivery rate, 

as well as the effect of predation and weather on nest success.  

 

6.2 Methods 

6.2.1 Nest success survey 

Fieldwork took place on Stroma, Caithness (58°40′48″N, 3°07′12″W) and North Ronaldsay, 

Orkney (59°22'6"N, 2°25'29"W). Black guillemot nests were monitored on Stroma from 14 

June – 28 July 2016 and 22 June – 2 August 2017, and on North Ronaldsay from 6 June – 21 

July 2016 and 10 June – 26 July 2017. These periods incorporated both incubation and chick 

rearing breeding stages. The cryptic nature of black guillemot nests meant that a large 

proportion of field work time (> 10 days) had to be allocated to finding nests. This was 

carried out through walking searches of the coastline or through observations of known 

breeding areas to witness the entry and exit of adults from nests. Nests were often found 

under large boulder slabs, however, nests were also recorded within cliff walls, abandoned 

puffin burrows, pipe debris, and building rubble. Upon successfully locating a nest, it was 
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given an identification number, its latitude and longitude were recorded using a handheld 

GPS, and the ID number was physically marked with orange “stock marker” near the nest 

entrance. Stock marker was chosen due to its impermanent nature. Where the nest 

contents could be viewed or reached by hand, surveys of nest success (number of eggs, 

chicks, cold eggs, dead chicks) were carried out. Frequently, even when nest entrances 

were identified, the complex assembly of boulders hindered line of sight or accessibility to 

the contents, preventing nest surveys. A subsample of accessible nests were selected for 

monitoring chick weights and wing chord length. Nests were visited every 5th day, however 

there were periods of absence in monitoring when field work was being conducted on the 

alternate island. Weights were taken using a cord sealed fabric bag, and Pesola spring 

balances of 300g (to the nearest 2g) or 600g (to the nearest 5g) scales. Wing chord lengths 

were taken using a steel ornithological ruler (to the nearest mm). Newly hatched 

individuals were not measured as a precaution to the chick’s welfare due to the risk of 

failure.  

 

6.2.2 Diet  

Observations of prey items delivered by adults to the nest were carried out using visual 

surveys and motion sensor cameras. 

 

6.2.2.1 Visual surveys  

Chick diet was recorded by identifying prey items being carried visibly within the bill of 

adults returning to the nest. Visual observations were generally carried out over 2 hour 

periods, conducted three times a day from a viewpoint overlooking nest sites. When an 

adult carrying prey entered the colony, the observer recorded (where possible): prey 
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species, prey size relative to bill, presence of rings or tagging deployments on the adult, 

and the nest ID (guided by the visible nest identification marks). Incidences where 

kleptoparasites intercepted food, or prevented chick-feeding adults from entering the nest, 

were recorded, noting the kleptoparasite species and the prey item lost. The area of 

observation was alternated between “watches”, and the time of day a location was visited 

was rotated between days. The reasons for this were twofold: i) to mitigate potential 

disturbance by reducing the continuous time one nesting group was subject to human 

presence; and ii) to gain a feeding record unbiased by time of day at each nest group.  

 

6.2.2.2 Camera traps 

Alongside visual diet observations, motion sensor cameras (referred to as “camera traps” 

hereafter) were used on a sample of nests to provide a 24 hour photographic record of 

chick feedings. Camera traps (Bushnell Aggressor No Glow, model 119776) were attached 

to wooden stands, supported by rocks, and placed 1-1.5m from the nest entrance. Motion 

up to 10m from the camera would trigger passive infrared sensors, recording movement in 

and out of the nest. Infra-red lighting provided by camera traps overcame the issue of visual 

observations at night, additionally the strength of lighting could also be controlled in 

relation to the distance of the camera from potential subjects to prevent overexposure of 

images, and increase the likelihood of distinguishing prey.  A two second interval was set 

between each triggering of the camera. This interval was intended to reduce the demand 

on data storage and improve battery life. Ten cameras were placed on both North 

Ronaldsay and Stroma each field season. In some instances, cameras were moved between 

nests, potentially following nest failure.  
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Photographs were analysed by categorizing the activity occurring within the image as: 

“Inactive” “Confirmed feeding”, “Unconfirmed feeding”, “Other species”, “Predation”, 

“Kleptoparasitism”, and “Human presence”. In some cases, the bird would pass the camera 

faster than the motion sensor could respond, and this would create possible instances of 

“unconfirmed feedings”. Unconfirmed feedings were identified subjectively by the analyst 

from cues exhibited by the bird. The primary indicator of an unconfirmed feeding included 

the bird entering the nest while partly in flight then emerging with wet feathers, suggesting 

they had recently been diving. While not deriving any information on diet from these 

unconfirmed feedings, they are a potentially useful record with regards to estimating 

delivery rates. Similarly, during visual observations, if a bird was seen bringing a prey item 

to a nest, though the item could not be identified, this feeding was still recorded for the 

same purposes. The presence of rings, colour rings, or tagging deployments on the adult 

was also recorded.  

 

6.2.2.3 Diet composition  

Prey types were categorized into groups: butterfish (Pholis gunnelus), sandeel (Ammodytes 

marinus), dragonet (Callionymus lyra), Flatfish spp. (potentially: Norwegian topknot 

Phrynorhombus norvegicus, European plaice Pleuronectes platessa, European 

flounder Platichthys flesus), Sculpin spp. (potentially: bull rout Myoxocephalus Scorpius, 

long-spined sea scorpion Taurulus bubalis), blenny spp. (potentially: Yarrell’s blenny 

Chirolophis ascanii), and crustaceans (potentially: Palaemon spp. or Crangon spp.). 

 

The Shannon-Wiener Index was used to calculate the diversity of prey components 

delivered to each nest (Shannon, 1948; Oksanen et al., 2018). The Shannon-Wiener (H) 
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Index is comprised of “pi” which represents the species “I” proportional abundance, and 

the base of the logarithm is “b”: 

H = −ΣI=1pi × logb(pi).  

The index was calculated independently for each island, and for each observation method 

(Gaston and Elliott, 2014) using the R package “vegan” (Oksanen et al., 2018). Non-metric 

Multidimensional Scaling (NMDS) was calculated for diet components and the H-value for 

each nest. NMDS was used as a method to visualise potential relationships between the  

diet diversity and the constituent diet components recorded for each nest (Gaglio et al., 

2017). NMDS quantified the similarity and dissimilarity between the diet compositions 

recorded for each nest. It performed this by calculating the Euclidean distance between 

observations of each variable between nests. Nests of greatest similarity in diet 

composition will have smaller resultant distances (Thomas et al., 2013).  

 

Diet compositions produced by camera trap or visual based observation techniques were 

compared using the Chi-squared test to examine if they produced statistically similar 

results. The relationship between the availability of prey resources and diet selectivity 

exhibited by black guillemots was investigated graphically though the use of Costello plots 

(Costello, 1990). The was achieved by plotting relationship between the abundance of prey 

items within diet (calculated as the proportion of each prey component fed to chicks, from 

the total prey recorded) against occurrence (calculated as the proportion of nests at which 

that prey species was recorded, from the total number of nests) (Amundsen et al., 1996). 

Interpretation of these plots, in relation to prey importance/availability, and generalist or 

specialist foraging strategies exhibited, are recreated from Costello (1990) in Figure 6.1.  
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Figure 6.1: Guidance Costello plot for figure interpretation as defined by Costello (1990). Lines 
indicate prey importance (Rare to Dominant) and foraging strategy (Specialisation to 
Generalised). 

 

6.2.3 Analysis of nest success and chick weights  

To assess individual chick growth (change in weight with age) in relation to mean the 

growth rate of the population, observed weight measurements (in grams) were compared 

to predicted values derived using a quadratic polynomial regression of chick weight verses 

age. Chick age was deduced using hatching date or, where necessary, approximated by 

taking the median number of days between the first recording of a chick in relation to last 

observation on an egg. Using the residuals, taken between observed and predicted weights, 

a mean was calculated for each individual, to represent the mean “condition” of each chick 

with respect to the population.   

 

The linear relationship between the measurement of condition was assessed 

independently in relation to “number of prey delivered per hour” (visual observations), 
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“number of prey delivered per day” (camera observations), and “H - diet diversity index”. 

These models aimed to assess if the diversity of the prey delivered to chicks and delivery 

rates had implications for chick condition. The relationship between diet diversity and 

delivery rate was also examined through linear models for each observation method.  

 

To assess if nests with 1 or 2 chicks, or the study island, had significant influence on chick 

condition, mean residuals were compared between these factors using t-tests. 

 

6.3 Results 

6.3.1 Diet observation method comparison  

During 2016 and 2017 a combined total of 117 diet watches were carried out on Stroma 

and North Ronaldsay. Accumulating 215 hours of observations, witnessing 1564 deliveries 

of prey to 126 nests. The camera traps produced a total of 3,368 photographs of confirmed 

feedings, from 46 nests, across 149 days. The proportions of prey items in the diet appeared 

similar irrespective of recording method used i.e. visual or camera trap observations (Figure 

6.2a and b). However, chi-squared tests displayed that there was a significant difference in 

the relationship between the overall diet compositions observed by the two methods 
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(Figure 6.2a) (Chi-squared = 47.71, df = 7, p-value = <0.001). When focusing on visual 

observations of nests with cameras, the diet compositions were still significantly different 

(Figure 6.2b) (Chi-squared = 22.35, df = 7, p-value = <0.01).  

 

Due to the significant difference of the diet compositions recorded by camera trap and 

visual observations, the observation methods for attaining predator abundance and 

occurrence were plotted separately. Costello plots investigated the relationship between 

prey species abundance in the diet in relation to the number of nests at which each prey 

species occurred (Figure 6.3). Referring to the guidance plot as defined by Costello (1990) 

(Figure 6.1),  it is apparent that diet on both Stroma and North Ronaldsay are largely 

dominated by butterfish (Figure 6.3). This dominance is slightly reduced on North 

Ronaldsay in comparison to Stroma, where the % occurrence of other prey species in much 

higher, particularly in gadoids and dragonet. Generalisation by the population on butterfish 

is indicated by the plots, however some specialised prey items are highlighted including 

sandeels on North Ronaldsay, and dragonet on Stroma. The chick diet as recorded by visual 

Figure 6.2: Proportional relationships in diet composition between camera and visual 
observations including a) all visually observed nests and b) only nests allocated a camera. 
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and camera observations are largely similar, however, with a few exceptions, particularly a 

divergence in gadoids between observations on Stroma. This may have been due to the 

camera trap method being biased towards the prey compositions of fewer nests. Cameras 

also produced observations over more intensive time periods, which were not standardised 

between cameras. The similar results produced by visual observations could be related to 

a larger sample of nests, monitored over comparable time periods.  

 

Figure 6.3: Costello plots of prey abundance and occurrence on Stroma and North Ronaldsay. 
Method of observation delineated by colour (Blue- Visual, Red- Camera trapping). 

 

The relationship between prey components, recorded at each nest through visual 

observations, and diet diversity (H), were investigated using NMDS plots. Only data 

produced from visual diet observations could be used within this analysis, as camera traps 

did not cover a large enough sample size of nests to allow for robust comparison within the 

analysis. NMDS plots, which visualized the relationship between diet components, and 

binned diversity values (H), broadly reflected the results of the Costello plots while also 

displaying the divergent nature of diet between nests. In Figure 6.4, a degree the 

differentiation between associated diet components was visible between nests on both 

Stroma and North Ronaldsay. Through visual examination of Figure 6.4, prey types on  
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Figure 6.4: Non-metric multidimensional Scaling (NMDS) for diet composition from visual 
observations for Stroma and North Ronaldsay. Nests are grouped by diet diversity (H). Visual 
observations sample sizes for Stroma were: n=269; and North Ronaldsay: n=1340.  

Stroma 

North Ronaldsay 
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Stroma encompassed by highest diet diversity (H = 1-1.5) included flatfish, crustacean, and 

sculpin. While, intermediate H-values (0.5-1) overlapped with the majority prey 

components, nests associated with gadoids and butterfish associated with the lowest diet 

diversity (0-0.5). In relation to visual observations carried on North Ronaldsay, NMDS 

analysis showed butterfish, sandeel, and flatfish, to be encompassed by the lowest H values 

(0-0.5) (Figure 6.4). The remaining prey components of blenny, dragonet, gadoid, and 

scuplin are both grouped with intermediate (0.5-1) and high (1-1.5) H-values. It is apparent 

that the majority of nests cluster around butterfish and dragonet, while few nests associate 

with sandeel.  This is similarly reflected within the Costello plots (Figure 6.3), where 

butterfish is shown to be the dominate prey component, while alternatively, sandeel is 

specialised due to its relative low occurrence within the diet.  

 

6.3.2 Kleptoparasites 

Camera and visual observation methods produced notably different kleptoparasite 

compositions (Figure 6.5). Only herring gulls Larus argentatus were observed to a similar 

extent between the two methods on North Ronaldsay (Figure 6.5a). Both methods 

excluded some predators, with no hooded crows Corvus cornix being recorded in visual 

observations and no Arctic skuas or great skuas Stercorarius skua observed through camera 

observations. Black-headed gulls Larus ridibundus and common gulls Larus canus were also 

less frequently observed on the camera traps than in visual observations. Considering only 

visual observations, the diversity of kleptoparasitic species differed between the two study 

colonies (Figure 6.5a,b). Arctic skuas, herring gulls, common gulls, and black-headed gulls 

composed the majority of kleptoparasite interactions observed on North Ronaldsay (Figure 

6.5a). These species were predominately absent within observations on Stroma, which was 
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dominated by herring gulls (Figure 6.5b). Kleptoparasite interactions per hour are seen to 

be almost twice as frequent on North Ronaldsay as Stroma (Table 6.1). However, study 

colony size and deliveries per hour were  

also higher on North Ronaldsay, potentially facilitating more frequent kleptoparasite 

interactions (Table 6.1). Kleptoparasite rates were greater than 3 per hour for both study 

years on North Ronaldsay, increasing slightly in 2017, coinciding with a decrease in feeds 

per nest/hr. Kleptoparasite interactions were greatly reduced between 2016 and 2017 on 

Stroma, potentially increasing the delivery rate in 2017. However, the number of nests 

observed on Stroma was less than half from the previous year, potentially reducing the 

presence of kleptoparasites. 

 
 

 

Figure 6.5: Comparison of kleptoparasite composition between camera and visual observations in 
relation to a) North Ronaldsay and b) Stroma.  
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6.3.3 Nest success and chick condition  

Nest monitoring records indicated that the 2016 breeding season was more successful than 

2017 on both North Ronaldsay and Stroma. This was potentially due to multiple 

contributing factors, including adverse weather and nest predation (Table 6.2). The primary 

cause of nest failure on Stroma in 2017 was attributed to a spring tide, coupled with large 

storm swell (witnessed through camera traps). This raised the water level above the mean 

high water line, washing out nests located on boulder beaches, and 8 nests were flooded 

which contained eggs (Table 6.2). While researchers were not on North Ronaldsay to 

witness the effects of the storm, beach morphology would have potentially protected nest 

sites as they were situated at higher elevations or behind natural stone breakwaters. 

Instances of nest failure were also attributed to predation of both adult and chicks. Using 

Table 6.1: Diet watch composition in relation to feeding and kleptoparasitism incidence rates. 

Watches Nests

Island Year Area Total Total Total Per hour Total Per hour Per hour/nest

Gretchen 15 18 55 2.24 425 15.34 0.85

Moe Geo 12 23 105 4.53 416 17.39 0.76

Gretchen 11 20 81 4.78 221 11.17 0.56

Moe Geo 14 24 83 3.39 283 11.26 0.47

Westness 1 4 1 1.00 5 5.00 1.25

Broad 13 10 96 4.06 111 4.25 0.43

Castle 7 7 1 0.06 35 2.66 0.38

Chapel 1 1 0 0.00 2 2.18 2.18

Wardie 12 8 8 0.36 35 1.75 0.22

Broad 6 3 9 0.82 5 0.49 0.16

Castle 10 3 0 0.00 44 2.19 0.73

Chapel 1 1 0 0.00 1 0.50 0.50

N.Broad 8 2 6 0.56 30 2.23 1.11

N.Coast 6 2 0 0.00 8 0.67 0.33

Watches Nests

Island Year Total Total Total 
Per hour 

(mean)
Total

Per hour 

(mean) 

Per hour/nest 

(mean)

2016 27 41 160 3.26 841 16.25 0.81

2017 26 48 165 3.88 509 10.98 0.54

2016 33 26 105 1.74 183 2.94 0.39

2017 31 11 15 0.30 88 1.52 0.63

Kleptoparasitism Feeds

Kleptoparasitism Feeds

Island/Year Summary

Stroma

North Ronaldsay

2016

2017

2016

2017

North Ronaldsay

Stroma
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the camera trap photographs and nest surveys, adult predation was linked on two 

occasions to otters and great black-backed gulls Larus marinus. Chicks were observed to be 

predated by hooded crows and otters. The presence of other potential predators were 

observed by camera traps including: great skuas, domestic cats Felis catus, and house mice 

Mus musculus.  

 

Measurements of chick weight (g) and wing length (mm) in relation to age (day) generally 

maintained non-linear relationships on both Stroma and North Ronaldsay (Figure 6.6, 6.7). 

Chick condition did not differ significantly between nests which fledged 1 chick opposed to 

nests which fledged 2 chicks, on either Stroma (t = 1.02, p = 0.32), and North Ronaldsay (t= 

2.02, p = 0.05). Additionally, chick condition did not differ significantly between Stroma and 

North Ronaldsay (t = -0.38, p = 0.70). However, mean chick condition was slightly higher on 

North Ronaldsay (2.61 g), than Stroma (-1.78 g).  

 
 
  



176 
 

 
 

 

Ta
b

le
 6

.2
: S

u
m

m
ar

y 
o

f 
n

es
t 

su
cc

es
s 

m
o

n
it

o
ri

n
g 

d
at

a 
in

 r
e

la
ti

o
n

 t
o

 y
e

ar
 a

n
d

 s
tu

d
y 

is
la

n
d

.  

Is
la

n
d

 
Ye

ar
Su

cc
e

ss
fu

l 

n
e

st
s

C
h

ic
ks

 

fl
e

d
ge

d

C
h

ic
ks

 

w
e

ig
h

e
d

N
e

st
s 

fa
il

e
d

Fa
il

e
d

 o
n

 

ch
ic

ks

Fa
il

e
d

 

o
n

 e
gg

s
N

o
ta

b
le

 n
e

st
 f

ai
lu

re
s

20
16

40
58

22
9

5
4

1*
n

ib
b

le
d

 b
y 

u
n

kn
o

w
n

 s
p

e
ci

e
s

20
17

33
48

41
16

7
9

1*
h

o
o

d
e

d
 c

ro
w

20
16

20
29

21
13

7
6

1*
w

av
e

s,
 2

*o
tt

e
r

20
17

12
17

17
15

2
13

8*
w

av
e

s,
 1

* 
gr

e
at

 b
la

ck
-b

ac
ke

d
 

gu
ll

, 1
* 

fe
ll

 o
u

t 
o

f 
n

e
st

N
o

rt
h

 R
o

n
al

d
sa

y

St
ro

m
a



177 
 

 
 

  

Figure 6.7: Chick wing length (mm) in relation to approximate age (days), from Stroma and North 
Ronaldsay. Fitted quadratic polynomial regression indicated by red line. 

Figure 6.6: Chick weight (g) in relation to approximate age (days), from Stroma and North 
Ronaldsay. Fitted quadratic polynomial regression indicated by red line. 
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6.3.4 Nest productivity vs. diet 

Diet diversity (H) and mean prey deliveries per hour (visual) or per day (camera), 

maintained a significant linear relationship (p < 0.05) (Table 6.3) in both visual (t = 5.215, p 

< 0.001) and camera (t = 2.565, p = 0.0134) methods. This is exhibited in a positive 

correlation in both instances (Figures 6.8a, 6.9a). Diet diversity had no significant linear 

relationship with chick condition (mean residuals of observed versus predicted weights) 

with diet derived from either visual (p = 0.5575) or camera (p = 0.5923) methods (Table 6.3, 

Figure 6.8b, 6.9b). Mean prey deliveries per hour (visual) or per day (camera) were 

additionally modelled to investigate potential linear relationships with mean chick 

condition. There was no significant relationship between delivery rate calculated from 

visual observations (p = 0.1505) and camera traps (p = 0.3352) (Table 6.3). The relationship 

appears to maintain a negligible positive correlation in relation to both methods (Figure 

6.8c, 6.9c).  

 

 

 

Table 6.3: Linear regression results of camera trap and visually 
derived diet diversity and prey delivery rate (per hour- visual, per 
day- camera), and chick condition.  

Method R-squared Std. error P-value

Visual Delivery rate Diversity 0.1968 0.1013 < 0.0000

Camera Delivery rate Diversity 0.1184 0.0091 0.0134

Visual Diversity Condition 0.0062 0.4723 0.5575

Camera Diversity Condition 0.0121 0.4972 0.5923

Visual Delivery rate Condition 0.0366 0.4108 0.1505

Camera Delivery rate Condition 0.0387 6.1120 0.3352

Variables



179 
 

 
 

 

6.4 Discussion 

This study investigated the potential influence of diet composition on chick condition in 

two colonies in the north of Scotland. The diet composition observed was most likely 

influenced by both prey availability and foraging strategy. Costello plots indicated that diet 

is primarily dominated by butterfish with some additional specialism towards infrequently 

occurring prey types such as sandeels. The majority of other prey items were foraged in a 

generalist manor potentially reflective of their less frequent availability compared to 

butterfish. The dominance of butterfish is likely related to the majority of low species 

diversity calculated at nests, in addition to individuals which specialised on prey types such 

as sandeel. In addition, potential targets of dominant or specialised diet are displayed by 

NMDS plots of visual observations, indicating that butterfish, sandeel, and gadoids are 

Figure 6.8: Relationships between camera trap derived a) mean feeds per day and diet 
diversity, b) condition and diet diversity, and c) condition and mean feeds per day. Linear 
relationship indicated by red line.  

Figure 6.9: Relationships between visually derived a) mean feeds per hour and diet diversity, b) 
condition and diet diversity, and c) condition and mean feeds per hour. Linear relationship 
indicated by red line.  
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divergent from those prey items related to higher diversity values (H) (Figure 6.4). 

Consequently, low diet diversity was found to correlate with reduced feeding frequency. 

Alternatively, higher diet diversities correlated with increasing delivery rates. The 

implications of these differing diet compositions on chick growth were not significant 

however. Golet et al. (2000) found that specialist foragers with lower feeding frequencies 

had increased nest productivity. However, in this study, chick condition was maintained 

similarly by high diversity/frequent feeds and low diversity/infrequent feeds. This indicates 

that a lower diet diversity and delivery rate are potentially compensated for by higher 

quality prey -provided by butterfish and sandeels- to maintain chick condition (Takahashi 

et al., 2003). This would align with the results of Sawyer (1999), who found higher 

proportions of butterfish were linked to longer foraging trips and increased chick growth 

rates.  

 
 

While foraging strategy was not seen to influence chick condition, the relationship of these 

opposing behaviours on adult body condition could not be assessed here. However, 

specialism related to foraging site fidelity has been linked with improved adult condition 

(Morgan et al., 2019), potentially related to energetically efficient foraging (Takahashi et 

al., 2003), or increased adult resting time (Litzow and Piatt, 2003). Foraging site fidelity, 

observed in Chapter 5, could account for the reduced feeding frequency, in relation to 

reduced diversity. Body condition has been linked to increased breeding success and adult 

survival (Chastel et al., 1995; Wendeln and Becker, 1999) and when linked to foraging site 

fidelity, should be considered when assessing the potential displacement of individuals by 

marine renewables (Grecian et al., 2010; Masden et al., 2010b; Furness et al., 2013).  
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While Prey type corresponding to foraging location is currently unknown (but see Appendix 

6.5), the dominance of butterfish within the diet suggests this species’ availability is linked 

to an abundance of suitable benthic habitat. The results of Chapter 4 provide a potential 

indication of the available and selected habitat. Resource Selection Functions (section 

4.3.2) indicated that kelp habitat was universally selected for and available across colonies. 

Foraging related to kelp habitat likely to relates to butterfish, and previous research by 

Koop and Gibson (1991) found Laminaria digitata to maintain the greatest densities the 

species. Similarly increase in the selection dragonet on North Ronaldsay is potentially 

related a variation in habitat availability compared to Stroma, where faunal turf was more 

frequent. It was apparent that the diet of birds from Stroma, primarily consisting of gadoids 

and butterfish, was less diverse than on North Ronaldsay, where sandeels, sculpins and 

dragonets were also apparent. This reduced diversity on Stroma could be a consequence 

of increased between individual habitat use discussed in Chapter 5. Alternatively, on North 

Ronaldsay where a larger breeding population of black guillemots was supported (Table 

6.2), increased diet diversity could have been a consequence of niche partitioning driven 

by resource competition. The question as to what prey species are derived from tidal 

streams is still largely unknown, however increased research into this environment and the 

impact of tidal turbines on fish ecology will highlight the prey composition acquired there.   

 

It has been previously suggested that a reduced feeding frequency and potential exposure 

of chicks to predators was an advantage of specialism in relation to reproductive success 

(Golet et al., 2000). While no relationship between feeding frequency and chick condition 

was identified in this study, the prevalence of kleptoparasites at both colonies indicates 

they have a potential influence on delivery rate. Feeding frequency varied between the 
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study colonies, and this could be related to the number and density of nests within a colony. 

Due to the greater densities of nest sites on North Ronaldsay, “clumping” of adults 

returning with prey would have been more feasible, whereas isolated prey deliveries to 

less dense groupings of nests could leave birds more exposed to kleptoparasites (Birt and 

Cairns, 1987). The composition of kleptoparasite species also varied between the study 

colonies, therefore species-specific behaviour and abundance could have influenced the 

frequency of kleptoparasitic interactions. Opposed to Hof et al. (2018) who observed no 

direct interactions of gulls and hooded crows inspecting nests, camera photographs in this 

study recorded both kleptoparasitism and predation by hooded crows. While cameras 

excluded most kleptoparasite interactions, they did record incidences of predation of nests. 

This was a useful tool to address the true cause of nest failures.  

 

While camera and visual methods in figure 6.2a and b appear similar in proportional prey 

composition, chi-squared tests indicated they were significantly different. Between nest 

variation in diet composition indicated that the use of camera traps as the sole method of 

deriving diet could be skewed from the diet of the entire population. Regarding the 

differences in prey composition within breeding pairs, this could not be robustly 

investigated in this study because not all individuals were uniquely marked. Analysis of 

visual and camera observations did note when individuals displayed attributes which would 

identify a specific individual (Rings, GLS or GPS devices). However, this was opportunistic 

and not uniform throughout the study nests. Consequently, only the combined diet 

composition delivered to a nest could be considered. Ultimately, however, it is the diet 

provided by both adults which will influence chick condition. 
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Conclusion 

Black guillemots may be well suited to respond to changes in environmental conditions as 

a diverse array of diets and prey compositions were recorded in this study. However, the 

dominance of butterfish within the diet indicates that this is an extremely important food 

resource for black guillemots within Scotland. Therefore, any industry which may affect 

butterfish habitat, predominately kelp, should regard the potential impacts this may have 

on the local black guillemot population. This study indicated that different diet diversities 

and foraging rates did not influence chick condition. However, diets related to low diversity 

prey items, such as butterfish or sandeels, may be less preferable in years requiring 

adaptability. Colony-specific habitat characteristics may influence diet diversity, 

competition, and predation. These may in turn influence breeding success and variation in 

foraging strategy between individuals. This chapter highlights the considerations that 

should be made when carrying out nest monitoring in relation to studies of MPAs and 

MREDs. Site-specific factors such as nest site exposure, predator presence and species, and 

local prey composition need to be considered when attempting to address the influence of 

anthropogenic activities on a colony.  

6.5 Appendix 

Directly relating diet to foraging location could be a powerful tool in studying the foraging 

ecology of a species which can forage on a range of prey and in a range of environmental 

conditions. In this study, camera traps captured 9 chick feedings, with identifiable prey 

items, which could be linked temporally to the GPS tracking data (presented in Chapter 5 ) 

from 2 individuals (Figure A5.3, A5.4). In some instances previously GPS tagged individuals 

could be discerned from a ringed/unringed breeding pair. Though GPS tracks could not be 

linked directly to observations since the tags had expired, the diet of the ringed partner 
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could be discerned in 41_2017 (21 butterfish, 5 blennies), 56_2017 (10 butterfish, 10 

dragonet), 80_2017 (2 butterfish, 4 dragonet, 2 sculpin, 1 flatfish) (Figure A5.1), and 

75_2016 (2 butterfish) (Figure A5.3).  

 

The linking of GPS tracks to chick diet items from 9 trips (Figure A5.3, A5.4), was relatively 

few considering the 237 identified foraging trips. Though identifying the prey related to 

tagged individuals was attempted, several lessons were learnt that may aid in attaining 

more sightings. Breeding stage played a role in the capture method of adult birds. 

Incubating birds were primarily targeted on the nest, and chick feeding birds were caught 

using mist-nets. Catching birds at the nest allowed a camera to be set up to observe a 

known tagged bird. Often, however, the tag battery had expired or the tag was preened off 

before chick feeding commenced. Nests of mist-net caught and tagged birds, while already 

chick feeding, were difficult to identify. Colour rings would be beneficial for feasibly 

identifying a tagged bird and its nest. Even when tagged and allocated a camera, lack of 

visibility of the tag, or rings, caused partners to not be feasibly discerned from one another. 

Selecting nests where the whole adult is clearly visible when entering the nest could 

facilitate positive identification of tagged adults. 
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Appendix Figure 6.10: Camera trap identified prey species corresponding to 7 foraging 
trips by ID 80_2017, North Ronaldsay.   



186 
 

 
 

 

Appendix Figure 6.11: Camera trap identified prey species corresponding to 2 foraging 
trips by ID 25_2017, Stroma.  
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Chapter 7. General Discussion   
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7.1 Introduction 

Climate change is one of the most important threats facing seabirds (Grémillet and 

Boulinier, 2009). Alleviating reliance on fossil fuels through the generation of energy from 

renewable resources is a current priority in the United Kingdom (King, 2004), and the 

Scottish Government has pledged to produce 100% of electrical energy through renewable 

resources by 2020 (Davies et al., 2014). However, to adhere to the European Marine 

Strategy Framework Directive (EU, 2008) the production of renewable energy should be 

environmentally sustainable. Tidal stream turbines are novel devices, and so the associated 

environmental impacts are relatively uncertain (Savidge et al., 2014; Scott et al., 2014; 

Martin-Short et al., 2015). Environmental change arising from tidal stream turbines may 

affect protected diving seabird species (Wildlife and Countryside Act, 1981), and requires 

further knowledge for proper future management. While the tidal energy industry is 

growing, lessons learnt from the renewable wind energy industry highlight that an 

understanding of bird abundance and distribution pre-construction (Sansom et al., 2016; 

Fox et al., 2018) is essential to understanding the impacts on birds post-construction (Orloff 

and Flannery, 1992). 

 

A call for research to assess the impacts of tidal developments on seabirds emphasised the 

need for information related to foraging: habitat; energy expenditure; and diving behaviour 

(Langton et al., 2011; Scott et al., 2014). This thesis has aimed to address knowledge gaps 

primarily regarding black guillemot foraging habitat, and additional gaps relating to: 

individual behaviour; dispersal; predation; and chick provisioning. Key findings of this 

thesis, lessons learnt, and the reasons certain knowledge gaps were not addressed, are 

discussed below.  
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7.2 Thesis overview 

The initial selection of the black guillemot as a study species arose as it was identified as 

vulnerable to tidal turbines (Furness et al., 2012), and has also been recently allocated 

species-specific Marine Protected Areas (MPAs) (Marine Scotland and SNH, 2012). These 

circumstances highlighted gaps in our knowledge of the foraging ecology of the species. 

Previous studies of black guillemots in the Atlantic centred around assessing the impacts of 

oil spills on the species (Petersen, 1981; Ewins, 1986), foraging habitat (Sawyer, 1999), 

dispersal and survival (Frederiksen and Petersen, 1999a, 1999b, 2000), and brood 

behaviour (Cook et al., 2000). The most recent studies of black guillemots used depth 

loggers to investigate dive behaviour, and called for improved knowledge of foraging 

location data (Masden et al., 2013; Shoji et al., 2015). This has recently been achieved to a 

high degree of accuracy during the breeding season, through the use of GPS tracking 

(Owen, 2015), displaying maximum foraging trips of 8km from colony. These relatively 

restricted foraging ranges indicated that individuals from colonies in proximity to tidal 

streams needed to be targeted to assess potential overlaps with tidal lease areas. 

Therefore, Stroma was selected due to its proximity to the MeyGen tidal lease area (500m), 

with North Ronaldsay and Shapinsay as comparative sites. Comparing the foraging 

behaviours among these three colonies provided the most significant findings regarding 

foraging ecology.  

 

7.2.1 Foraging movements  

Research preceding this thesis examined tidal stream use using shore-based visual 

observations (Wade, 2015; Waggitt, 2015; Robbins, 2017), finding heterogeneous use of 
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tidal streams between study sites (Waggitt et al., 2017). Previously this variation was 

attributed to microhabitat use (Waggitt et al., 2017). This was mirrored in the results of 

Chapter 4, which found variation between colonies in the selection of tidal stream niches. 

This was potentially related to heterogeneity in available habitat, and the proximity and 

extent of the tidal stream niche availability in relation to the colony. Heterogeneity in the 

depths surrounding Stroma may have increased the use of energetically demanding 

nearshore tidal streams, or alternatively moved foraging to more distant areas. Shapinsay 

and North Ronaldsay were associated with homogenous habitats immediately surrounding 

the colonies (for example, areas of low tidal energy currents and uniform depths <50 m) 

enabling all individuals to forage nearer to the colony. The extent of use of tidal streams by 

black guillemots should be considered in relation to the alternative habitats available to 

the colony, as less energetically demanding environments may be selected.  

 

Alternative habitats to tidal streams included shallow (mean 14m) kelp Laminaria 

hyperborea related habitat that was selected across all study sites. While kelp has 

previously been noted in studies of black guillemot habitat (Ewins, 1990; Sawyer, 1999), 

few studies have reported use of soft bottom habitats of high infaunal density (mean 

depths of 20m), which this thesis found to be significantly selected. Least visited were deep 

water sandy substrate/faunal turf communities (Table 4.7, Figure 4.9). The extent of use of 

these niches varied between colonies primarily based on availability. To some degree, niche 

variation between colonies shows that birds may be selecting breeding areas based on nest 

site availability, rather than preferential foraging conditions (Buchadas and Hof, 2017). A 

demand for nest sites is indicated by the increase of breeding pairs on Grass Holm on 

Shapinsay since the 1980s, this has been facilitated through the annual creation of nesting 
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cairns, which are demolished each autumn/winter by breeding seals (Alan Leitch pers. 

comm.).  

 

While habitat use varied between colonies, it also varied on an individual level. Variations 

in the extent of individual niche partitioning are displayed in Chapter 5, which found strong 

foraging site fidelity within individuals, and prevalent variation between individuals in 

foraging sites. However, the results of chapter 5 also indicate that individuals may converge 

on certain habitat characteristics, seen particularly within the tidal stream of the Inner 

Sound. The frequent use of tidal fronts by seabirds (Irons, 1998) has been linked to 

predictable aggregations of prey (Weimerskirch, 2007). Additionally, turbulence related to 

tidal fronts may agitate and expose black guillemot prey, which are primarily benthic in 

nature, potentially making them vulnerable to predation (Benjamins et al., 2015). Black 

guillemots have been observed associating with shearlines and eddies (Wade, 2015), which 

are potential visual indicators of fronts linked to foraging opportunities. These fronts form 

within a narrow band of velocities and depths, therefore foraging associated with these 

features may cause a degree of overlap between individuals. Foraging trips by black 

guillemots to resources unrelated to tidal fronts displayed little reduction in site fidelity, 

though dispersed widely between individuals. Across the three study sites, individuals 

foraged at mean depths of 10-20m, and velocities 0.5-1 m/s. Extremes of these values are 

visited by individuals foraging in nearshore areas of fast tidal flows, or travelling further 

afield to non-tidal shallow habitats. These different behaviours are potentially subject to 

trade-offs in energy expenditure, prey quality, foraging durations, and rest periods. 

Understanding the advantages of these differing foraging behaviours requires further 

research into the energetics of foraging (Langton et al., 2011; Scott et al., 2014). This is 
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potentially important information as the energetic demands of foraging may be the 

consistent driver defining heterogeneity in tidal stream use between study sites (Waggitt 

et al., 2017) and seasons (Wade, 2015; Waggitt et al., 2016b).  

 

Chick condition provides a potential indicator of the energetic motivations of foraging and 

was considered in Chapter 6. In black guillemots this has been studied previously (Cairns, 

1987; Ewins, 1990, 1992; Sawyer, 1999), though without comparative fine-scale foraging 

habitat data. The relationship between diet and chick condition varied between previous 

studies, potentially due to available habitat and prey. Chapter 6 found that while prey 

deliveries to the chicks varied between nests, being either specialised/infrequent or 

diverse/frequent, this had little impact on chick condition. The energetic trade-off 

occurring within foraging effort and diet, while not influencing chick condition, will most 

likely have implications for adult body condition (weight relative to wing length) (Takahashi 

et al., 2003). This may vary between individuals based on foraging strategies, as greater 

foraging site fidelity/specialism has been linked to increased adult body condition (Morgan 

et al., 2019). Condition can have effects on breeding success, and adult survival (Chastel et 

al., 1995; Barbraud et al., 1999; Wendeln and Becker, 1999; Oro and Furness, 2002).  

 

7.3 Lessons learnt and future studies 

7.3.1 Foraging movements within tidal streams 

Evidence of potential ‘tidal conveyor’ foraging movements exhibited by birds within tidal 

streams were indicated in Chapter 3 by the sporadic sequence of GPS locations within the 

tracking data. While this is a potential signifier of foraging occurring, the sharp turning 

angles and large step lengths undermined Hidden Markov Models (HMMs) when 



193 
 

 
 

delineating behaviour states (Whoriskey et al., 2017). While I found an alternative method 

to account for this problem, through the use of the R package Recurse (Bracis, 2017), I did 

recognise that a more accurate method of deducing behavioural states within tidal streams 

could be achieved. This could be done by either incorporating an environmental variable 

into the HMM (specifically tidal current velocity), or more simply by increasing the sampling 

rate of the GPS tags (30 seconds- 1 minute). The latter was not selected due to two factors: 

i) this conundrum only came to light after the first field season; and ii) while finer location 

data could have been collected the battery life of the tags would only have sustained this 

sampling rate for <1 day.  

 

Characterisation of foraging locations could be aided by the addition of depth loggers to 

GPS devices. Depth loggers combined with GPS will also address the crucial knowledge gap 

expressed in Masden et al. (2013) and Shoji et al. (2015b) pertaining to dive profiles in 

relation to foraging location. Combining these methods could assess if birds using tidal 

streams forage benthically or potentially pelagically in relation to aggregations of prey. This 

would allow for the assessment of energy budgeting between distance from colony, dive 

depth, and the associated tidal current speeds. Most crucially this will identify the overlap 

with tidal turbines in 3-dimensional space. The methodology of this thesis could not 

address this due to the limitations of technology and weight of the devices in relation to 

bird body mass (Phillips and Croxall, 2003). Therefore dive profile in relation to foraging 

location remains a primary question in the assessment of collision risk. However, this may 

be assessed in the near future through the development of smaller devices. 
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Other methods may be used to assess the underwater presence/movements of seabirds 

around tidal turbines. This includes sonar attached directly to turbine platforms. This is 

currently in use in the FLOWBEC device in partnership with MeyGen, though the 

identification of bird species through this method has yet to be validated (Williamson et 

al., 2017). Underwater video cameras have previously been used to investigate the 

underwater foraging behaviour of seabirds (Crook and Davoren, 2014), and if applied to 

tidal turbines, they could also be used to observe seabird presence and behaviour, however 

they may be limited by low light levels, and turbidity.  

 

7.3.2 Season 

Chapter 5 highlighted that there is strong individual foraging site fidelity in black guillemots, 

but temporal variation in fidelity is unknown. Changes in behaviour outside the breeding 

season, across different age groups, and between breeding stages could all influence these 

distinct foraging locations. Temporal variations in foraging could arise in relation to: 

seasonal behaviour of prey (Heggberget, 1993; Greenstreet et al., 2006), and seasonally 

shifting inter-specific competition (Barger et al., 2016). These ecological drivers could alter 

the periods of overlap with tidal turbines. Temporal variation could not be addressed within 

this thesis, though in the future it may be assessed through technological advances 

providing longer lasting and lighter telemetry devices (Hedd et al., 2018). Where tagging 

deployments are not feasible, visual observations linked with a laser 

rangefinder/ornithodolite (Cole et al., 2019) could provide an alternative to tagging 

deployments. This method could also be used to identify the exact locations of surface eddy 

features in relation to the distribution of birds, and is potentially usable all year round.  

 



195 
 

 
 

Seasonal distribution and broader movements can be assessed using GLS (Global Location 

Sensing) deployments (Harris et al., 2010), which have a coarse accuracy of ±200km 

(Phillips et al., 2004a). GLS data are currently being collated for several seabird species in 

the North Atlantic (SEAPOP, 2019). While coarse in accuracy, GLS can highlight migration 

patterns (Jessopp et al., 2013) and is a potential method for examining seasonal coastal 

presence in relation to renewable energy lease areas, areas of proposed kelp harvesting 

(Marine Biopolymers Ltd, 2018), and MPAs (Péron et al., 2013). GLS are likely to be 

superseded by new GPS tags similar in size and weight, but provide two GPS fixes per day 

throughout the year (including during the equinox period when GLS tags are compromised 

by similar day length at all latitudes). These will obtain a far higher spatial resolution than 

has been possible with GLS tags; SEAPOP anticipates deploying these new GPS tags from 

2019 (Bob Furness pers. comm.).  

 

7.3.3 Ring recovery data 

While GPS tracking provided this thesis with data on fine-scale/short term movements of 

breeding birds, ring recoveries provided useful data to assess broad-scale dispersal 

patterns. In contrast to tagging deployments, ringing is a low-tech, relatively cheap method 

that can be carried out by highly trained citizen volunteers, and has historical records going 

back several decades. In Chapter 2, these records were used to assess natal dispersal and 

philopatry, finding that these attributes correlated with latitude. However, large gaps, and 

spatial/temporal biases were found within the data set. This constrained the investigations 

that could be carried out with the data, specifically assessing the underlying processes 

causing the observed latitudinal variation. This was due to the sample size being too small 

for robust investigation of the interactions with environmental variables. Using the Seabird 
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2000 population count data, the largest gap in ringing effort (number of rings applied per 

year) in contrast to population density, was found to be the on the Western Isles of 

Scotland. This gap exists due to a lack of local ringing volunteers, and no bird observatories 

to motivate ringing activities. Additionally the inaccessibility of colonies will restrict ringing; 

for example the Monach Isles are a primary colony and an MPA (The Scottish Government, 

2014e) for black guillemots on the Western Isles, but due to their isolation, ringing effort 

there remains low. These challenges, and the long-term persistence required to build up a 

mark-recapture ringing record, mean that this gap may not be addressed for some time. 

 

7.3.4 Photography 

Motion sensor photography through ‘camera traps’ used in Chapter 6, proved to be a good 

method of attaining diet and predator presence from a subsample of nests. Where 

inaccessible study sites may limit the ability to remain and observe a colony, camera traps 

are an effective way of remotely studying diet composition. Cameras will also allow for the 

investigation of potential variations in feeding frequency and diet composition related to 

diel or tidal cycles. While applying and retrieving camera traps is a brief process, analysis of 

photos can be labour intensive. Scientists have solved this problem in some instances by 

using websites allowing ‘citizen scientists’ to analyse photos (Jones et al., 2018), or through 

image recognition software (Yoshihashi et al., 2017). For long-term studies, which generate 

large amounts of photographic data (potentially through the use of time-lapse 

photography (Black, 2018; Sinclair, 2018)), taking advantage of these resources would be 

advisable. In the case of this thesis, these methods were not used, as the effort to design, 

validate, and implement these techniques for a ‘one off’ study may not have been an 

efficient use of time. Instead, three assistants assessed the photos, which were all then 
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validated by me. Ideally these photos would go through a second validation by a third party, 

however time constraints prevented this. Should an unrestricted field season be attainable 

in terms of time and site accessibility, visual observations are potentially a more advisable 

way of assessing diet composition over a large sample of nests, within standardized sample 

periods. As seen in Chapter 6, visual observations provided more robust information on 

colony diet, as they removed bias towards individual nests which may be subject to dietary 

specialism, and may therefore be unrepresentative of the colony. Visual observations also 

allowed kleptoparasitism to be observed, as this generally occurred ‘off camera’. In short, 

both methods had pros and cons. Regarding diet, cameras will monitor entire diel cycles, 

and can be used to target specific individuals, such as tagged birds. Visuals observations 

will provide more suitable diet compositions for a population. Regarding predators, 

cameras will observe predation events at night, and those which may be prevented by the 

presence of researchers, for example hooded crows Corvus cornix and otters Lutra lutra 

were frequently seen within photos, but rarely visually. Alternatively, kleptoparasitism was 

better observed through visual observations due to the unrestricted field of view.  

 

This study attempted to reconcile the relationship with prey derived for chick feeding and 

foraging locations by identifying prey deliveries undertaken by individuals concurrently 

being tracked, however this was largely unsuccessful. Difficulty arose in creating these links 

mainly from finding the corresponding nests to the GPS tagged/chick feeding birds, 

applying a camera trap to that nest, and clearly seeing both the GPS logger and prey within 

the photos. In some instances this was achieved, however not to a suitable sample size for 

robust investigations of prey type and the associated habitat (Appendix 6.5). 
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There is the potential to use photography to investigate trends in black guillemot colony 

attendance. Previous studies found heterogeneous colony attendance in relation to tidal 

cycles (Petersen, 1981; Ewins, 1985a; Vermeer et al., 1993). However, these studies 

contained large spatial differences, and local environmental variables were unaccounted 

for. These studies also required intensive repetitive visual observations. Continuous 

monitoring by time-lapse photography is a potentially standardized method of observing 

these cycles (Black, 2018; Sinclair, 2018). Further research using this technology could be 

used to assess the potential drivers of heterogeneity observed within previous studies, and 

identify periods when human disturbance of colonies would be greatest. 

 

7.3.5 Identifying collision events 

Quantifying the occurrences of bird mortalities through collision with tidal turbine blades 

presents a particular challenge. Shoreline surveys could be used to find beached carcasses, 

and the cause of death then identified through necropsies (Newton and Little, 2009; 

Bedington, 2015; Camphuysen and Heubeck, 2016). What a seabird carcass looks like 

following a tidal turbine collision is currently unknown. Some experimental work has been 

done on seal carcasses to identify the physical injuries characteristic of tidal turbine 

collisions (Thompson et al., 2015), and this could be replicated to some degree on seabird 

carcasses. Even with this knowledge, shoreline surveys are intensive and must cover large 

areas (Camphuysen and Heubeck, 2016), however the weight and size of the floating 

carcass, and the variables of wind, wave, and tidal currents cause floating objects to make 

landfall at predictable locations (Bibby and Lloyd, 1977; Bedington, 2015). Areas of 

shoreline where beachings may occur could be identified using particle drift models 

incorporating the oceanic variables mentioned above (Bedington, 2015; Peltier and Ridoux, 
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2015; Kenow et al., 2016; Santos et al., 2018). Beach surveys, though intensive, could be 

used to validate the beaching locations identified by the models (Peltier and Ridoux, 2015), 

highlighting potential areas for focussed search effort.  

 

7.4 Cumulative impacts  

This work looked at black guillemot foraging within the Inner Sound of the Pentland Firth 

pre-deployment of MeyGen tidal stream turbines (2016), and after two devices had been 

deployed (2017). Single tidal stream devices have previously been shown to cause little 

influence on the surrounding environmental characteristics (Savidge et al., 2014). 

Regarding the number of individuals tracked in study, the influence of these tidal devices 

on the dynamics of the Inner Sound and in turn the foraging behaviour of black guillemots 

could not be assessed. Arrays of turbines planned for the Inner Sound could alter the 

dynamics of this area drastically (Harendza, 2014; Martin-Short et al., 2015). Assessment 

of the foraging distribution of black guillemots and other species, post-construction of 

MeyGen should be carried out to assess the response to the planned 398 turbines.   

 

Marine renewable devices may influence foraging behaviour positively through an increase 

in biodiversity/prey aggregations, or negatively by altering narrow foraging niches, or they 

may have no significant effect. These impacts are also likely to vary between individuals 

based on tidal stream use. Mortality through collisions with turbine blades is the most 

deleterious impact to black guillemot populations, as the adult birds are long-lived, with 

low rates of survival to breeding age (Furness and Monaghan, 1987). Displacement of 

foraging behaviour by marine renewable devices could negatively affect foraging success, 

and in turn body condition, which may subsequently affect breeding success (Grecian et 
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al., 2010; Masden et al., 2010b; Furness et al., 2013). Quantifying energetic demands and 

time budgeting related to foraging may provide developers with information on the 

environmental characteristics with the largest influence on foraging (Langton et al., 2011). 

 

Environmental change within the Pentland Firth arising from tidal turbine installations may 

in the future be overshadowed by climate change (De Dominicis et al., 2018). Likewise, if 

mortalities arise from collisions with tidal turbine blades, they could in fact prove to form 

just a small percentage of bird mortalities (Newton and Little, 2009). Despite this, 

environmental change and mortalities brought about by tidal stream turbines are a part of 

a suite of impacts that may accumulate to supress black guillemot populations and their 

ability to respond to climate change. While mobile species, during migration, may open 

themselves up to cumulative impacts from anthropogenic activities including marine 

renewables across a large spatial range (Masden et al., 2010a), non-migratory species such 

as black guillemots will be persistently subjected to negative impacts occurring within their 

range.  

 

The pressures black guillemots may be subjected to include: tidal stream turbines (Furness 

et al., 2012; Masden et al., 2013); lack of breeding sites free from predation pressure 

(Ewins, 1985b; Ewins and Tasker, 1985; Buchadas and Hof, 2017); human disturbance 

(Cairns, 1980; Ronconi and Clair, 2002); and - potentially - kelp harvesting (Marine 

Biopolymers Ltd, 2018; SNH, 2018).  

 

Lack of breeding habitat is likely to be in response to predators (Craik, 1997) or humans 

(Cairns, 1980; Ronconi and Clair, 2002) causing disturbance, desertion, or nest failure. 
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These disturbances could persist leading to local population declines. However, 

management of these factors can facilitate recolonization from the metapopulation once 

such pressures are removed (Frederiksen and Petersen, 2000). 

 

The selection of kelp as a foraging habitat indicates a potential overlap with areas proposed 

for wild kelp harvesting (Smale et al., 2013; Marine Biopolymers Ltd, 2018). This industry is 

based on the production of alginates derived from kelp (Burrows et al., 2018). Harvesting 

can be carried out through trawling, which removes entire sections of kelp beds (Smale et 

al., 2013; Marine Biopolymers Ltd, 2018). It is recommended that the distribution and 

abundance of black guillemots within proposed harvesting areas should be assessed prior 

to trawling to examine if actively used foraging habitat may be depleted (SNH, 2018). Shore 

based harvesting can also be carried out by hand (Burrows et al., 2018), which may produce 

smaller ecological impacts, though disturbance to nesting black guillemots may still be a 

concern. 

 

Management with regards to lack of breeding sites, predation pressure, and human 

disturbance, can reduce these accumulated impacts. Properly allocated and enforced MPAs 

provide one tool to achieve this (Kober et al., 2012; Marine Scotland and SNH, 2012). The 

site-specific nature displayed here highlights that ecological differences on regional scales 

should be taken into account in future monitoring of the species or management of MPAs 

(Cook et al., 2011). The prevalence of individual foraging site fidelity seen here links to a 

growing body of knowledge of individualistic foraging behaviour in seabirds (Kotzerka et 

al., 2011; Phillips et al., 2017; Morgan et al., 2019). The implications of these individual 

variations could be far reaching with regard to overlaps with renewables (Soanes et al., 
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2013b), and responses to environmental change (Golet et al., 2002). Improved 

management could facilitate robust populations that contain both generalist and specialist 

foraging individuals. Behavioural diversity could preserve populations, should individual 

affinities to certain habitats be selected against when environmental conditions change.  

Conclusion 

This work shows that black guillemots can forage within a greater variety of habitats, and 

over greater distances from nest sites than has been previously documented. These 

properties varied among colonies, though depth >50m was a constant limit to foraging. 

Individuals adapted to locally available habitat, each concentrating on a narrow band of 

characteristics. One such band, was the narrow depths and velocities used within tidal 

streams, potentially related to prey aggregations. The tracking produced from this thesis 

indicated that birds prefer shallower and slower water than optimal for tidal turbine 

deployment, and so the current collision risk between foraging black guillemots and tidal 

turbines appears to be low. However, construction of turbines may alter these distinct 

habitats. Improved knowledge of black guillemot foraging ecology, provided by this 

research, will allow for consequences of environmental changes caused by tidal stream 

turbines to be assessed. This knowledge could be used to quantify the population and 

individual level impacts related to tidal stream turbines.  
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