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SUMMARY 

Harbour porpoise (Phocoena phocoena) are the most abundant cetacean in UK waters, 

and are likely to be affected by a variety of marine industries and activities.  This research 

uses data collected by acoustic recorders (C-PODs) and aerial video surveys to investigate 

patterns in porpoise detection.  The findings can be split into five key themes, and are 

used to support the development of spatial management and survey recommendations. 

1. Porpoise detection changes based on time of day in different habitats, indicating 

possible differences in diel habitat use and highlighting potential issues with visual 

or video data collection methods for assessing distribution. 

2. Porpoise exhibit seasonal shifts in detection, yet year-round data are often 

lacking, therefore seasonal changes in distribution are often unknown. 

3. The highest proportions of buzzes (associated with foraging) are not detected in 

areas with the highest relative density of porpoise.  I propose that porpoise use 

different foraging strategies in different habitats which are not equally detectable 

by acoustic recorders. 

4. Porpoise distribution may be influenced by the distribution of perceived risk from 

predator / competitor species (dolphins).  Temporal partitioning of sites may arise 

either from porpoise actively avoiding times when bottlenose dolphins are 

expected to be present, or from porpoise and bottlenose preferences for different 

environmental conditions.   

5. The choice of spatial modelling method can influence the fine-scale predictions of 

areas with the highest density. 

Improving our understanding of top and mesopredator ecology is informative for 

management strategies.  Each of the points raised above should be considered when 

determining management strategies to minimise the impact from fisheries, offshore 

developments and other industrial activities on harbour porpoise.    
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1 INTRODUCTION 

There is a growing need to better understand how marine animals use their environment 

(Schipper et al. 2008; Jewell et al. 2012; Sequeira et al. 2018) so that more effective 

conservation and management measures can be implemented (Weilgart 2007; Early et al. 

2008; Embling et al. 2010) and the potential impacts of resource exploitation can be 

investigated and mitigated (Tougaard et al. 2009; Thompson et al. 2010; Brandt et al. 

2011).  Development of offshore industries and activities e.g., fisheries & aquaculture, oil 

& gas, renewable energy, shipping, tourism, military, mining, etc., and the effects of 

climate change have placed an increasing burden on the marine environment (Halpern et 

al. 2008; Early et al. 2008; Bossart 2011; Maxwell et al. 2013; Kroodsma et al. 2018).   

Efforts to mitigate the effects of one stressor often risk exacerbating the impacts of 

others.  For example, in an attempt to mitigate the effects of climate change, many 

countries are looking to renewable energy to meet their electricity needs, yet this may 

have unknown consequences (Inger et al. 2009).  The EU’s Renewable Energy Directive 

(2009/28/EC) sets a target for renewable energy sources to generate 20% of final energy 

consumption and 10% of transport fuels by 2020.  The Scottish Government has gone 

farther than this, setting a target of generating the equivalent of 100% of Scotland’s gross 

annual electricity consumption from renewable sources by 2020 (Scottish Government 

2011).  This has resulted in new plans to develop offshore windfarms.  There are still 

many gaps in our understanding of how windfarms affect the environment (e.g., Boehlert 

& Gill 2010; Masden et al. 2010; Bailey et al. 2014a).  Some of these effects are increases 

in habitat disturbance/destruction (e.g., dredging or rock dumping), electro-magnetic 

fields along cable routes, changes to fishing activities and even changing the fine-scale 

hydrodynamics around sites.  However, increases to underwater noise levels during 

construction are currently considered to be the most significant for marine mammals 

(Thomsen et al. 2006; Nedwell et al. 2007).   

Marine mammals and other predators can have a disproportionately large effect on the 

other species in an ecosystem (by changing species diversity, distribution or abundance; 

Paine 1969a; b; Bowen 1997; Bossart 2011; Estes et al. 2011; Kiszka et al. 2015).  The 

influence that top predators exert on their prey has cascading effects through the entire 
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food web and in some areas has been shown to shape the physical structure of the 

environment (Estes et al. 2011).  For example, the presence of wolves in Yellowstone 

National Park has shifted the distribution elk, which has changed trees and the paths of 

rivers (Beschta & Ripple 2015).  Mesopredators, those predators that are preyed upon by 

other predators at higher trophic levels, also play important roles in the ecosystem 

(Ritchie & Johnson 2009; Newsome et al. 2017).  They can regulate the prey community 

and are in turn regulated by top predators (Newsome et al. 2017).  For example, sea 

otters can transform a coastal area from an ‘urchin barren’ to a flourishing and diverse 

kelp forest (Estes & Palmisano 1974; Estes & Duggins 1995). 

This thesis focuses on harbour porpoise (Phocoena phocoena) as a marine mesopredator.  

Different types of survey data and modelling methods will be used to investigate their 

distribution and behaviour, and to explore the implications of these methods for 

management.  I also explore their foraging detections and interactions with a predator / 

competitor species. 

There are various survey methods available to gather data on the abundance, distribution 

and activity of marine mammal species, each with its own advantages and disadvantages.  

For example, visual line-transect surveys from ships or aircraft can be used to estimate 

abundance and distribution (Buckland et al. 2001; Hammond et al. 2002, 2013; Burt et al. 

2014), video aerial surveys are able to estimate broad-scale distribution but cannot yet be 

used for abundance (Buckland et al. 2012; Williamson et al. 2016).  Passive acoustic data 

can be used to assess distribution and temporal trends in detection, collect continuous 

data and function in conditions when visual/video surveys are not possible (Thomas & 

Marques 2012; Brookes et al. 2013; Williamson et al. 2016; Jacobson et al. 2017).  Tagging 

animals with satellite tags, accelerometers, cameras, or a variety of other instruments is 

useful to find out where individuals are going, how they are moving or foraging, etc., but 

is limited in the number of animals that can be tracked (Johnston et al. 2005; Aarts et al. 

2008; Block et al. 2011; Bailey et al. 2014b; Wakefield et al. 2017; Chimienti et al. 2017).  

Photo-ID can give longitudinal data about birth and survival rates, injuries, etc., but relies 

on individuals being distinctly marked and spending time at the surface in range of 

cameras (Calambokidis & Barlow 2004; Hillman & Conner 2010; Cheney et al. 2013; Elliser 

et al. 2017).  In this thesis, both video and acoustic data are used and different analysis 
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methods are explored with the aim of identifying which method (or combination of 

methods) offers the best results and should be used in future when studying the 

distribution of harbour porpoise. 

Species distribution modelling (SDM) is often used for spatial planning in order to mitigate 

the impact of anthropogenic disturbance by identifying the locations or habitat types that 

are most important for the species (Redfern et al. 2006; Bailey & Thompson 2009; 

Embling et al. 2010).  SDM is a fast-growing field that can be used to inform the 

development of spatial management plans, identify areas for protection and areas where 

interactions between species and industries such as fishing, shipping, oil & gas and 

marine renewables may occur (e.g., Madsen et al. 2006; Redfern et al. 2006; Bailey & 

Thompson 2009; Tougaard et al. 2009; Nabe-Nielsen et al. 2014).  However, SDMs and 

the data used to create them often have several limitations.  Throughout this thesis I will 

explore some of these limitations including changes in detection through season and time 

of day, the influence of a predator / competitor on detection, where different behaviours 

are detected, and compare different modelling approaches.   

This chapter introduces the specific aims of this study (section 1.1), provides background 

on harbour porpoise (1.2) and some of the most significant pressures faced by porpoise 

(1.3), as well as the legal framework for conservation and mitigation techniques for some 

of the anthropogenic threats (1.4), specifically fishing (1.4.2) and noise (1.4.3).  The study 

area is also introduced (1.5).  In addition, the specific objectives of each chapter are 

described (1.6) as well as the contribution of the author to each (1.7). 

1.1 AIMS 

The aim of this thesis is to better understand the spatial and temporal distribution of 

harbour porpoise (Phocoena phocoena) along the east coast of Scotland.  Harbour 

porpoise are the most abundant cetacean in UK waters and have a widespread coastal 

distribution throughout the northern hemisphere (Figure 1.1; Hammond et al. 2008, 

2013).  Harbour porpoise are expected to be present in most offshore development sites 

and are susceptible to anthropogenic disturbance from a variety of sources; therefore 

developing a better understanding of their fine-scale distribution and ecology is the focus 

of this research.   
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Figure 1.1 - Global range of harbour porpoise (figure modified from Hammond, P.S. et al. 2008) 

Overall, this increased understanding of how harbour porpoise use specific locations and 

temporal variations in detection can be used for the marine spatial management of 

fisheries, renewable energy and other offshore industries.  Information on the spatial and 

temporal distribution of porpoise is crucial for the informed development of management 

strategies, survey design and informing different mitigation strategies for offshore 

industries.   

An extensive dataset of acoustic detections from over 100 locations for durations ranging 

from 4 to 66 months was combined with fine-scale environmental data, providing a 

unique opportunity to investigate the fine-scale spatial and temporal variables that 

influence harbour porpoise detection and activity.  In addition, extensive aerial video 

surveys were performed along the east coast of Scotland which allowed investigation of 

region-wide distribution in addition to providing a dataset to use for a comparison of 

analysis methods. 

1.2 HARBOUR PORPOISE 

Harbour porpoise have a widespread distribution along the continental shelves of the 

Northern Hemisphere (Figure 1.1; Hammond et al. 2008).  Harbour porpoise are the most 

common species of cetacean in the North Sea (Hammond et al. 2002, 2013, 2017; 

Marubini et al. 2009) with an overall population size of  over 400,000 animals in the North 

East Atlantic (Hammond et al. 2013, 2017).  They are present throughout the year in UK 

waters (Reid et al. 2003), although from land and vessel-based visual surveys they are 
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thought to be most abundant during August and September (Weir et al. 2007; Marubini 

et al. 2009).  

There are estimated to be approximately 14 subpopulations of harbour porpoise in the 

North Atlantic Ocean ranging from the eastern United States to north western Africa, with 

porpoise along the east coast of Scotland falling into the North Sea population (Stenson 

2003; Andersen 2003).  There are currently no estimates of population sizes for some 

areas of harbour porpoise distribution; however other areas have been surveyed several 

times.  For example, three large-scale surveys have been conducted in the North Sea and 

surrounding waters (in 1994, 2005 and 2016) during the Small Cetacean Abundance in the 

North Sea (SCANS) surveys (Hammond et al. 2002, 2013, 2017).  The best estimate for the 

abundance of harbour porpoise for the entire North Sea from the most recent SCANS III 

survey is roughly 340,000 (Hammond et al. 2017).  This population estimate has remained 

relatively stable throughout the three SCANS surveys; however, a large shift in 

distribution was reported in 2005, which remained consistent in 2016 (see section 1.2.3). 

1.2.1 Biological Parameters 

Harbour porpoise typically live for 12-15 years but can be up to 20 years of age; the oldest 

recorded harbour porpoise from the North Sea was 24 years old (Lockyer 2003).  Survival 

rates for adults are roughly 0.8 / year (Lockyer 1995).  Females typically have a length of 

153-163 cm and weigh 55 kg and males have a length of 141-149 cm and weigh 50 kg 

(Lockyer 1995, 2003).   

Most male porpoises become sexually mature at 3 years (Lockyer 1995), and females at 

roughly 3-3.5 years of age and can become pregnant each year after this (Read 1990; 

Read & Hohn 1995; Lockyer 2003).  Births occur over a long time period but likely peak in 

June-July (Lockyer & Kinze 2003).  Pregnancy lasts for ten months and the calf remains 

with its mother for approximately 8-10 months afterward while nursing (Lockyer 2003; 

Lockyer & Kinze 2003); therefore, mature female harbour porpoise can be simultaneously 

pregnant and lactating for a large portion of their lives (McLellan et al. 2002).  During 

lactation, a female’s energy expenditure increases to 40% more than normal, and during 

the winter in cold temperatures, energy expenditure also increases up to 30% above 

normal (Lockyer & Kinze 2003; Nabe-Nielsen et al. 2014). 
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There have been few studies on the energetic requirements of harbour porpoise; 

however, Yasui and Gaskin (1986) estimated that the annual energetic requirement for 

basal and active metabolism in the harbour porpoise was 902,000 kcal and that the 

annual intake of energy from prey was roughly 982,000 kcal (Yasui & Gaskin 1986).  An 

estimated 814,000 kcal of energy is lost as heat through the skin and blubber annually 

(Yasui & Gaskin 1986).  The total energy stored in the blubber is roughly 150,000 kcal 

(Yasui & Gaskin 1986).  It is estimated that non-lactating adult harbour porpoise maintain 

a daily feeding rate of 3.5% of their total body weight (Yasui & Gaskin 1986).  Yasui & 

Gaskin (1986) predicted that the feeding rate of females during lactation will need to 

increase by up to 80% which is much higher than the increase of 40% predicted by others 

(Lockyer & Kinze 2003; Nabe-Nielsen et al. 2014).  Yasui & Gaskin (1986) predict that 

females will achieve this increased energy uptake by increasing their time spent foraging 

by up to five hours a day and by selecting larger prey. 

1.2.2 Feeding 

Harbour porpoise have a small body size, therefore they are unable to store a large 

amount of energy and consequently have a high metabolic rate and need to eat often 

(Santos et al. 2004; Lockyer 2007; Jones et al. 2014).  Porpoise forage at an “ultra-high” 

rate, potentially encountering up to 200 small prey items per hour during the day and 550 

during the night with a success rate for prey capture of 0.91-0.97 (Wisniewska et al. 2016, 

2018a; Hoekendijk et al. 2018).  Harbour porpoise may be particularly susceptible to 

potential anthropogenic disturbance because they must forage so frequently (Wisniewska 

et al. 2016, 2018a; b; Hoekendijk et al. 2018). 

Most studies of harbour porpoise diet have been based on data from stranded individuals 

which may not reflect the diet of healthy individuals or the population as a whole.  

Nevertheless, harbour porpoise appear to have a varied diet, with their most common 

prey species in the North Sea being whiting (Merlangius merlangus) and sandeel 

(Ammodytidae), with sandeel being more important during the summer (Santos & Pierce 

2003; Santos et al. 2004).  In the German Bight, harbour porpoise distribution is 

correlated with sandeel fisheries (Herr et al. 2009).  There is evidence that their diet has 

changed over the last several decades, possibly due to a reduction in some stocks due to 

overfishing (Santos & Pierce 2003; Santos et al. 2004).   
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I aim to investigate if there are particular areas that porpoise use for foraging within the 

Moray Firth.   

1.2.3 Distribution 

The population of harbour porpoise in the North Sea has been stable over the past two 

decades (Hammond et al. 2002, 2013, 2017) however there has been a distinct shift in 

distribution from a more northerly distribution observed during the SCANS I survey in 

1994 to a more southerly distribution during the SCANS II and III surveys in 2005 and 2016 

(Figure 1.2; Hammond et al. 2013, 2017).  The reason for this large-scale shift is unknown 

however it is postulated to be driven by the availability of prey (Hammond et al. 2013).  

 

Figure 1.2 - Harbour porpoise distribution shift in the North Sea between the SCANS surveys in 1994 and 2005.  Figure 
modified from Hammond et al. 2013. 

Harbour porpoise are the most abundant cetacean in European shelf waters (Hammond 

et al. 2013, 2017); therefore, they are also one of the most heavily studied.  Habitat 

models to assess harbour porpoise distributions have been created for areas off the coast 

of Denmark (Skov & Thomsen 2008), the German Bight (Gilles et al. 2011), northwest 

Scotland (Marubini et al. 2009; Embling et al. 2010; Booth et al. 2013) and the Moray 

Firth, Scotland (Bailey & Thompson 2009; Brookes et al. 2013; Williamson et al. 2016).  

The Moray Firth (MF) is the study area of this thesis.  The MF is a triangular sea area of 

roughly 6,000 km2 in north east Scotland which supports a variety of industries and is 
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highlighted as an area of very high cumulative human impact (Halpern et al. 2008).  

Further details of this area are described in section 1.5. 

Bailey and Thompson (2009) created a model which predicted the relative density of 

harbour porpoise within the Special Area of Conservation in the Inner Moray Firth and 

Brookes et al. (2013) used habitat association modelling to predict the relative abundance 

of harbour porpoise throughout the entire Moray Firth in relation to seabed depth, slope 

and sediment type.  Williamson et al. (2016) used these same environmental variables 

but compared detections obtained using visual, video and acoustic surveys. 

The highest densities of harbour porpoise within the Moray Firth have been observed in 

the offshore region of the Smith Bank (Brookes et al. 2013; Williamson et al. 2016).  This 

is thought to be due to the Smith Bank providing habitat for sandeel (Hopkins 1986), 

which are a primary prey species for harbour porpoise (Santos & Pierce 2003; Santos et 

al. 2004).  Harbour porpoise are observed less frequently in the inshore waters of the 

Moray Firth, potentially due to aggressive interactions with the resident population of 

bottlenose dolphins (Tursiops truncatus) that are often found there (Ross & Wilson 1996; 

Patterson et al. 1998; Thompson et al. 2014).   

Harbour porpoise distribution has previously been assessed in relation to static habitat 

variables such as depth, seabed slope, sediment, distance to coast, etc. (e.g., Bailey & 

Thompson 2009; Embling et al. 2010; Booth et al. 2013; Brookes et al. 2013).  The 

influence of several dynamic habitat variables has also been investigated (e.g., Skov & 

Thomsen 2008; Marubini et al. 2009; Embling et al. 2010; Philpott 2013; Jones et al. 

2014); however, the relationships between porpoise distribution and these variables 

often conflict in different studies.  Some variables that have been found to influence 

porpoise distribution include sea surface temperature (MacLeod et al. 2007), time of day 

(Brandt et al. 2014), chlorphyll (Philpott 2013), high tidal flow (Marubini et al. 2009), low 

tidal flow (Embling et al. 2010; De Boer et al. 2014), flood tide (Johnston et al. 2005), 

upwelling (Skov & Thomsen 2008; Jones et al. 2014), season (Panigada et al. 2011), tidal 

stratificaton (Philpott 2013; De Boer et al. 2014; Heinänen & Skov 2015), tidal mixing (Hall 

2011) and distance to tidal front (Skov et al. 2003).   

There is a great deal of inconsistency and variation in the variables that are determined to 

be important for harbour porpoise distribution.  It is likely that the preferred tidal 
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characteristics and speeds for harbour porpoise vary from region to region (De Boer et al. 

2014) and porpoise to porpoise (Johnston et al. 2005).  Some of the studies highlight 

contradictory habitat variables e.g., de Boer et al. (2014) found that harbour porpoises 

occurred in areas with high tidal stratification whereas Hall (2011) found the porpoise 

occurred in areas with high levels of mixing.  There is likely fine-scale variation in 

detection as well.  Within nearby areas, harbour porpoise activity has been recorded to 

increase during the night at deep water locations, but shows little diel pattern in shallow 

areas (Brandt et al. 2014). 

In addition, Johnston et al. (2005) found that the core regions used by 6 satellite tagged 

harbour porpoise in the Bay of Fundy represented different combinations of depth, slope 

and distance from coast.  They suggest that this inter-porpoise variation could be why 

previous habitat models based solely on static habitat variables are poor predictors of 

porpoise distribution.  Johnston et al. (2005) and Heinänen and Skov (2015) conclude that 

fine-scale hydrodynamic modelling of harbour porpoise distribution is required to identify 

correlations with hydrodynamic features.  It is important to include static and dynamic 

variables in habitat models so that the importance of the resulting prey-aggregating 

phenomena, such as strong currents, fronts and eddies, can be assessed (Johnston et al. 

2005).   

Factors which influence prey distribution, such as chlorophyll-a and fronts, have 

previously been correlated with the distribution of other top predators (Grémillet et al. 

2008; Scott et al. 2010; Embling et al. 2012).  Such environmental variables are likely to 

influence porpoise distribution as well.  For example, fish have been found to aggregate in 

thermal fronts (Olson & Backus 1985; Hofmann & Powell 1998) which were then found to 

be locations of high cetacean density (Doniol-Valcroze et al. 2007).  Understanding how 

oceanographic parameters such as tide speed and direction as well as the locations and 

magnitude of fronts and areas of convergence influence top predator distribution is vital 

to understand how that predator uses its environment.  This information is important 

when developing management and mitigation strategies for the marine environment, as 

it allows informed decision-making to reduce impacts on cetaceans.    

In this project, fine-scale oceanographic data will be used in conjunction with acoustic 

detection and activity data from a large array of C-PODs to assess the influence of 
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environmental variables on harbour porpoise distribution and activity.  I assess whether 

porpoise detection exhibits diurnal or tidal trends, investigate where foraging is detected 

and explore how habitat use varies through the summer and autumn. 

1.3 PRESSURES ON HARBOUR PORPOISE 

Marine mammals face a variety of risks from anthropogenic sources; high risk areas have 

been identified in over half of marine mammal core habitat on a global scale (Avila et al. 

2018).  Harbour porpoise have a primarily shelf-sea distribution (Figure 1.1) therefore 

they face potential disturbance from a multitude of anthropogenic sources.  The effects 

of bycatch and noise as well as interactions with predators / competitors will be discussed 

further below.  Additional threats faced by porpoise and other marine mammals include 

climate change (Simmonds & Eliott 2009; Alter et al. 2010; Silber et al. 2017), pollution 

(Morris et al. 1989; Derraik 2002; Poeta et al. 2017; Nelms et al. 2018), disease (van 

Bressem et al. 2009), disturbance from vessel traffic (Culloch et al. 2016; Wisniewska et 

al. 2016, 2018a; Marley et al. 2017; Hoekendijk et al. 2018) and dredging (Pirotta et al. 

2013; Todd et al. 2015) among others.  

1.3.1 Bycatch 

For harbour porpoise, entanglement in fishing nets is the single greatest anthropogenic 

source of mortality (Hammond et al. 2002; Bjørge et al. 2013; ASCOBANS 2014a).  In the 

Celtic sea, the estimated annual bycatch of harbour porpoise in fishing nets is over 6% of 

the total population size in the area.  The Dutch fleet alone by-caught an estimated 5,900 

porpoises annually between 1987-2001 (Nabe-Nielsen et al. 2014), and an estimated 

6,785 harbour porpoise were caught annually in set-net, plaice, sole and turbot fisheries 

between 1994-98 in the North Sea (Stenson 2003; Vinther & Larsen 2004).  In Norway, 

there is an estimated population of 30,000 porpoise (Hammond et al. 2017), yet there is 

an annual bycatch of 6,900 porpoise in their coastal cod and monkfish fisheries (Bjørge et 

al. 2013).   

Reducing bycatch through the use of acoustic deterrent devices (ADDs) and an 

independent surveillance program are the primary methods of mitigation.  Observers are 

placed on vessels to assess the degree to which bycatch occurs; however, there is still an 

estimated bycatch of 1,250 porpoise per year (min=606, max=3,114) if ADDs are used in 



L. D. Williamson 

11 

relevant areas and 1,482 porpoise per year (min=771, max=2,994) if ADDs are not used by 

the UK gillnet fleet alone (Northridge et al. 2017).  There are various reference levels 

which are used to calculate the level of allowable bycatch.  The most widely cited of these 

is from ASCOBANS which uses 1.7% of the population (IWC 2000).  Assuming a population 

of approximately 340,000 porpoise in the North Sea (Hammond et al. 2017), this would 

result in an annual bycatch limit of 5,780 individuals for the whole North Sea.  The actual 

bycatch is unknown because of a lack of data – several countries have not submitted 

reports of their bycatch (ICES 2017).  Some reports suggest that bycatch in specific 

fisheries exceeds the allowable level, but again there is much uncertainty around this 

(ASCOBANS 2014a).   

There is strong concern that this rate of bycatch is too high for the population to sustain 

though the population appears to have remained stable over the last two decades from 

the SCANS surveys (Hammond et al. 2002, 2013, 2017).  Monitoring programs are in place 

throughout the North Sea and Baltic (e.g., ASCOBANS) with the aim of identifying and 

reducing rates of bycatch.  In UK waters, the area of most concern for harbour porpoise 

bycatch is the Western Channel and Celtic Sea, however there have been limited 

monitoring efforts in the North Sea (ASCOBANS 2013).   

By identifying the seasons or times of day and/or tide that harbour porpoise use in 

specific habitats, it may be possible to inform marine spatial management to aid in the 

development of mitigation measures such as seasonal or real-time closures for fishing.  

This could lead to reduced contact between harbour porpoise and fishing nets and 

thereby reduce the incidence of entanglement.  This is discussed further in Chapter 6. 

1.3.2 Noise 

Mammals are one of the most sensitive creatures to acoustic disturbance in the marine 

environment (NRC 2005; Southall et al. 2007; DECC 2009) and harbour porpoise are 

predicted to be more sensitive than species with similar high-frequency echolocation 

patterns (SMRU Ltd 2007; Southall et al. 2007), however more research is required to 

determine the reason for this increased sensitivity (SMRU Ltd 2007; Southall et al. 2007).   

Marine mammals use sound for communication, navigation, prey detection and predator 

avoidance (Southall et al. 2007; DECC 2009).  There are many sources of anthropogenic 
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noise which can affect marine mammals (Hildebrand 2004).  Noise from the construction 

of marine renewable energy devices (Tougaard et al. 2009; Bailey et al. 2010b; Thompson 

et al. 2010; Scheidat et al. 2011) and seismic surveys (Gordon et al. 2003; Stone & Tasker 

2006; Thompson et al. 2013; Pirotta et al. 2014a) are currently of interest due to the 

increasing frequency of occurrence and magnitude of these activities.  However, porpoise 

may also be disturbed by boats, with the strongest reaction observed in the presence of 

high-speed vessels (Oakley et al. 2017; Wisniewska et al. 2018b).  Four zones of noise 

influence have been defined for marine mammals with increasing severity: 1) audibility, 

2) responsiveness, 3) masking and 4) hearing loss, discomfort or injury (Richardson et al. 

1995).    

Even though most of the research to date on the impacts of windfarms on cetaceans has 

been performed on harbour porpoise, there are still large knowledge gaps.  The response 

of harbour porpoise to acoustic disturbance is thought to be representative (even 

conservative) of other marine mammal species; therefore understanding impacts on 

porpoise can provide precautionary baselines for other species of cetacean (Southall et al. 

2007).  Harbour porpoise can potentially suffer increased exposure to sound than other 

species because porpoise are small with a high metabolic rate and need to forage almost 

continuously (Santos et al. 2004; Lockyer 2007; Jones et al. 2014).  Therefore, they will 

likely either remain in areas of disturbance for longer or return sooner to disturbed areas 

if those areas provide good foraging opportunities.  This can increase the noise that a 

porpoise is exposed to and potentially affect their hearing. 

The greatest threat to marine mammals from offshore windfarms is generally considered 

to be noise created while pile-driving during construction (Diederichs et al. 2008; DECC 

2009).  Pile driving and other impulsive noises such as seismic surveys and explosions can 

disrupt cetacean behaviour at distances of around 20 km with the maximum theoretical 

distance of disturbance predicted to be 70 km (Madsen et al. 2006; Tougaard et al. 2009; 

Bailey et al. 2010b; Brandt et al. 2011; Tougaard et al. 2015).  The combination of acoustic 

deterrent devices and a soft start can be used to deter cetaceans from being within 2-3 

km of piling, thereby clearing the ‘injury zone’ of 60 m around piling (BOWL 2015).  

Porpoise show behavioural responses to loud noises such as from pile driving or seismic 

surveys (Bailey et al. 2010b; Brandt et al. 2011; Pirotta et al. 2014a); however, the effects 
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of short-term disturbance are generally short-lived (Thompson et al. 2010; Pirotta et al. 

2014a).  Porpoise detections decreased significantly at locations in the Moray Firth 

affected by seismic surveys, however the porpoise returned to these sites with a few 

hours of the survey finishing (Thompson et al. 2013).  The effects of longer-term 

disturbance (e.g., the construction of a windfarm) can last for years.  The density of 

harbour porpoise in the Nysted Windfarm in the Danish western Baltic Sea was still 

reduced from baseline levels after nearly a decade of operation (Teilmann & Carstensen 

2012), although this development used gravity bases instead of piling which is usually 

considered to reduce disturbance.  This reduction could be due to disturbance from 

vessel traffic or operation; however, in this windfarm, the density of porpoise was roughly 

8-10 times lower than in surrounding areas even in the baseline period (Teilmann & 

Carstensen 2012), possibly suggesting that this was a less suitable habitat to start with. 

An operational windfarm also produces noise, caused by vibrations in the nacelle of the 

turbine (Madsen et al. 2006) being transmitted into the water.  However, this noise is of 

such low frequency and intensity that it likely only causes behavioural disturbance at a 

maximum range of 60-200 m (Koschinski et al. 2003; Diederichs et al. 2008).   

Noise is not the only potential effect of marine renewable energy installations.  Offshore 

windfarms, like other offshore structures, have the potential to create artificial reefs 

where dense aggregations of invertebrates and fish can form.  Windfarms may also act as 

de-facto protected areas because there will likely be no fishing, or at least limited fishing, 

within the windfarm and a buffer zone around the windfarm.  This could cause harbour 

porpoise density to increase within the windfarm boundaries as they take advantage of 

prey aggregations.  This has been observed previously in satellite tagged seals.  Some of 

the seals would systematically visit each piling in a windfarm and forage around them 

(Russell et al. 2014).  There is also the possibility that increased vessel traffic for 

construction or maintenance of the renewable energy development could disturb 

cetaceans; this has been shown for some seabirds (Schwemmer et al. 2011; Dierschke et 

al. 2016).  Harbour porpoise have been found to be disturbed by vessel presence, which 

reduces their foraging rate (Wisniewska et al. 2016, 2018a; b; Hoekendijk et al. 2018) 

The effects that energy extraction from wind, wave and tidal renewable devices may have 

on oceanographic processes are under investigation, but could have large-scale 
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consequences, for example, tidal current speed could be influenced at a range of 10s of 

km from tidal energy devices (Burrows et al. 2009; Shields et al. 2011; De Dominicis et al. 

2017).  Arrays of tidal and wave energy extraction devices could also influence the 

location of tidal fronts and levels of thermal stratification, which could have indirect 

effects on harbour porpoise by changing the distribution of their prey species (Philpott 

2013; Sadykova et al. 2017).  Sediment transport, mixing, and plankton development 

could also be influenced (Clark et al. 2014), which could have an effect on the distribution 

of fish and their predators. 

A thorough understanding of the fine-scale tidal characteristics that harbour porpoise 

take advantage of for foraging will allow more effective development of management 

strategies to minimise impact.  For example, if porpoise are most abundant in an area 

during a particular season, time of day or tidal phase, it may be possible to use temporal 

management measures for fisheries or industrial activities to minimise disturbance at this 

time.   

 

Figure 1.3 – Locations of MORL and BOWL windfarm lease areas, hydrocarbon fields, wells and structures within the 
Moray Firth.  The SAC for bottlenose dolphins is also shown. 

1.3.2.1 Current Marine Renewable Energy Developments 

There are currently two offshore windfarms that have been granted consent by The 

Scottish Government in the Moray Firth, (Figure 1.3).  Moray Offshore Renewables Ltd 

(MORL) was granted consent for a 1,116 MW windfarm, and Beatrice Offshore Wind Ltd 

(BOWL) for 664 MW.  Developers of the MORL windfarm (now re-named Moray East) are 
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expected to meet financial close in September 2018 prior to construction in 2019-20. 

Construction of the BOWL array began in 2017.  Foundations for the wind turbines were 

installed in 2017 and the turbines are scheduled to be installed in 2018.   

1.3.3 Predation/Competition 

Orcas (Orcinus orca) and white sharks (Carcharodon carcharias) are the two main 

predators of porpoise (Read 1999); and recently it has been reported that grey seals 

(Halichoerus grypus) also kill porpoise (Jauniaux et al. 2014; Leopold et al. 2015).  

Predation by grey seals is suspected to be one of the main causes of mortality in harbour 

porpoise in the Netherlands (Leopold et al. 2015). 

Porpoise are also killed by bottlenose dolphins (Ross & Wilson 1996; Patterson et al. 

1998).  Porpoise are not targeted as prey by bottlenose dolphins (hereafter just called 

dolphins), instead they are simply killed and not consumed.  This likely influences the 

relationship between porpoise and dolphins because attacks are not related to hunger 

therefore porpoise are not able to develop mechanisms to determine when it is safe to be 

near a dolphin as an attack may occur at any time.  A suggested reason of why bottlenose 

dolphins attack harbour porpoise is that adult male bottlenose show evidence of 

infanticide and may attack porpoise because they mistake them for bottlenose calves 

(Patterson et al. 1998).  Another potential explanation is that it is a violent form of 

interference competition in which top predators kill mesopredators to reduce 

competition for prey (Ritchie & Johnson 2009).  Whether or not these are the 

motivations, harbour porpoise are rarely observed at the same time as bottlenose 

dolphins in this area (Thompson et al. 2004; Bailey et al. 2010a) and it is likely that the 

presence of bottlenose dolphins influences the distribution of harbour porpoise.   

While other species of dolphin have not been reported to kill harbour porpoise, this may 

still occur.  In the Moray Firth, bottlenose dolphin are primarily found in coastal areas 

with other dolphin species detected most often offshore (Thompson et al. 2014; Palmer 

et al. 2017).  This will be investigated further in this thesis to see if there are differences in 

the times that porpoise and dolphin are using the same sites (Chapter 5). 
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1.4 MANAGEMENT & CONSERVATION 

There are currently over 200 pieces of legislation in the EU regarding marine 

environmental policy and management (Boyes & Elliott 2014).  Harbour porpoise are 

protected by a variety of national and international legal frameworks because of their 

coastal distribution and the variety of threats that they face.  In this section, a few of 

these policies are introduced. 

The UN Convention on the Law of the Sea (UNCLOS) was introduced in 1956 and broadly 

addressed many aspects of use of the seas, including provisions for the conservation, 

management and study of cetaceans.  The Bern Convention (adopted in 1979 and 

enforced in 1982) prohibited the intentional killing, taking, injuring or sale of listed 

species, of which harbour porpoise is one.  However, the commercial sale of porpoise was 

already prohibited by the Convention on International Trade in Endangered Species of 

Wild Fauna and Flora (CITES) which came into force in 1975.  Intentionally killing, injuring, 

taking, possessing or trading of harbour porpoise was also prohibited in the UK by the 

Wildlife and Countryside Act in 1981.  This was then made stricter in the EU by the EU 

Wildlife Trade Regulations, which treats porpoise as an endangered species.  This was 

translated into UK law by The Control of Trade in Endangered Species (Enforcement) 

Regulations 1997. 

The Habitats Directive (92/43/EEC) requires EU member states to maintain species listed 

on Annex 2 and 4 in favourable conservation status (FCS) and to develop a network of 

special areas of conservation (SACs – see section 1.4.1) that together comprise the Natura 

2000 network (EU-COM 1992).  For species listed on Annex 2, core areas of their habitats 

should be designated as Sites of Community importance (SCIs) and incorporated into the 

Natura 2000 network.  However, protection is stricter for species listed on Annex 4 which 

must be protected across their entire range even if this is outside of Natura 2000 sites.  

Harbour porpoise are listed on both Annexes.   

While the EU legislation applies to all European countries, it has been translated slightly 

differently into national policies.  For example, the Habitats Directive was transposed into 

UK law in the Conservation (Natural Habitats, &c) Regulations 1994 which applies to land 

and seas out to 12 nautical miles, and the Offshore Marine Conservation (Natural 

Habitats, &c.) Regulations 2007 (as amended) for waters between 12 and 200 nautical 
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miles from the coastline.  In the UK it is illegal to kill or disturb a protected species only 

when it would affect the FCS of the species.  However, this has been written slightly 

differently into Scottish law.  The most recent version of the law for Scotland is The 

Conservation of Habitats and Species Regulations 2010 (as amended in 2012) which 

applies to inshore waters, where it is always illegal to kill or disturb individuals of a 

protected species; however, a licence may be granted if several criteria are met, one of 

which is that FCS will be maintained. 

In addition, the Habitats Directive required the development of a system to monitor the 

incidental capture and killing of porpoise as well as to perform research required to 

demonstrate the achievement of FCS for the species (IAMMWG 2015).   

The Marine Strategy Framework Directive (MSFD), adopted in 2008 requires EU member 

states to develop an ecosystem-based approach to management, sets out additional 

requirements for monitoring and 11 descriptors that can be used to assist in determining 

good environmental status.  Of these, three are relevant to harbour porpoise: 1) 

biological diversity, 8) contamination and 11) introduction of energy including underwater 

noise.  Coordination of the MSFD between countries in the same area is achieved through 

Regional Seas Conventions of which the OSPAR Convention is applicable to the UK, 

applying to the North-East Atlantic.  Harbour porpoise are included on the OSPAR List of 

Threatened and/or Declining Species due to their sensitivity to threat, susceptibility to 

incidental capture in fisheries and evidence of population declines (OSPAR 2008, 2017).  

The OSPAR Convention recommends a monitoring strategy for harbour porpoise which 

consists of “visual surveys of abundance and distribution, and reporting strandings and 

bycatch.  Additionally, acoustic surveys are required for areas known or suspected to host 

high densities of harbour porpoise or to be breeding, birthing or rearing grounds” 

(IAMMWG 2015).  The OSPAR convention also provides the objective that bycatch should 

not exceed 1.7% of the best population estimate, which it is hoped will allow the 

population to recover to 80% of the ecosystem’s long-term carrying capacity.   

For species that migrate, the Convention on the Conservation of Migratory Species of 

Wild Animals (CMS) was developed to facilitate international cooperation for 

conservation.  Of particular relevance for harbour porpoise is the Agreement on the 

Conservation of Small Cetaceans of the Baltic, North East Atlantic, Irish and North Seas 
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(ASCOBANS) which promotes cooperation among states and aims to achieve and 

maintain FCS.  ASCOBANS also states that research should assess the status and seasonal 

movements of populations, identify important areas, and identify threats.  ASCOBANS 

goes further than the OSPAR convention, and sets a target of bycatch to be no more than 

1.7% of the total population estimate but ideally less than 1% bycatch. 

The Convention on Biological Diversity (CBD) required the creation of Biodiversity Action 

Plans, including a species action plan for harbour porpoise.  This action plan set out four 

actions for cetaceans “1) Undertake research on cetaceans using UK waters to identify 

areas of particular importance for breeding, feeding or migration, 2) Undertake any 

necessary research and fully implement mitigation measures to reduce bycatch as far as 

possible, 3) Develop and implement a UK Cetacean Surveillance Strategy and 4) Maintain 

the UK strandings scheme, which provides an indication of the extent of anthropogenic 

mortality, and implement appropriate remedial action when necessary” (JNCC 2010a).  A 

new UK conservation strategy for porpoise and dolphins is being developed by Marine 

Scotland, the Department for Environment, Food and Rural Affairs, the Welsh 

Government and several Nature Conservation Bodies (Joint Nature Conservation 

Commission, Natural England, Natural Resources Wales and Scottish Natural Heritage).  

This plan will go out to public consultation later this year (2018). 

1.4.1 Special Areas of Conservation 

Area-based conservation is an aspect of terrestrial conservation that has been applied to 

marine conservation often with little thought about its applicability to the marine 

environment (Allison et al. 1998; Wilson 2016).  This method is often required by 

legislative frameworks, and “whether or not protected areas intended for animals and 

plants actually work, for the people involved the act of designation itself is often seen as a 

positive move and can be hugely newsworthy.  MPAs are therefore quick wins with a 

positive sense of achievement for politicians, NGOs, the general public and socio- or 

ecological-scientists alike” (Wilson 2016).   

There is currently one Special Area of Conservation (SAC) within the UK that was 

designated specifically for harbour porpoise, and six candidate SACs (cSACs) have been 

proposed for harbour porpoise and submitted to the European Commission for review.  

The selection of these cSACs was based on analysis of 18 years of visual ship-based survey 
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data (Heinänen & Skov 2015) and the cSAC in Scotland was also based on 5 years of 

acoustic data (Booth 2010; Booth et al. 2013).  These sites were selected based on 

containing at least the highest 10% of density in at least 3 years (Heinänen & Skov 2015).   

Assuming the cSACs are approved, these seven sites aim to contribute to the FCS of the 

species.   

In addition to these SACs that have been designated specifically for porpoise, there are a 

further 34 SACs for other species/habitats in which porpoise are listed as present.  

Though fixed location protection offers a useful starting point for conservation, it is 

recognised that because of the mobile nature of the species, and potential future shifts 

due to climate change or other causes, SACs will not maintain harbour porpoise at FCS 

without the use of other management tools as well (IAMMWG 2015; Wilson 2016).  

Instead, a method that addresses the threats to porpoise directly including bycatch, 

noise, etc. will be better than area-based conservation alone.  The applicability of fixed 

protected areas like SACs for the conservation of highly mobile species such as harbour 

porpoise is discussed further in Chapter 6. 

1.4.2 Bycatch 

There are some regulations for the fisheries industry that apply to porpoise because 

porpoise are bycaught in fisheries.  Marine mammals are not mentioned directly in the 

Common Fisheries Policy, which was first agreed in 1982 and updated most recently in 

2013 (EC 1380/2013); however, this policy aims to achieve sustainable fisheries.  EC 

Council Regulation No. 812/2004 directly addresses bycatch with the aim of reducing 

bycatch through the use of acoustic deterrent devices (ADDs) and an independent 

surveillance program for fisheries.   

Entanglement in fishing nets is the greatest single threat to harbour porpoise (Hammond 

et al. 2002; Bjørge et al. 2013; ASCOBANS 2014a), yet the use of ADDs is the only 

mitigation measure applied to the industry.  The use of acoustic deterrent devices is 

required “in areas or fisheries with known or foreseeable high levels of bycatch of small 

cetaceans” (EC 812/2004).  In practice this has generally been implemented on vessels 

greater than 12 m length in certain fisheries (e.g., bottom-set gillnet or tangle nets).  

Vessels less than 12 m in length are not required to use ADDs on their nets, or have 
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observers, yet this segment of the fleet may comprise a great deal of the threat to 

porpoise (IAMMWG 2015). 

There has been investigation into the use of ADDs to deter porpoise from approaching 

fishing nets (Cox et al. 2001; Carlström et al. 2009), as well as using nets that have been 

treated with BaSO4 to increase their acoustic reflectivity in an attempt to make the 

porpoise more aware of the nets (Cox & Read 2004).  Although the harbour porpoise did 

not show any avoidance of the chemically enhanced gill nets (Cox & Read 2004), they do 

avoid an area of 100-200 m around nets with ADDs, however they may habituate to the 

noise after an extended period of exposure (Cox et al. 2001).  ADDs are currently the only 

form of mitigation used in the UK and are still under development and testing (ASCOBANS 

2013). 

A new method of acoustic deterrent is being trialled which uses an alerting device (called 

a Porpoise ALarm; PAL) that emits synthetic porpoise-like aggressive clicks (Culik et al. 

2015).  Porpoise have responded to the PAL by increasing their distance from the device 

(and therefore the net) as well as increasing their echolocation rate, which is expected to 

result in their enhanced ability to detect the net.  This has resulted in a significant 

reduction in bycatch in trials (Culik et al. 2015). 

In the aquaculture industry, several types of acoustic deterrent devices are used (e.g., 

Airmar, Terecos, Ace Aquatec) to prevent seals from approaching the pens and predating 

on the fish.  These ADDs have disturbance ranges from <100m (Terecos) to 2.5 km 

(Airmar) based on a literature review (Coram et al. 2014).  These ADDs are intended to 

keep seals away from aquaculture, and not intended to deter porpoise from the area 

(though this may be an effect; Olesiuk et al. 2002; Johnston 2002).  There are attempts to 

make such ADDs more seal-specific so they do not disturb other species (Götz & Janik 

2010, 2011).  However, the use of ADDs has been shown to reduce detection of harbour 

porpoise, and potentially disturb porpoise and reduce density at a range of up to several 

km (Olesiuk et al. 2002; Johnston 2002; Brandt et al. 2013). 

1.4.3 Noise 

There are several techniques used to mitigate the effects of acoustic disturbance on 

cetaceans.  One is the use of marine mammal operators (MMOs) who observe the area 
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around the vessel for the presence of marine mammals.  Current guidelines suggest that 

pile driving should not begin if an MMO detects harbour porpoise within an agreed 

impact zone (usually 500 m) around the vessel (JNCC 2010b) for a certain amount of time 

before starting piling or surveying (usually 30 minutes in waters less than 200 m deep; 

JNCC 2017).  It is only possible for MMOs to observe for marine mammals in good 

weather conditions and during daylight.  This has necessitated the implementation of 

other monitoring techniques such as passive acoustic monitoring (PAM).  PAM can be 

performed at night and in poorer weather conditions, which allows vessels to begin 

seismic surveys or piling (provided no marine mammals are detected) during conditions 

that they would be prevented from when using MMOs alone. 

When starting a seismic survey or piling, the current guidelines recommend using a ‘soft 

start’ (JNCC 2010b) which means that the emitted sound level from the air gun or 

hammer is gradually increased over a period of approximately 20 minutes to give mobile 

animals in the vicinity a chance to escape to avoid exposure (ASCOBANS 2014b; JNCC 

2017).  An alternative method is to use acoustic deterrent devices (like those on fishing 

nets however much louder; Coram et al. 2014) to encourage cetaceans to leave the area 

before piling or a seismic survey begins. 

The Piling Strategy for the Beatrice Offshore Windfarm Ltd. site (currently under 

construction in the Moray Firth) sets out four steps to minimise disturbance to marine 

mammals: 1) optimise hammer energies, 2) identify injury zone, 3) develop a site specific 

protocol for piling mitigation and 4) develop a protocol for planned or unplanned breaks 

(BOWL 2015).  These steps aim to reduce the piling energy and duration to minimise 

environmental risk and deter marine mammals from the expected injury zone (60 m 

around piling) and beyond to a distance of 2-3 km by using ADDs and a soft start (BOWL 

2015).  The Lofitech ADD often used during the construction of windfarms has a predicted 

disturbance range of 7.5 km (Coram et al. 2014).   

Bubble curtains are a method that can be used to reduce noise in shallow water 

conditions, where a curtain of bubbles is generated around the noise-producing activity 

(e.g., piling) which attenuates the sound (Lucke et al. 2011).  This has been shown to 

reduce the sound by approximately 10 dB (Dähne et al. 2017).  Captive porpoise showed 

avoidance reactions to piling in a harbour before the use of a bubble curtain, and no 
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reaction after the bubble curtain was used (Lucke et al. 2011).  The combination of ADDs 

and bubble curtains during windfarm construction has been shown to reduce the impact 

radius from 18-25 km to 12 km (Dähne et al. 2017).  Although, bubble curtains require the 

use of additional ships, which may cause disturbance (Wisniewska et al. 2018b), and the 

piling still causes disturbance over a wide area.   

The Wildlife Trusts, World Wildlife Fund and Whale and Dolphin Conservation propose 

that management of noise should use a system based on noise limits (ASCOBANS 2014b) 

which they argue uses robust scientific data, is a tried-and-tested method and encourages 

developers to reduce sound emissions (The Wildlife Trusts 2017).  The characteristics of 

underwater noise propagation depend on many variables such as sediment type, water 

depth and temperature, as well as the type of pile being installed and the force used.  

Noise modelling is required in the baseline impact assessment of any offshore windfarm, 

therefore these calculations are available and should be used to plan the mitigation 

strategy (ASCOBANS 2014b; The Wildlife Trusts 2017).  Monitoring should also be 

performed before-, during and post-construction to assess marine mammal abundance 

and distribution as well as ambient noise levels.  The German Government has set sound 

exposure criteria to clarify what level of sound is acceptable from a policy perspective and 

options to mitigate sound if it is expected to exceed this threshold including bubble 

curtains for shallow developments.  The document also points out that disturbance to an 

individual animal is irrelevant for species protection law as it is the conservation status of 

the population as a whole that should not be worsened – this is only likely to happen if 

multiple developments are occurring simultaneously (ASCOBANS 2014b). 

Two modelling frameworks have been developed to predict the consequences of 

disturbance from offshore renewable energy developments.  These include the Interim 

Population Consequences of Disturbance (iPCOD; Donovan et al. 2016) and Disturbance 

Effects of Noise on the Harbour Porpoise Population in the North Sea (DEPONS; van Beest 

et al. 2015).  Both models simulate population dynamics, however DEPONS can give more 

realistic predictions of short-term effects of disturbance while it is easier to account for a 

wider range of management scenarios with iPCOD because it runs faster (Nabe-Nielsen & 

Harwood 2016). 
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1.5 STUDY AREA 

Data have been collected within the Moray Firth for a variety of projects by the University 

of Aberdeen between 2008 and 2014 (e.g., Brookes et al. 2013, Thompson et al. 2013, 

Pirotta et al. 2014a).  The vast majority of these data have been collected during the 

summer (Williamson et al., 2016; Pirotta et al. 2014a), however there are a few sites with 

year-round data (primarily inshore sites; Pirotta et al. 2014b).  The Moray Firth (Figure 

1.4) is a large triangular area of over 6,000 km2 in north eastern Scotland.   

 

Figure 1.4 – Identification of areas within the Moray Firth and the locations of C-PODs deployed between 2009-2011, 
existing structures including oil and gas and two demonstrator wind turbines.  The bathymetry of the area is shown.  The 
inset shows the location of the Moray Firth in relation to the UK. 

The depth varies from intertidal to 200 m in the southern trench and there is a large 

shallow sand bank in the centre of the Firth called the Smith Bank which has a depth of 
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30-50 m.  The seabed slope throughout the firth is generally quite shallow, rarely 

exceeding 1°, with the exception of the southern trench which has a slope over 8° in some 

areas.  The seabed substrate over a large portion of the firth is either sand or gravelly 

sand.   

In the Moray Firth, there is fishing, shipping, oil and gas fields, oil platforms, some of 

which are due to be decommissioned in the next few years, two windfarm lease areas 

(one of which began construction in 2017) two demonstrator wind turbines (Figure 1.4) 

and climate change.  In an analysis of the world’s oceans, this area was highlighted as an 

area of very high cumulative human impact (Halpern et al. 2008).  This makes the Moray 

Firth an interesting study location given the variety and number of anthropogenic 

stressors in a very small area.  

1.6 CHAPTER PLAN 

In Chapter 2, I investigate how porpoise acoustic detection changes with time of day in 

different types of habitats.  I explore differences in detection throughout the day in 

relation to different depth and sediment characteristics, and the implications of these 

changes for management. 

In Chapter 3, I compare the use of two statistical methods for performing species 

distribution modelling.  I use a dataset of HiDef aerial video survey data collected along 

the east coast of Scotland and analyse it using both generalized additive models (GAMs) 

and hierarchical Bayesian models using integrated nested Laplace approximation (HBM-

INLA).  I explore differences between the modelling approaches and their subsequent 

results.  The objective of this chapter is to compare and contrast the results obtained 

using a traditional and commonly-implemented technique for species distribution 

modelling (GAM), and a spatially-explicit method for modelling survey data (HBM-INLA) 

and explore the potential implications for management. 

In Chapter 4, I use the HBM-INLA approach described in Chapter 3 to explore the spatial 

pattern in harbour porpoise detections.  Instead of using video data, I use acoustic 

detections recorded using an array of fixed passive acoustic monitoring devices (C-PODs).  

I create maps of harbour porpoise distribution throughout the Moray Firth for each 

month in July-October 2009-2011.  I compare similarities and differences between these 
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maps between years and seasons (summer and autumn).  I also create maps showing the 

foraging buzz detection in the same months and explore the differences between the 

detection of foraging buzzes and the overall distribution of harbour porpoise.  I suggest 

potential drivers for these observed trends. 

In Chapter 5, I explore the influence of the detection of a potential predator / competitor 

(bottlenose dolphins) on harbour porpoise detection in relation to several dynamic 

variables to investigate the temporal trends in how porpoise use specific sites and 

minimise their interactions with dolphins.   

In Chapter 6, I draw the preceding chapters together and discuss the main findings of this 

thesis.  I discuss how this relates to management and the requirements for further 

research. 

1.7 STRUCTURAL NOTES 

This thesis is comprised of several manuscripts; one has been published and the others 

are being prepared for submission.  The chapters are arranged to first explore the 

influence of a single dynamic variable on porpoise detection (Chapter 2), then compare 

two modelling strategies (Chapter 3).  One of these methods is then used in Chapter 4 to 

investigate trends in distribution but raises questions about what is causing some of the 

observed results, which are explored further in Chapter 5.  These chapters are intended 

to be published as standalone works, therefore there is some repetition between the 

chapters, particularly on data collection and analysis methods. 

 

Chapter 1 – Introduction 

Contribution – I wrote this chapter.  Supervisors provided comments. 

 

Chapter 2 – Laura D. Williamson, Kate L. Brookes, Beth E. Scott, Isla M. Graham, Paul M. 

Thompson.  (2017)  Diurnal variation in harbour porpoise detection – potential 

implications for management.  Marine Ecology Progress Series.  570:223-232 
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Contribution – Paul Thompson and Kate Brookes designed the survey and collected the 

data.  Isla Graham prepared the data for analysis.  I designed this specific study, analysed 

the data, performed the statistical modelling, prepared all figures and tables and wrote 

the manuscript.  All authors provided advice on study design, contributed critically to 

drafts of the manuscript and gave final approval. 

 

Chapter 3 – Laura D. Williamson, Beth E. Scott, Fabian E. Bachl, Janine B. Illian, Dinara 

Sadykova, Peter I. Miller, Kate L. Brookes.  (in prep.)  Comparing the distribution of 

harbour porpoise using generalized additive models and hierarchical Bayesian models 

with INLA. 

Contribution – Kate Brookes designed the survey and organised data collection.  I 

designed this specific study, analysed the data, performed the statistical modelling, 

prepared all figures and tables and wrote the manuscript.  Fabian Bachl and Janine Illian 

assisted with statistical modelling.  Janine Illian and Dinara Sadykova assisted with writing 

the statistical sections of the manuscript.  Beth Scott and Kate Brookes provided advice 

on study design.  Peter Miller provided satellite front data.  All authors contributed 

critically to drafts of the manuscript and gave final approval. 

 

Chapter 4 – Laura D. Williamson, Beth E. Scott, Fabian E. Bachl, Janine Illian, Kate L. 

Brookes, Paul M. Thompson.  (in prep.)  Variations in the distribution and foraging buzz 

probability of harbour porpoise. 

Contribution – Paul Thompson and Kate Brookes designed the survey and collected the 

data.  I designed this specific study, analysed the data, performed the statistical 

modelling, prepared all figures and tables and wrote the manuscript.  Fabian Bachl and 

Janine Illian assisted with statistical modelling.  Beth Scott, Paul Thompson and Kate 

Brookes provided advice on study design.  All authors contributed critically to drafts of 

the manuscript and gave final approval. 
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Chapter 5 – Laura D. Williamson, Kate L. Brookes, Paul M. Thompson, Beth E. Scott.  (in 

prep.)  Influence of bottlenose dolphin detection (a potential predator) on harbour 

porpoise presence. 

Contribution – Paul Thompson and Kate Brookes designed the survey and collected the 

data.  I designed this specific study, analysed the data, performed the statistical 

modelling, prepared all figures and tables and wrote the manuscript.  All authors provided 

advice on study design, contributed critically to drafts of the manuscript and gave final 

approval. 

 

Chapter 6 – Discussion 

Contribution – I wrote this chapter.  Supervisors provided comments. 
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2 DIURNAL VARIATION IN HARBOUR PORPOISE DETECTION – 

POTENTIAL IMPLICATIONS FOR MANAGEMENT 
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2.1 ABSTRACT 

Robust information on animal distributions and foraging behaviour is required to target 

management and conservation measures for protected species and populations.  Visual 

survey data are commonly used to model these distributions.  However, because visual 

data can only be collected in daylight, modelled distributions and consequent 

management actions may fail to identify or protect important nocturnal habitats.  We 

explore this issue using data from the Moray Firth, Scotland, where visual survey data 

have previously been used to characterise habitat use and distribution patterns of 

harbour porpoise.  Marine predators such as harbour porpoise have a widespread 

distribution, are highly mobile, and are known to exhibit behavioural variation in relation 

to diel cycles.  Here, we use long-term passive acoustic data which revealed habitat-

specific differences in diel patterns of detection.  Harbour porpoise were detected 

consistently during night and day in sandy areas with peaks in detection around sunrise 

and sunset, and at night in muddy areas.  Detections also varied with depth, with the 

greatest proportion of detections during day recorded in shallower sandy areas, and the 

most at night recorded in deeper muddy areas.  The proportion of detections with 

foraging buzzes detected increased slightly during the night and in muddy habitats.  These 

findings suggest that the importance of muddy habitats could be underestimated when 

using visual survey data alone.  This highlights the value of using a combination of visual 

and acoustic methods both to characterise species distribution and to support efforts to 

develop appropriate spatio-temporal management of key habitats.   
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2.2 INTRODUCTION 

Information on animal distributions is critical to support spatio-temporal management of 

species and populations (Schipper et al. 2008, Jewell et al. 2012).  A thorough 

understanding of species distributions is important for strategic environmental 

assessments, marine licensing and consenting for offshore activities, developing 

appropriate mitigation strategies, identifying and managing protected areas, and placing 

shipping lanes.  A variety of industries and activities can potentially have adverse impacts 

on marine species if poor management practices are put in place, therefore it is 

important to develop appropriate management measures to mitigate these risks.  These 

management actions can have impacts on a variety of industries including fisheries, 

shipping, tourism and recreation, oil and gas, renewable energy, mining, marine 

aggregates, and military.  Therefore, species distribution models, which are often used to 

inform management, need to be as accurate as possible because the consequences can 

be far-reaching and costly both for the species and the economic interests of any involved 

industries. 

In this chapter, I focus on a single species that has been well studied; however, I illustrate 

that there is still much to learn which could influence how the species is surveyed and 

managed.  Harbour porpoise (Phocoena phocoena) are the most numerous cetacean in 

European Atlantic Shelf waters (Hammond et al. 2002, 2013) and are considered to be an 

important indicator species (Gilles et al. 2016).  Harbour porpoise are listed on Annex II 

and IV of the EU Habitats Directive (EU-COM 1992) and also listed as a threatened and/or 

declining species in the Northeast Atlantic by the OSPAR Commission (OSPAR 2008).  

Harbour porpoise are distributed throughout coastal and shelf waters in areas that are 

also under pressure from human activities such as fishing, oil and gas and renewable 

energy installations, recreational and commercial ship traffic, and also climate change.  

Harbour porpoise can suffer disturbance, injury or even death from these activities (e.g. 

Tregenza et al. 1997, Southall et al. 2007, Bailey et al. 2010, Dähne et al. 2013) therefore 

it is important to understand their distribution so that management measures can be 

most effective.   
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Harbour porpoise are small, fast and shy with non-descript surfacing behaviour which can 

make visual surveys difficult; however, they echolocate nearly continuously (Au 1993, 

Akamatsu et al. 2007), making it possible to use passive acoustic detections to monitor 

their abundance and distribution patterns (Madsen et al. 2006, Marques et al. 2009, 

Bailey et al. 2010, Kyhn et al. 2012).  Passive acoustic monitoring (PAM) therefore offers a 

complementary method to traditional visual surveys, which functions both during the day 

and night, unlike visual surveys.  A fundamental limitation of visual surveys is that they 

must be conducted during daylight hours.  Therefore, visual data cannot be used to 

determine if animal distributions vary between day and night.  Indices of detection from 

PAM have been found to correlate strongly with distribution and relative density 

estimated from visual surveys (Brookes et al. 2013, Williamson et al. 2016) and have been 

used to monitor the distribution of cetaceans in a variety of habitats and inform 

assessments of the impacts of disturbance (e.g. Dähne et al. 2013, Thompson et al. 2013, 

Wilson et al. 2013).  

The OSPAR Commission (OSPAR 2009) has recommended that acoustic surveys be used as 

part of the baseline monitoring of harbour porpoise in areas of high density.  In particular, 

they suggest that moored PAM devices (which have increased temporal resolution 

compared to towed PAM) should be used to assess seasonality and fine-scale habitat use 

and to delineate MPAs for harbour porpoise.  However, most broad-scale surveys of 

harbour porpoise distribution to date (e.g. Bailey & Thompson 2009; Booth et al. 2013; 

Hammond et al. 2013), have been collected using either plane or boat-based visual 

surveys or towed acoustic arrays.  While repeated visual and towed acoustic surveys in 

restricted areas can explore the effects of seasonal and tidal cycles (Goodwin 2008, 

Philpott 2013, IJsseldijk et al. 2015), this is rarely possible for surveys carried out over 

larger areas due to their restricted temporal coverage.   

Differences in harbour porpoise detection with time of day have previously been 

observed in visual surveys through daylight hours (Scheidat et al. 2012, IJsseldijk et al. 

2015).  Other studies that used acoustic detections have also reported increases in 

harbour porpoise echolocation activity at night near structures such as offshore gas 

installations and bridge pilings (Todd et al. 2009, Brandt et al. 2014), in deep areas (>20 

m; Brandt et al. 2014) and reefs (Mikkelsen et al. 2013).  However, these studies have not 
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provided the opportunity to investigate larger distributional changes that could take place 

on a diurnal scale in a wider range of depths and sediment types.  Data presented by 

Todd et al. (2009) were collected in areas with a depth of 40-48 m and in soft clay and 

sand sediments, while Mikkelsen et al. (2013)  studied stony reefs up to a depth of 20 m 

and Brandt et al. (2014) collected data from 5-30 m depth but did not report sediment 

types.  Depth was found to be important in these studies, usually with more detections in 

deeper areas, particularly at night.  However, what is considered to be ‘deep’ has varied 

between each study.  These previous studies suggested that harbour porpoise may target 

different prey species during night and day, but data on prey in such studies remain 

elusive.   

The objective of the current study is to use moored passive acoustic data to determine if 

there are habitat-specific patterns of harbour porpoise detection that may reflect diurnal 

changes in distribution.  For simplicity, we restrict the environmental variables under 

consideration in this study to only depth and sediment because these are consistently 

highlighted as important in modelling, and are likely to influence the types of prey 

available (Brookes et al. 2013, Williamson et al. 2016).  We then explore the potential 

implications of these findings for spatial conservation and management of harbour 

porpoises.  

2.3 METHODS 

2.3.1 Study Area 

The Moray Firth covers an area of over 6,000 km2 off North Eastern Scotland.  The water 

depth varies from 0-200 m; however, data for this study were collected at depths ranging 

from 25-74 m.  Approximately 15 km offshore there is a 15x20 km sand bank (Smith Bank) 

which has depths of 30-40 m at its centre (Figure 2.1a).  The seabed substrate over most 

of the Firth is either sand or gravelly sand, although mud and muddy sand are found in a 

strip along the southern portion of the Firth (Brookes et al., 2013).  Distance to coast has 

previously been found to be significant when modelling harbour porpoise distribution 

(e.g. Bailey & Thompson 2009, Booth et al. 2013); however it was not used here because 

it has been found to be collinear with depth in this area, which is considered to be a more 

biologically meaningful covariate (Williamson et al. 2016). 
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2.3.2 Data 

Polygons of sediment type at a 1:250,000 scale were provided by SeaZone Solutions Ltd. 

(2005).  Sediment types were identified using a Folk triangle (Folk, 1954).  Harbour 

porpoise distribution has previously been linked to sediment (e.g. Brookes et al. 2013, 

Williamson et al. 2016), with higher density expected in areas with sandy sediments.  This 

is due to one of their primary prey species (sandeel) requiring sand to burrow into 

(Holland et al. 2005).  Therefore sediments were classified in two groups: sand (including 

sand, slightly gravelly sand, gravelly sand and sandy gravel), and mud (including muddy 

sand; Figure 2.1b).  In sandy sediments, data were collected at depths ranging from 32-74 

m, and in muddy habitats data collection ranged from 25-68 m depth.   

The time of sunrise and sunset was obtained from the POLTIPS oceanographic model 

(NERC National Oceanography Centre, Liverpool, UK) for the port of Helmsdale, in the 

Moray Firth.  This was used to determine which hours occurred during the night and day 

to group the data for analysis.  The length of daylight varied from 18 hours day and 6 

hours night at the beginning of the study period on 1 July, to 14 hours day and 10 hours 

night at the end of the study period on 31 August.  Hour (0 to 23) was used as a 

continuous circular variable in analysis.   

2.3.3 Acoustic Data collection 

Acoustic data were collected in the Moray Firth during July and August 2009-2011 at 62 

monitoring sites (Figure 2.1).  The sites were selected to be farther than 5 km from shore 

to avoid areas with high bottlenose dolphin presence (Thompson et al. 2014) because 

bottlenose dolphins in this area are known to attack and kill harbour porpoise (Ross & 

Wilson 1996, Patterson et al. 1998).  Therefore porpoise’s coastal distribution is expected 

to be influenced by bottlenose dolphin presence as well as environmental variables. 

Data were collected using C-PODs  (Chelonia Ltd., Cornwall, UK), which include a 

hydrophone, processor and timing system and can identify and distinguish porpoise and 

dolphin echolocation clicks in the range of 20-160 kHz at a resolution of 5 μs (Chelonia 

Ltd. 2014a).  The maximum reported detection range for harbour porpoise is 400 m 

(Chelonia Ltd. 2014a).  C-POD sites were selected for a different study which investigated 

the responses of porpoises to seismic surveys (Thompson et al. 2013), ensuring that C-
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PODs were spaced at least 2km apart so individuals were not detected simultaneously on 

multiple devices.  The C-PODs were moored 5 m above the seabed using moorings with 

either a subsurface acoustic release or a surface buoy.  The time of detected echolocation 

clicks was recorded by the C-POD as well as the centre frequency, frequency trend, 

duration, intensity and bandwidth of each click (Chelonia Ltd. 2014a).  Upon recovery, 

these data were downloaded and processed using version 2.025 of the cpod.exe software 

(Chelonia Ltd. 2014b).   

 

Figure 2.1 - Locations of C-PODs showing the proportion of hours with detection during a) the day and b) night.  The 
background in a) shows the bathymetry of the Moray Firth, and b) shows the two sediment types.  Helmsdale (the 
location of sunrise and sunset data) is illustrated by the star in b.  The inset c) shows the location of the Moray Firth in 
relation to the British Isles. 
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 Acoustic detection data were analysed on an hourly scale using detection positive hours 

per day (DPH) as a metric.  DPH has previously been found to have strong correlation with 

relative density estimated from visual surveys and minimises the influence of temporal 

auto-correlation (Brookes et al. 2013, Williamson et al. 2016).   

 

Figure 2.2 - Number of hours that C-PODs recorded data (effort) at each location in July and August 2009-2011 in areas 
with sandy and muddy sediments. 

2.3.4 Identifying detection patterns 

The C-PODs were grouped by the two habitat types with 23, 33 and 25 C-PODs deployed 

in sand in 2009, 2010, and 2011 respectively, and 9, 9 and 8 in mud (Figure 2.2).  T-tests 

were used to determine differences between each group of data.   
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The two environmental variables used for analysis in this study (depth and sediment) 

were selected based on previous research in this area (Brookes et al. 2013, Williamson et 

al. 2016).   In order to see if the combination of depth and sediment influenced detection 

throughout the day, a GAMM was fitted (using the R package mgcv; Wood 2011) which 

included harbour porpoise detections as the response variable, and depth, hour and a 

factor of the two sediment types as explanatory variables.  A thin plate regression spline 

was used for the depth covariate, and a cyclic cubic regression spline was used for hour.  

For both covariates, the number of knots was not specified as there was no evidence of 

overfitting.  In order to address temporal autocorrelation, this model also included a 

random effect of the C-POD location, and an autoregressive (AR1) correlation structure 

that included hour of the day grouped by location and date.  This model was fitted using a 

binomial distribution and maximum likelihood.  For visualisation, two sets of GAMMs 

were performed.  The first set of GAMMS were fitted to six subsets of the data (sand and 

mud in each of the three years) using the same method as above; however, using hour as 

the explanatory variable and detections as the response (Figure 2.3).  The other set of 

GAMMs were fitted using four subsets of the data (day mud, day sand, night mud and 

night sand), with depth as the explanatory variable and detection as the response (Figure 

2.4). 

In order to estimate the proportion of time spent foraging in the different habitats, the 

duration between clicks (inter-click interval; ICI) was calculated for each detected click 

and a mixture model was used to identify peaks in the ICIs (Pirotta et al. 2014).  This was 

done only for hours in which detections were made.  There are normally three peaks for 

harbour porpoise clicks; the first is generated by buzzes in which there are very short ICIs 

(usually less than 10 ms; Carlström 2005).  The second peak corresponds to normal click 

trains (Au 1993), and the third peak corresponds to gaps between separate click trains.  

Sometimes a fourth peak needs to be specified if the proportion of foraging buzzes to 

normal clicks is very low and the mixture model fails to identify the buzz.  If this is the 

case, the two components corresponding to the same click type can be added together 

after the model is run.  The R package mixtools (Benaglia et al. 2009) was used for this 

analysis.   
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2.4 RESULTS 

In both sandy and muddy habitats, the proportion of hours that harbour porpoises were 

detected increased significantly during the night (mean day=0.44±0.50, mean 

night=0.51±0.50, T(80902)=-23.28, p<0.01; Figure 2.1).  In sand, this increase was slight 

(sand mean day=0.50±0.50, sand mean night=0.53±0.50, T(61273)=-9.56, p<0.01; Figure 

2.3); however, in mud, the increase in detections during the night was greater (mud mean 

day=0.28±0.45, mud mean night=0.46±0.50, T(18445)=-30.75, p<0.01; Figure 2.3).  

Porpoise detections also differed in responses to depth in the different sediment types 

during the night and day (Figure 2.4).  Peaks in detection were observed in sandy habitats 

around dawn and dusk, with detection during the day and night in sandy habitats being 

similar, only increasing by a proportion of 0.04.   

  

Figure 2.3 - Proportion of hours that harbour porpoise were detected in July and August in sandy areas (left) and muddy 
areas (right) in 2009-2011 against hour of day.  The 95% confidence interval is also shown as the shaded region around 
each line.  The dark grey bars represent hours that were night throughout the entire study period, and light grey 
represents the hours that shifted from light to dark as the study progressed from 1 July to 31 August in each year.   

Detections in sand were similar between night and day at different depths, with generally 

more detections made in shallower areas (the sand bank) where they were detected in 

~70% of hours.  In contrast, the proportion of hours with acoustic detection in muddy 

habitats increased during the night by 18%.  In muddy areas, detections were greater at 

night at nearly every depth, but this was particularly apparent in deeper areas (50-60 m) 

where detections at night were nearly double those during the day (Figure 2.4).   
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Figure 2.4 - The proportion of hours in which harbour porpoise are detected changes in response to depth during the 
night and day in the sand (left) and mud (right) habitats.  The rug plot along the x-axis shows the depths at which C-
PODs were moored in each habitat.  The 95% confidence interval is also shown.  

In the full model which included detection modelled as a function of depth, hour and 

sediment type only sediment and hour were significant (ANOVA results: sediment 

F=13.59 p<0.01, hour F=74.69 p=<0.01, depth F=2.87 p=0.09).  However, when the data 

were split up by sediment, depth and hour were both significant in the two sediment 

types (Muddy sediment: hour F=101.18 p<0.01, depth F=4.10 p=0.04, Sandy sediment: 

hour F=33.31 p<0.01, depth F=8.74 p<0.01) 

In those hours in which harbour porpoises were detected (detection positive hours), the 

proportion of hours in which foraging buzzes were also detected increased during the 

night (mean day = 0.08±0.20, mean night = 0.11±0.20, T(41791)=-16.42, p<0.01) and also 

in muddy habitats (mean sand =0.08±0.19, mean mud = 0.13±0.23, T(13752)=-21.45, 

p<0.01; Table 2.1).  

Table 2.1 - Proportion of detection positive hours that have foraging buzzes ± the standard deviation. 

Habitat Daylight 2009 2010 2011 All Years 

Sand 
Day 0.06 ± 0.17 0.07 ± 0.18 0.09 ± 0.20 0.07 ± 0.19 
Night 0.08 ± 0.19 0.11 ± 0.20 0.11 ± 0.20 0.10 ± 0.20 

Mud 
Day 0.11 ± 0.23 0.11 ± 0.23 0.14 ± 0.24 0.12 ± 0.23 
Night 0.13 ± 0.21 0.15 ± 0.22 0.17 ± 0.21 0.15 ± 0.22 

2.5 DISCUSSION 

Efforts to manage and conserve mobile species such as harbour porpoise have generally 

assumed that realistic distributions can be identified by modelling habitat associations 
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from visual survey data. However, this study indicates that diurnal patterns in acoustic 

detections of harbour porpoise vary in habitats with different sediment and depth 

characteristics.   

Previous visual surveys in this area have identified the Smith Bank (Figure 2.1), an 

offshore region with relatively shallow sandy habitats, as a locally preferred area for 

harbour porpoise (Brookes et al. 2013, Williamson et al. 2016).  This was supported by the 

current results, where C-PODs deployed in sandy areas with a depth of 30-40 m 

(corresponding to the centre of the Smith Bank) had the highest acoustic detections of 

the entire study area (detected in ~70% of hours).  However, this study suggests that 

visual data could be underestimating the importance of adjacent muddy habitats, where 

detection increases during the night.  This could have potentially significant impacts when 

determining appropriate conservation and management measures for harbour porpoises.  

For example, analysis of an extensive dataset of visual data led to the conclusion that 

harbour porpoises avoid areas with muddy sediments throughout the North Sea 

(Heinänen & Skov 2015).  However, given the results presented here, it is possible that 

this finding could be simply an artefact of only using data collected during daylight hours.  

Studies which do not account for night time habitat use may be under-representing the 

importance of different habitat types for the species in question. 

In practice, harbour porpoise habitat use is likely to be even more complicated than 

presented here.  From these results, it is apparent that detections of harbour porpoise 

vary across different habitats and depths throughout daily cycles.  Detections were not 

consistent across sediment types, with increased diurnal variation observed in deeper 

muddy areas.  In addition, localised differences were observed between adjacent sites 

where some C-PODs recorded more detections at night, some more during the day and 

some had very little change between night and day (Figure 2.1).  Further investigation is 

required to determine the reasons for such localised variations. 

Variation in dynamic variables related to tidally driven currents are also likely to influence 

spatio-temporal patterns of distribution because prey are known to respond to these 

variables (e.g. Embling et al. 2010; Benjamins et al. 2016; Cox et al. 2016).  Tidal currents 

and mixing can influence prey distribution and schooling throughout the water column, 

making them more accessible to predators at certain times of tide (Embling et al. 2012, 
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2013).  This will then influence predator distribution as they reduce energy expenditure 

by exploiting prey in predictable patches.  Thus, management measures that only cover 

specific habitat types or times may be insufficient.  

The findings in this study may be particularly relevant to the management of threats such 

as by-catch, where the risk to protected species may also increase nocturnally (Tregenza 

et al. 1997).  In addition, our finding that foraging buzzes are detected more often at 

night, which supports previous studies (Todd et al. 2009, Brandt et al. 2014), indicates 

that harbour porpoise spend more time foraging at night, and also in muddy habitats.  

This highlights the need to understand the causes underlying nocturnal changes in 

behaviour and distribution when developing appropriate management measures.  

Further insights into these questions could be obtained through longer-term passive 

acoustic monitoring (PAM), thus overcoming some of the sampling issues associated with 

visual surveys.  In particular, these results highlight the potential value of assessing the 

seasonal consistency in the nocturnal use of muddy habitats adjacent to offshore 

sandbanks that are recognised to hold high densities of harbour porpoise.  Understanding 

the causes behind finer scale variation in distribution ideally requires similarly fine scale 

studies of variation in the prey fields that are likely to be driving these patterns, however 

these data remain elusive. 

As with any method, there are limitations of acoustic surveys.  Acoustic detections are 

more susceptible to behavioural changes of the animal than visual surveys as differences 

in body orientation, click intensity, and also periods of silence could influence the results.  

Harbour porpoise show variation between individuals in their echolocation patterns 

(Linnenschmidt et al. 2013).  If porpoise do not echolocate, they will not be detected by 

an acoustic recorder, and given the narrow beam width of their echolocation clicks 

(Goodson & Sturtivant 1996, Koblitz et al. 2012), the direction that the animal is facing 

can substantially influence the probability that it will be detected even if it is 

echolocating.  It is not currently possible to identify individual porpoises using passive 

acoustic monitoring, and consequently, the number of individuals that are detected.  This 

makes it difficult to estimate absolute abundance of porpoise using PAM, which is often a 

goal for regulators.  Williamson et al. (2016) found a strong correlation between acoustic 

detections during the day and modelled density from visual surveys, suggesting that more 
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detections indicate more individuals.  Although the manufacturers state that C-PODs are 

capable of detecting porpoises up to 400 m away (Chelonia Ltd. 2014a), the detection 

function of C-PODs is unknown and could be influenced by factors such as sea state, wind, 

current speed, sediment type which may influence the background noise levels around 

the C-POD.   

Fixed versus towed PAM also offer different benefits.  Fixed PAM has the advantage of 

recording a long time-series of data in one location, with the potential disadvantage of 

poor spatial coverage, while towed PAM increases spatial coverage at the expense of 

temporal resolution.  Towed PAM is a good complement to visual surveys as it can allow 

gaps due to poor weather to be filled in.  However towed PAM is usually used in 

conjunction with visual surveys, therefore suffers the same bias toward daylight hours 

unless surveys were to be repeated during the night as well, which adds cost and are not 

usually performed. 

Visual surveys also have limitations.  The detection function can be difficult to estimate; 

although methods of doing this are better developed than for acoustic surveys (Buckland 

et al. 2004), and estimating the proportion of animals that will be missed because they 

are under the surface requires more advanced survey design (Buckland et al. 2004, 

Hammond et al. 2013).  Visual surveys require calm weather, low sea state, good visibility, 

no fog and daylight (Hammond et al. 2013).  Depending on the location of the surveys, 

these requirements can exclude a large proportion of potential surveying days, a 

limitation that is not faced by acoustic surveys.   

From these results it cannot be determined whether the recorded differences in 

detection between different habitats are caused by a behavioural or distributional shift. 

Either way, the results highlight that the bias in visual survey data towards daylight 

periods necessitates further investigation to explore the extent to which either 

distribution or behaviour may vary at different times of day.  Currently, the combined use 

of visual surveys and static passive acoustic monitoring is likely the most robust in 

determining complete habitat distributions. 

Harbour porpoise are widespread and highly mobile, and it is recognised that the relative 

importance of their marine habitats may be transient (Evans 2008, Wilson 2016) and their 

distribution may vary over time (Hammond et al. 2013).  These findings highlight some 
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additional complexities of the patterns and drivers of fine-scale changes in harbour 

porpoise distribution over different habitats within UK waters.  Such information will be 

critical for developing conservation and management measures across the harbour 

porpoise population’s entire range.   

2.6 CONCLUSIONS 

It has been shown that acoustic detection rates of harbour porpoise are different 

between night and day in habitats with different sediment and depth characteristics.  We 

suggest that this could arise from an underlying shift in distribution or behaviour between 

night and day.  Habitat-specific variations in diurnal distribution patterns may potentially 

compromise the ability to make inferences on habitat use of harbour porpoise from visual 

surveys alone.  This could lead to incorrect identification of distribution and consequent 

implications for management strategies or mitigation requirements.  Therefore, we 

recommend the use of a combination of visual and fixed passive acoustic monitoring 

carried out during the day and night when surveying the distribution of harbour porpoise 

and other species that might share similar behavioural patterns.   
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3.1 ABSTRACT 

Species distribution models (SDMs) are often used to inform the development of spatial 

management strategies.  However, many methods of creating SDMs ignore the spatial 

structure of the data.  Here we investigate the differences between using the traditional 

and commonly implemented generalized additive model (GAM) and using two 

hierarchical Bayesian spatial modelling (HBM) approaches with the recently developed 

Integrated Nested Laplace Approximation model fitting methodology (INLA; one using 

gridded data and one using the log-Gaussian Cox process (LGCP)) and compare the 

results.  

As a case study, we use data from aerial video surveys for harbour porpoise which were 

performed along the east coast of Scotland in August and September 2010 and 2014.  We 

created the three models listed above and included several environmental covariates. 

Most of the same environmental covariates were selected in the three different models 

and overall, the predicted distributions were similar.  However the HBMs showed much 

finer-scale patterns in distribution that were not apparent in the GAM and identified 

some areas of high relative density that were not apparent in the GAM.   

The differences observed in the GAM and HBM results are likely due to how the two 

methods account for autocorrelation, spatial clustering of animals and the difference 

between modelling on discrete vs. continuous space.  For large-scale analysis, there was 

little difference between the results, however insights into the fine-scale distribution of 

harbour porpoise from the HBM model using LGCP offers potential benefits for the 

development of management or mitigation measures for fine-scale offshore industries. 
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3.2 INTRODUCTION 

Understanding species distributions allows the development of more suitable 

management strategies for conservation and the mitigation of anthropogenic impacts.  

However, the true distribution of highly mobile animals can never be known, therefore it 

must be modelled so appropriate management strategies can be developed.  Species 

distribution models are commonly used to predict animal distributions in order to 

develop effective spatial management of pressures or to identify potential areas for 

protection.   

Many statistical methods have been used to model species distributions; however, due to 

the inherent complexity of analysing space, most of these methods do not fully address 

the spatial nature of the data.  Generalised additive models (GAMs; Hastie & Tibshirani 

1990) are one of the most commonly used and well-established methods of performing 

species distribution modelling (e.g. Redfern et al. 2006; Wood 2006, 2017; Elith & 

Leathwick 2009).  However, new statistical methods are being developed that address the 

spatially explicit structure of survey data resulting in the rapid advancement of spatial 

statistical methodology in recent decades (e.g., Illian 2008; Law et al. 2009; Cameletti et 

al. 2012; Diggle et al. 2013; Sadykova et al. 2017).  However, such spatial methods are 

often complex and require a high level of statistical expertise.  

Practitioners are often faced with the choice of whether to apply the new (and largely un-

tested and more complex) methods to their data or to continue using the established 

methods.  This paper addresses this dilemma in the context of species distribution 

modelling and assesses the differences between using traditional GAMs and recently 

developed spatial modelling approaches using hierarchical Bayesian methods (HBM) 

fitted with integrated nested Laplace approximation (INLA; Rue et al. 2009).  We 

introduce the background of the two methods and identify three areas in which newer 

developments offer potential benefits over traditional GAMs: they can account for spatial 

autocorrelation, clustering of animals and model in continuous space.  We then 

implement both methods using an example of harbour porpoise video survey data.  The 

differences in resulting spatial predictions of harbour porpoise distribution and 

management implications of the differences are explored. 
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The goal of this manuscript is to compare a fairly basic GAM (as is regularly used by 

ecologists), with a more complex spatial alternative (HBM-INLA).  While we acknowledge 

that there are many advances that can be implemented to make a GAM function in a 

much more similar way to the advanced spatial models, these are not implemented in 

this manuscript because for the most part these advances have been published in the 

field of applied statistics but have not been commonly used by ecologists.  Therefore, we 

will leave it to statisticians to compare the benefits and disadvantages of each method 

from a statistical viewpoint and here we will compare the models particularly with a view 

to identifying the importance of differences from a management perspective. 

3.2.1 Two approaches to species distribution modelling  

3.2.1.1 GAM  

One of the most common ways of performing species distribution modelling is the use of 

generalized additive models (GAMs; Hastie & Tibshirani 1990; Wood 2006).  Modelling 

the spatial distribution of a species using a GAM often involves performing analysis either 

on segments of data or on a regular grid of the survey area in which the number of 

sightings in each grid cell or segment are counted.  Both gridding and segmenting data are 

common approaches for analysing line transect data (Hedley et al. 1999; Buckland et al. 

2001; Hedley & Buckland 2004; Miller et al. 2013).  When segmenting, the transect is split 

into short segments in which the sighting conditions and animal density do not vary 

within a segment – this is sometimes implemented by creating segments which are 

approximately square and have an edge length of twice the truncation distance (Miller et 

al. 2013).  In this study, gridding was selected because the environmental data were 

already on a grid and it intuitively made sense to make the sighting and environmental 

data match, as well several transects crossed each other which made it simpler to 

calculate the sum of the observations and transect effort in each grid cell.  Similar results 

would be expected when using gridding or segmenting.   

The counts  in a grid cell ,  are modelled (response variable) and the model 

usually assumes that the counts in each grid cell follow a Poisson distribution.  The 

expected value in a grid cell  is modelled as a linear model of covariates , i.e. 

. 
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Here  is a link function (in this case it is a log link function),  is a matrix of N 

observations on each of the k explanatory variables and  is a vector of regression 

coefficients. 

GAMs are relatively easy to implement by the user, typically through the R library mgcv 

(Wood 2011).  GAMs are commonly used to assess species distributions because of their 

ability to capture non-linear interactions between sightings and environmental covariates 

through their use of the smooth function (e.g., Forney 2000; Embling et al. 2010; Gilles et 

al. 2011; Booth et al. 2013; Hammond et al. 2013; Williamson et al. 2016), yet their ability 

to capture spatial trends is limited without the use of alternative more complex additions 

(Fithian & Hastie 2013, Scott-Hayward et al. 2014, Renner et al. 2015).   

The GAM formulation given above does not address the problem of spatial 

autocorrelation, but merely accounts for trends in the data across larger geographical 

distances (Dormann et al. 2007).  One common method for getting around this problem 

using GAMs is to include a bivariate smoothing term of latitude and longitude in addition 

to the covariates, to account for similarity of the response variable in adjacent cells and 

therefore to reduce the effect of spatial autocorrelation.  However, this does not actually 

estimate the amount of spatial autocorrelation, this just “smooths” it out.  There are 

other more complex methods of accounting for this correlation such as including 

autocorrelation structures in a generalized additive mixed effects type of model (not used 

here). 

3.2.1.2 HBM using INLA 

Recent developments in spatial statistical methodology have focused on producing a 

flexible, computationally efficient methodology that is increasingly accessible to end 

users.  The approach we use here makes use of a continuously indexed Gauss-Markov 

random field based on the stochastic partial differential equation (SPDE) approach 

(Lindgren et al. 2011).  This provides an approximation to a continuous spatial field that 

allows users to work with complex spatially explicit models efficiently (Blangiardo et al. 

2013).  In addition, the models are fitted based on integrated nested Laplace 

approximation (INLA; Rue, Martino & Chopin 2009); a recently developed 

computationally efficient method for hierarchical Bayesian inference that is particularly 
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suitable for complex spatial models such as those based on the SPDE approach. 

Combining the two approaches (SPDE and INLA) provides a suite of flexible models that 

allow for realistic spatial modelling within feasible computation times.   

As in the GAM model, the counts  in a grid cell ,  are modelled, but a 

Bayesian approach is used and spatial autocorrelation is modelled by a random field , i.e.  

 

Again  is a log link function, and  is a vector of regression coefficients.  In this HBM 

formula, the residual spatial autocorrelation is explicitly modelled by including the  term 

in the model which specifies a spatial or spatio-temporal random field (Rue & Held 2005).   

This framework allows for smooth and nonlinear effects of covariates, time trends and 

seasonal effects, random intercept and slopes and temporal or spatial random effects.  

Therefore, this class of models is very flexible and can accommodate a wide range of 

models. 

3.2.2 Discrete vs. continuous space 

Spatial data are usually gridded or segmented when using GAMs which causes spatial 

information to be lost.  Methods of modelling using the exact locations of points in space 

are under development.  Inhomogeneous Poisson process, maximum entropy or infinitely 

weighted logistic regression can be used to model data in a point-process framework 

(Fithian & Hastie 2013, Renner et al. 2015) thereby taking advantage of the spatial 

information.  However, this is a newly developed technique and few publications have 

used this approach therefore it is not explored further here.   

The SPDE/INLA approach is able to model in continuous space.  Since this implies much 

less information loss, one would expect the latter approach to be more appropriate and 

capable of reflecting small-scale spatial behaviour that gridding or segmenting of sightings 

cannot capture.  However, it would be helpful to compare the two approaches not only 

on the basis of how much information is lost.  Therefore, in this paper we make two 

comparisons.  We initially use both approaches to model data on the same spatial grid to 

establish how the approaches differ when the actual models are rather similar and one 

would expect very similar results.  We then move towards modelling in continuous space 
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using the SPDE/INLA approach that also allows us to incorporate information on the exact 

location of transects, as well as the spatial structure formed by the locations of individual 

animals, i.e. their clustering (Yuan et al. 2017).  

3.2.3 Spatial clustering of animals 

Animals often occur in groups, meaning that there will be high counts for some small 

areas.  This can either be the case because A) the animals are not moving independently 

(social groups) or B) there is something specific about a location that attracts animals (an 

environmental covariate).  Plants and animals are often clustered spatially according to a 

Poisson process; however, the Poisson process assumes complete spatial randomness 

between clusters, which is often an inappropriate assumption; therefore a Cox process is 

usually more accurate (Waagepetersen & Schweder 2006, Møller & Waagepetersen 

2007).  The Cox process is a flexible type of spatial point process which models spatial 

patterns relative to observed or unobserved spatial trends (Illian et al. 2012).  In this way, 

the spatial pattern can be modelled along with marks and environmental covariates (Illian 

et al. 2012). 

If animals are assumed to be distributed according to a Poisson process yet they are 

actually  occurring in groups, or have spatial clustering driven by unknown/unavailable 

environmental covariates, this violates that assumptions of the Poisson process and the 

SPDE will have to capture low range spikes in detection rather than the large scale 

distribution trend.  An alternative and often implemented approach is to use the negative 

binomial distribution to accommodate overdispersion.  The SPDE then does not have to 

take those spikes into account and will capture the large scale trend.  However, this is just 

a very common approach to avoiding the violation of model assumptions, which does not 

explicitly model the overdispersion.  Also, there is no obvious way of extending this to 

continuous space so analysis is restricted to using grid bins.  

When using hierarchical Bayesian models, localised clustering can be differentiated from 

large scale patterns using the log-Gaussian Cox process (LGCP) method which models the 

exact locations of the points (Diggle et al. 2013).  The model assumes that the point 

locations are independently scattered in space as a Poisson process (top level of the 

hierarchy), given a model of the point density (formally the “intensity” of the process – 

the middle level of the hierarchy) and a set of priors for all model parameters (bottom 



L. D. Williamson 

67 

level of the hierarchy).  The log of the intensity  in a location  is modelled as a 

linear model of covariates  and a random field  that is again approximated by an SPDE: 

 

With repeated surveys, this LGCP approach offers the potential to differentiate between 

fine-scale clustering caused by grouping of animals, and large-scale clustering caused by 

the underlying distribution pattern; however, it was not possible to investigate this here 

due to a lack of data from repeated surveys.   

3.2.4 Case study: 

This study uses harbour porpoise (Phocoena phocoena) as a case study species.  Harbour 

porpoise are the most numerous cetacean in European Atlantic Shelf waters (Hammond 

et al. 2002, 2013, 2017).  Because of their shelf-sea distribution (which coincides with 

most human activities), they are threatened by anthropogenic activities such as fishing 

(directly through bycatch and indirectly through removal of prey; Tregenza et al. 1997; 

Hammond et al. 2002), shipping, oil & gas and renewable energy installations, etc. which 

can cause disturbance, injury or even death (e.g., Southall et al. 2007; Bailey et al. 2010; 

Dähne et al. 2013).  In order for management and mitigation measures to be most 

effective, it is important to understand their distribution.  

Harbour porpoise distribution has previously been modelled in part of the current study 

area (the Moray Firth, north-east Scotland) and it was found that the Smith Bank, a 

shallow (30-40 m) sand bank in the middle of the Moray Firth, held a relatively high 

density of animals (Brookes et al. 2013; Williamson et al. 2016).  This is likely because the 

Smith Bank provides suitable habitat for sandeels (Ammodytidae) and whiting 

(Merlangius merlangus) (Hopkins 1986), two of the most common prey species for 

harbour porpoise in this area (Santos & Pierce 2003).  While porpoise distribution models 

have been created for the Moray Firth previously, there have never been data covering 

the entire east coast of Scotland.  The present analysis combines previously collected 

aerial video survey data with a new dataset which allows us to expand the model to the 

entire east coast. 
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Aerial video surveys are an alternative to visual surveys (human observers), which use 

video cameras to record strip transects below the survey aircraft (Buckland et al. 2012).  

These surveys provide a permanent record of sightings, which can be beneficial for data 

transparency and audit; indeed some regulatory authorities now require such a 

permanent record (BSH 2013).  Estimates of relative density of harbour porpoise 

modelled from video survey data have previously been found to have a strong correlation 

with relative density estimated from visual surveys (Williamson et al. 2016). 

3.2.5 Aims: 

We aim to compare two modelling frameworks to investigate differences between results 

obtained from a spatial modelling technique (HBM using INLA) and a GAM which is 

commonly used by ecologists.  We will illustrate differences between these methods in 

how they address spatial autocorrelation, modelling groups of individuals, and modelling 

in discrete vs. continuous space.  We perform this using a case study of aerial video 

transect survey data to analyse harbour porpoise distribution along the East Coast of 

Scotland and discuss the potential management implications of the differences in results.   

3.3 METHODS: 

3.3.1 Case Study Data Collection: 

Aerial digital video surveys covering a total of 5,762 km were performed by HiDef Aerial 

Surveying Ltd. in August and September 2010 and 2014 along the east coast of Scotland 

(Figure 3.1 and Table 3.1).  The video data were processed by trained observers at HiDef 

Aerial Surveying Ltd., who extracted all non-avian objects for identification by specialists 

at WWT Consulting Ltd, resulting in 303 harbour porpoise observed. 

3.3.2 Data Preparation for Gridded Analysis 

Once the porpoise observations were extracted, a 5x5 km grid was created which covered 

the entire survey area – this grid was selected to match previous marine mammal work 

(Jones et al. 2015).  Transect lines were intersected to the grid and the total length of 

transects within each grid cell was calculated.  The sum of the number of porpoise 

recorded within each cell was also calculated.  All of the environmental data below were 

joined to this grid.  Environmental variables were selected for inclusion in the models not 
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necessarily because they were thought to influence harbour porpoise distribution 

directly, but often because they are thought to be drivers of the distribution of harbour 

porpoise prey.  Depth, slope and sediment are often significant in models of porpoise 

distribution (Booth et al. 2013; Brookes et al. 2013; Williamson et al. 2016) and bottom 

temperature has previously been linked to porpoise distribution (Sadykova et al. 2017).  

Biological variables such as chlorophyll-a and net primary productivity and variables that 

cause aggregation of prey such as fronts and tidal mixing (e.g., current speed, vertical 

shear and potential energy anomaly), have previously been correlated with the 

distribution of fish and marine predators (Olson & Backus 1985; Hofmann & Powell 1998; 

Grémillet et al. 2008; Scott et al. 2010; Embling et al. 2012), therfore the influence of 

these variables was investigated here.   

Depth on a raster grid of approximately 180x180 m and polygons of sediment type at a 

1:250,000 scale were provided by SeaZone Solutions Ltd. (2005a, b).  Sediment types 

were classified using a Folk triangle (Folk 1954).  Sediment type was expressed as the 

proportion of sediment that was sand or gravelly sand within each grid cell based on 

previous studies of harbour porpoise habitat association in this area (Brookes et al. 2013; 

Williamson et al. 2016).  Seabed slope was calculated in degrees using the Slope tool in 

ESRI ArcGIS 10.2.1 (ESRI, Redlands, California, USA).   

Table 3.1 - Details of digital video surveys performed in August and September 2010 and 2014. 

 2010 2014 All 

Survey Effort 2,155 km 3,607 km 5,762 km 

Number of Porpoise  97 206 303 

Survey Height 244-457 m 560 m - 

Strip Width 80-150 m 500 m - 
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Figure 3.1 - Map of the study area showing the locations of survey transects and sightings of harbour porpoise along the 
east coast of Scotland in 2010 and 2014.  The inset shows the study area in relation to the British Isles. 

Modelled environmental data were provided from runs of the NEMO-ERSEM 3D coupled 

hydrodynamic-ecosystem model (Nucleus for European Modelling of the Ocean; Edwards 

et al. 2012; O’Dea et al. 2014; Wakelin et al., unpublished data; Madec & the NEMO Team 

2008).  Parameters available included: bottom temperature (⁰C), potential energy 

anomaly (J/m3; which is the energy required to mix the water column completely), depth-

averaged current speed (m/s), vertical velocity shear (m/s), depth-averaged vertical 

velocity (m/day), depth-integrated net primary production (tons/day) and maximum 

chlorophyll-a (mgC/m3).  These data were provided for the “summer season” (July, 

August, September and October) as climatological means across 25 years (1989-2014) at a 
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7x7 km spatial scale.  An estimate of stratification was calculated using the log10 of depth 

(H) divided by current speed (u) cubed (log10(H/u3): Simpson et al. 1981).  In addition, 

satellite data on a 1x1 km spatial scale were obtained from NEODAAS (NERC Earth 

Observation Data Acquisition and Analysis Service) and processed to derive ocean front 

metrics (Miller et al. 2015): distance to the closest major ocean front (km) and front side - 

whether a location is on the cold (negative values) or warm (positive values) side of the 

closest major front, or directly on that front (zero).  These satellite data were provided as 

weekly means during the survey period; therefore the mean in August and September of 

2010 and 2014 were calculated and joined to the survey data from the corresponding 

year.  Where surveys overlapped between the two years, the mean of the two years was 

used.  After inspection of histograms of the data, cells with a vertical shear greater than 

0.15 m/s and a Front Side of less than -2 were removed, as data outside these ranges 

were sparse.  

3.3.3 Data Preparation for LGCP Analysis 

The same 5x5 km grid of environmental data was used for this analysis however the 

number of sightings in each grid cell, and the length of survey effort in each cell were not 

joined to this grid.  Instead, the exact location of sightings as well as the start and end 

points of transects were used directly. 

3.3.4 GAM Analysis: 

The first model was created using GAM.  Only cells in which surveys were performed (e.g. 

survey effort >0 km) were included during model development.  A soap film smoother 

(Wood et al. 2008) was used to account for spatial autocorrelation.  Soap film smoothers 

are XY smoothers that also include boundary information (Wood et al. 2008).  In this case 

the soap film smoother prevents the model from predicting that harbour porpoise will be 

present on land.  A 10x10 grid of points evenly spaced throughout the study region was 

created and points that did not overlap with land were used for the creation of the soap 

film smoother (resulting in 27 internal knots; Figure S1).  Smoothers with more (up to 

30x30) and fewer (5x5) knots were also tested, but not found to influence the results.  

Models were tested using the maximum likelihood method and using several families 

including negative binomial, Poisson and zero-inflated Poisson.  The negative binomial 
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likelihood was selected for analysis after inspection of summary plots of the models.  In 

every model, an offset of the log of the area surveyed was included.  The area surveyed 

was calculated by multiplying the effort (length surveyed in each cell in km) by the strip 

width (width of sea surface in view of the camera in km).   

After initial investigation, it was found that the relationships between most covariates 

and sightings were linear, therefore for simplicity all covariates were treated as linear in 

the model except for the soap film smoother.  In order to select the best model, 

backwards selection was used in which a full model was fitted which included all 

environmental covariates except the soap film smoother (e.g. without the influence of 

space), and then each environmental covariate was sequentially removed and the model 

re-run.  This process was repeated sequentially using the model which had the lowest AIC 

until there was no-longer a decrease in AIC when further covariates were removed.  An 

ACF plot was used to check for autocorrelation, which was not found to exist.  The 

selected model was run with the soap film smoother and then used to predict the relative 

density of harbour porpoise in all cells within 10 km of the survey transects (Figure 3.2).  A 

variogram was created to investigate if spatial autocorrelation was evident in the model, 

which was not found to be an issue (Figure S5).  All analysis was performed in R version 

3.2.4 and GAMs were modelled using the mgcv package (Wood 2006, 2011).  R code used 

to create this model can be seen in section 3.7. 

3.3.5 Hierarchical Bayesian Analysis using INLA: 

Two models were created using hierarchical Bayesian methods fitted using integrated 

nested Laplace approximation.  Both models were fitted using the inlabru package 

version 1.0.0 in R version 3.4.1 (Bachl 2016; R Core Team 2017).  The first used the same 

gridded data that was used in the GAM analysis, and the SPDE approach (Lindgren et al. 

2011) was used to account for spatial autocorrelation.  The SPDE approach uses a Matérn 

covariance function to approximate the Gaussian field using a flexible stochastic model 

which is continuous in space.  Similar to the knots in the soap film smoother in GAM, the 

SPDE approach requires a triangulation mesh of the modelled area.  The mesh provides a 

lower bound on the spatial resolution for analysis, and therefore a mesh should be 

developed which is fine enough so that no further changes in the results can be observed 

when a finer mesh is used (Lindgren et al. 2011).  The SPDE is a continuously indexed 
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approximation of the Gaussian field and provides a continuous relationship between the 

response and explanatory variables throughout the study area.  The triangulation for the 

SPDE was created bounded by the coastline and the boundary of the study region and 

allowed to place vertices randomly as needed (Figure S2).  Default uninformative prior 

specification was used for all variables.  The same effort offset that was used in the GAM 

was included here (log of transect length * strip width) and again, environmental 

covariates were treated as linear.  A negative binomial likelihood was selected to address 

clustering of the animals and to be able to compare more closely with the GAM results.  

Model selection (excluding the SPDE) was performed in the same way as described for 

the GAM, however WAIC was used instead of AIC.  This selected model was run once 

more with the SPDE included and was then used to predict relative density throughout 

the study area (Figure 3.2).  R code can be seen in section 3.8. 

The second model created using HBM used the point process likelihood (Simpson et al. 

2016) which has been adapted to line transect surveys (Yuan et al. 2017). This approach 

represents the locations of animal sightings as realisations of a log Gaussian Cox process 

(LGCP) observed at the area covered by the transects.  As opposed to the gridded 

approach where data are aggregated, the LGCP allows the locations of observations and 

transects to be used directly.  Taking the actual transect locations into account allows us 

to distinguish between areas where we did not find any animals but also did not look and 

areas where we did not find anything but we did survey.  This is especially useful when 

the transects are not placed randomly throughout the study area.  Information about the 

relative and absolute animal location is thereby retained, which allows for a higher 

precision in estimating the relationship between covariates and the density as well as the 

residual spatial correlation structure.  The LGCP model was created using the same set of 

covariates and the SPDE described above.  Similarly, backwards selection using WAIC was 

used based on the environmental covariates without the influence of space and once the 

best environmental variables were identified the SPDE was included and relative density 

was predicted throughout the study area.  R code used to create the HBM using INLA and 

the LGCP can be seen in section 3.9. 

Both HBMs were also predicted onto the same grid used in the GAM models to facilitate 

comparison between the methods.  Spearman’s correlation coefficients were calculated 
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between GAM results and those of the HBMs.  As well, for visual comparison the results 

of each model were divided by their maximum value (to standardise) and then the HBM 

results were subtracted from the GAM results to see where GAM or HBMs predicted 

higher relative densities (Figure 3.4). 

3.4 RESULTS: 

The negative binomial likelihood was selected for the GAM analysis after inspection of 

summary plots of the models (Figure S3).  A negative binomial likelihood was also 

selected for the HBMs using INLA on gridded data for comparison to the GAM.  The best 

models selected using each of the three methods included many of the same covariates 

(Table 3.1).  This best GAM model had a soap film smooth term that included latitude, 

longitude and the boundaries of the study region to account for spatial autocorrelation.  

Spatial correlation was not included as a random effect in this model because a variogram 

of model results did not show any relationship with distance (Figure S5).  This model 

predicted the highest relative density of harbour porpoise on the Smith Bank and also an 

area of high density along the southern coast of the Moray Firth.  This model explained 

33.2% of deviance (Figure 3.2 and S4).  The HBM models used the SPDE approach to 

account for spatial autocorrelation. 

Comparing the HBM of gridded data with the GAM, the same areas of highest density are 

apparent with an additional third area of high density along the east coast of Scotland 

(Figure 3.2).  In addition, much finer-scale clustering is apparent in the HBM results.  The 

predicted distribution of harbour porpoise from the GAM shows quite broad areas of high 

density.  This contrasts with the HBM on a grid, particularly in the southern half of the 

study area where the area of high density is much more restricted than in the GAM.  

Comparing the HBM using LGCP (Figure 3.2) with the GAM, we again see much finer 

localised clustering with only the Smith Bank highlighted as a high density area.   This 

suggests that the model is identifying areas where animals are either found in groups, or 

they use very fine-scale areas, which are not apparent in the gridded GAM analysis. 
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Figure 3.2 – Predicted relative density for the best model for the GAM (top left), HBM of gridded data (top right) and 
HBM using the LGCP (bottom left). 

The maximum coefficients of variation for the models fitted using HBMs are much lower 

than those created using GAM (HBM - gridded CV=15, HBM - LGCP CV=13, GAM CV=33, 

Figure 3.3) showing higher confidence in the models.  The influence of environmental 

covariates on the models can be seen in Figures S4, S7 and S8.  The effects of 

environmental covariates were similar between the three models, with the strength and 

sign of each variable being the same even though the exact numbers varied (Table 3.2).  

The standard deviation of the GAM model estimates are always much higher than those 

of the HBMs.   
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The GAM also has quite large areas with high CV whereas both HBMs overall have a 

maximum CV less than half that of the GAM, but also the highest areas of CV in the HBMs 

are very localised and only at the edges of the study area in areas with very few data 

(Figure 3.3).  The correlation with GAM results was higher for the HBM of gridded data 

(Spearman’s rho = 0.78) than for the HBM using LGCP (Spearman’s rho = 0.67).  The GAM 

consistently predicts higher relative density just south of the Smith Bank and both HBMs 

predict higher density on the Smith Bank and along the east coast (Figure 3.4). 

Scatterplots were created to investigate how well the predicted relative densities 

matched the observed data (number of sightings divided by the survey effort; Figure S6).  

The correlation between these ranged between 0.09 and 0.34, which is quite low.  Some 

potential reasons for this are from a spatial mismatch between where surveys or sightings 

fell within the 5x5 km grid cell and the centre of the cell where the predictions were 

calculated.  Also, the models are taking into account information from neighbouring cells 

when calculating predictions which could be increasing/decreasing predictions not 

reflected by survey data within a particular cell whereas that is not reflected by the 

observed data. 

Table 3.2 - Comparison of GAM and HBM model results.  A * indicates the variable was significant – for the GAM this 
means the p-value is less than 0.05, and for the HBMs this means that the 95% credibility interval does not cross zero. 

 GAM HBM - 
gridded 

HBM - LGCP 

Environmental variables Estimate ± SD Mean ± SD Mean ± SD 

Intercept -8.49 ± 253.06 -2.78 ± 0.42 * -3.06 ± 0.38 * 

Depth 0.02 ± 0.20 * 0.02 ± 0.01 0.02 ± 0.01 * 

Mixing (H/u3) 0.55 ± 8.27 0.79 ± 0.48 0.26 ± 0.43 

Chlorophyll-a -0.06 ± 1.05 -0.06 ± 0.08 -0.02 ± 0.07 

Bottom temperature 0.53 ± 19.44 0.43 ± 1.29 2.67 ± 1.85 

Current speed 27.04 ± 
404.38 

28.33 ± 18.55 9.49 ± 17.41 

Vertical shear -6.29 ± 297.20 -9.37 ± 12.57 -14.33 ± 
11.54 

Thermal front side 0.92 ± 8.21 * 1.07 ± 0.47 * 0.84 ± 0.34 * 

Slope 0.63 ± 6.84 NA 0.98 ± 0.49 * 

Net primary productivity NA NA 0.03 ± 0.02 
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Figure 3.3 – Coefficient of variation for the best model for the GAM (top left), HBM of gridded data (top right) and HBM 
using the LGCP (bottom left). 
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Figure 3.4 - Comparison of GAM and HBM results.  Red indicates GAM predicted higher relative density, blue indicates 
GAM predicted lower density and green is the same density.  The GAM vs. HBM of gridded data is on the left and GAM 
vs. HBM using LGCP is on the right.  Latitude and Longitude are in degrees. 

3.5 DISCUSSION: 

The best models from each of these three modelling techniques include most of the same 

environmental covariates and have similar predicted distributions of harbour porpoise 

(Table 3.2, Figure 3.2).  However, there are differences with the size of predicted areas of 

high density, with both HBMs (particularly when using LGCP) showing more fine-scale 

areas of higher relative density, with an additional high density area that is not identified 

when using GAMs.  From the HBM model using the LGCP it also appears that porpoise 

have a very patchy distribution, likely resulting from either clustering of individuals, taking 

advantage of very fine-scale environmental features or the result of how porpoise 

happened to be distributed on the days of the survey.  This trend is not apparent in the 

other two models which use the negative binomial distribution and gridded data because 

it smooths out these areas of highest density resulting from groups of animals, the use of 

very localised areas or random chance.   

Harbour porpoise are usually observed either individually or in small groups of 2-3 

animals, therefore it is possible that this clustering represents the use of very fine-scale 

environmental features that influence prey availability.   Thermal fronts are fine-scale and 

transient features which have been found to cause fish to aggregate (Olson & Backus 

1985, Hofmann & Powell 1998).  Thermal fronts have previously been found to be 
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significantly related to porpoise detection (Philpott 2013) and the detection of other 

cetacean species (Brown & Winn 1989, Tynan 1997, Mendes et al. 2002).  Thermal fronts 

were found to be the only significant variable in every model.  The importance of this 

variable could be tested in the future by deploying a series of acoustic recorders (C-PODs 

or similar) and temperature sensors along a gradient of predicted densities, e.g., from the 

centre of the highest density area on the Smith Bank to a lower density area away from it 

and investigating detection and temperature along this. 

This fine-scale clustering is important when developing management strategies for this 

species because there may be localised features that are well used (e.g., Smith Bank), 

adjacent to areas of low use which could inform the placement of protected areas or 

offshore developments.    

3.5.1 Statistical Differences 

3.5.1.1 Autocorrelation 

While GAMs can address autocorrelation by using correlation structures in a GAMM 

(Mackenzie et al. 2013), this was not used here as no spatial autocorrelation was evident 

after the incorporation of the soap film smoother.  In HBMs fitted using INLA, spatial 

autocorrelation can be addressed using the SPDE approach with the Matérn covariance 

function which allows the user to take spatial dependence into account instead of just 

spatial trend.  In this example, GAM models predict much larger areas of high density 

than HBMs because the GAM smooths out some spatial trends by gridding the data and 

also using the negative binomial distribution, whereas the HBMs took the spatiality 

explicit autocorrelation into account.  In addition, the CVs for both HBMs are less than 

half that of the GAM, showing much more confidence in the results.  The distribution of 

where the CV is highest also shows some areas of higher CV in areas where there are 

some data in the GAM whereas in the HBMs the areas of highest CV are restricted to the 

perimeter of the study area where there is no survey effort. 

3.5.1.2 Discrete vs. continuous space 

The data are modelled as continuous when using HBMs with INLA which offers obvious 

advantages because it eliminates the information loss associated with gridding the data, 

as done in most traditional GAMs (this is expected to be similar when segmenting data as 
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well), and can result in much more accurate predictions of distribution.  Both the HBM of 

gridded data (analysed in continuous space) and the HBM using LGCP (which used the 

exact locations of sightings and transects) have smaller areas of high density with a more 

patchy distribution. 

In general, the continuous representation and triangulation using the mesh provide a 

more flexible way of approximating a spatial area.  This becomes relevant both when the 

observation area is complex (with holes etc.) and if the study area represents a large area 

of the earth’s surface.  In this case models can be defined on the sphere without the need 

to project into two-dimensional space and the resulting distortion, which is inevitable 

when working with a grid. 

3.5.1.3 Spatial clustering of animals 

The results of the HBM using LGCP show a slightly different pattern to either of the other 

models fitted to the gridded data.  This LGCP model shows more localised areas of high 

density, with overall low density everywhere else.  This is because the animals can be 

observed in clusters – either driven by grouping of animals or fine-scale environmental 

covariates.  Using the negative binomial likelihood (as in both the GAM and HBM using 

gridded data) is an arbitrary fix for this grouping problem, which smooths the data, but 

there is not a straightforward interpretation of how the negative binomial likelihood 

reflects overdispersion.  Therefore, if appropriate for the data and the species being 

studied, using Bayesian modelling with the LGCP gives an advantage because it doesn’t 

smooth out these groups.  However, harbour porpoise are a highly mobile species and 

performing the same survey on a different day would likely give different results.  

Repeated surveys in the same area in the future could enable the LGCP models to 

distinguish between long-range cumulative distributions and short-range grouping of 

individuals.  This is a much clearer and more flexible approach than using the negative 

binomial likelihood, but is not as straightforward to implement when using GAMs.  

Without several repeated surveys I would be hesitant to say that these very fine-scale 

trends reflect the true distribution of harbour porpoise.  A single survey of this type might 

be appropriate for plants or sessile organisms, but this appears to be modelling at a finer 

resolution than I would consider realistic from these data. 
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3.5.1.4 Future developments 

Inlabru (inlabru.org; Bachl 2016), the R package used here to implement hierarchical 

Bayesian modelling using INLA (Yuan et al. 2017), is still in development, but aims to make 

these techniques more accessible to users in order to combine advanced spatial 

modelling techniques with distance sampling.  Inlabru makes it easier to use data from 

transects as well as the actual locations of sightings using the LGCP method.  As well, 

because inlabru was originally motivated by the need to incorporate distance sampling 

with HBM, it is possible to implement information relevant to sighting conditions and a 

detection function into modelling.  This was not used here as the data analysed were strip 

transects in which the detection function is assumed to be uniform throughout the strip 

width.  However, this could be a benefit for line-transect surveys (e.g. boat-based surveys 

for marine mammals or birds) where sighting conditions strongly influence observations. 

Because the models fitted with Inlabru are Bayesian, the user can include prior 

information about parameters.  Choosing priors appropriately is still an active area of 

ongoing research and the pc prior approach discussed in Simpson et al. (2017) and Sørbye 

et al. (submitted) aims at making prior choice transparent and user-driven based on the 

distance and strength of spatial correlation. The default uninformative priors available in 

Inlabru (and R-INLA) were used here but different approaches to prior choice may be 

assessed in the future.   

3.5.2 Practicalities of use 

The increased complexity and capability of HBMs using INLA comes at a price.  Models 

using HBMs are more difficult to implement than GAMs, involving a steeper learning 

curve for the user and with the increased complexity become computationally costly.  

Fitting models using hierarchical Bayesian methods with INLA requires expertise in 

statistical methods and there is currently a lack of documentation regarding the use of 

the inlabru package which will be addressed as it continues to be developed in the future.   

Benefits of GAMs include that the models are considerably easier to fit, users are 

generally more familiar with GAMs and extensive literature is published, with additional 

help easily available online.  The models also run faster and are less expensive in terms of 

computer power.  The considerable statistical and mathematical expertise required to be 
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able to fit models using INLA and interpret the results will slow their uptake.  However, 

models taking advantage of the INLA methodology are more flexible and can assess more 

complex relationships than can be addressed in GAMs.  HBMs are capable of modelling 

complex spatial as well as spatio-temporal patterns in data which are beyond the scope of 

GAMs as they are usually used by ecologists (however, such methods are under 

development by statisticians).  In addition, it is possible to model the interaction among 

different species or take properties of the individuals into account using HBMs (e.g. joint 

species distribution modelling: Illian et al. 2012, 2013; Sadykova et al. 2017) which is not 

straight-forward in GAMs. 

3.5.3 Management Implications 

We have shown that while the results of GAM and HBM using INLA are broadly similar, 

there are fine-scale clustering patterns apparent using HBMs that are smoothed over 

when gridding data using GAMs, and the ability of HBMs to model in continuous space 

(this is under development for GAMs) is potentially an advantage.  The use of modelling 

techniques that are capable of capturing the fine-scale spatial trends of species 

distributions is beneficial when developing management strategies or mitigation 

measures for fine-scale applications.  With repeated surveys, the HBM-INLA technique 

allows investigation into the exact locations that are used most frequently by harbour 

porpoise.  Here we have shown that modelling gridded data using a GAM and the 

negative binomial distribution highlights two areas of high density within the Moray Firth, 

Scotland.  Modelling the same gridded data using HBM-INLA also with a negative binomial 

distribution highlights those same two areas with an additional third area along the east 

coast that is not apparent when using GAMs.  Using HBM-INLA, this time with the LGCP 

which takes spatial clustering of animals into account, shows that the Smith Bank is the 

area of highest relative density.  Therefore, we suggest that there are three parts of the 

study area which host higher relative densities of harbour porpoise (one of which is 

missed by GAMs).  However, the sheer number of porpoise on the Smith Bank make it 

stand out when using the LGCP.   

The differences between these techniques have importance for management because 

spatial detail is being lost in the traditional GAM analysis which can have particular 

importance in specific management scenarios.  The broad-scale distribution of harbour 
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porpoise is similar between the two gridded methods, so if the aim of an analysis is to 

determine broad-scale areas of high density (e.g., for the development of protected 

areas), then either method should give suitable results.   

However, in some cases, knowing the very fine-scale distribution of a species is crucial.  

For example, there are two windfarm lease areas in the Moray Firth, one of which is 

currently under development and the other is expected to start construction in 2019-20.  

Therefore if the aim of analysis was to identify the fine-scale trends in porpoise 

distribution in order to develop a plan of where to place individual wind turbines then the 

LGCP analysis provides obvious advantages if surveys are repeated over the area to 

disentangle the relationship between clustering that occurs by chance and clustering that 

is related to persistent features.   

Further development of modelling methods can enhance our understanding.  Methods to 

combine space and time into the same models are advancing.  However it is important to 

keep in mind that progressively more and more complex models may not actually offer 

any practical or ecological advantages over their simpler counterparts.  Similar to the 

concept of diminishing returns, more advanced statistical models may not add enough 

value to our ecological understanding of a species to warrant the extra complexity.  For 

example the LGCP model created here predicts areas of high porpoise density that are far 

too fine-scale to be realistic when considering the highly mobile nature of porpoise.  

While HBM-INLA has great capacity, it is challenging to implement, requires a high level of 

statistical and programming expertise and therefore is not yet necessarily feasible for an 

ecologist without this statistical and programming background to use.  More 

development, particularly into the user-friendliness of packages and simpler explanations 

of the models should enhance the uptake of their use, however, users should always be 

asking what each new method will actually add to their ecological understanding.   
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3.7 APPENDIX 1 – GAM CODE 

setwd("file\\path…") 

 

#load the required packages 

library(mgcv) 

library(lattice) 

porp<-read.csv("data.csv", header=TRUE)                                  

 

# create offset to use in model 

porp$offset2<-log10(porp$Effort*(porp$Strip_Widt/1000))    

 

ECoast1<-read.csv("preddata_NEODAAS.csv", header=TRUE) 

library(fields) 

 

 

## make soap film smoother 

coast<-read.csv("coastline_for_soapfilm_smooth.csv", head=TRUE) 

## create the boundary for the soap film 

bound<-list(list(Longitude=coast[,1], Latitude=coast[,2], f=rep(0, 

nrow(coast)))) 

 

# create soap film smoother 

N <- 10 

gx <- seq(min(as.data.frame(bound[[1]][1])), 

max(as.data.frame(bound[[1]][1])), len = N) 

gy <- seq(min(as.data.frame(bound[[1]][2])), 

max(as.data.frame(bound[[1]][2])), len = N) 

gp <- expand.grid(gx, gy) 

names(gp) <- c("Longitude","Latitude") 

knots <- gp[with(gp, inSide(bound, Longitude, Latitude)), ] 

names(knots) <- c("Longitude", "Latitude") 

names(bound[[1]]) <- c("Longitude", "Latitude", "f") 

 

## some points are too close to boundary so need to adjust 

knots[1,2]<-56.13 

knots[14,2]<-57.62 

knots[23,1]<--3.4 

 

# Best model includes Depth + SP_HU3 + Chl + Slope + BT + SPEED + Fr_Side 

+ V_Shear   

m1<-gam(Size~Depth+SP_HU3+Chl+Slope+BT+SPEED+Fr_Side+V_Shear+s(Longitude, 

Latitude, bs="so", xt=list(bnd=bound)), knots=knots, offset=offset2, 

data=porp, family=nb(), method="ML")           # offset=offset2 

summary(m1) 

AIC(m1) 

 

3.8 APPENDIX 2 – GRIDDED INLA CODE 

library(devtools) 

install_git("https://github.com/fbachl/inlabru.git") 

library(inlabru) # version 1.0.0 used 

library(rgdal) 

library(ggmap) 

 

#setwd("file\\path…") 
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  load("porpoise.RData") 

  griddata = porpoise$griddata 

  

  griddata$DepthCentered = griddata$Depth - mean(griddata$Depth) 

  griddata$SP_HU3Centered = griddata$SP_HU3 - mean(griddata$SP_HU3) 

  griddata$BTCentered = griddata$BT - mean(griddata$BT) 

  griddata$ChlCentered = griddata$Chl - mean(griddata$Chl) 

  griddata$SPEEDCentered = griddata$SPEED - mean(griddata$SPEED) 

  griddata$V_ShearCentered = griddata$V_Shear - mean(griddata$V_Shear) 

  griddata$Fr_SideCentered = griddata$Fr_Side - mean(griddata$Fr_Side) 

 

 

# In order to make predictions we need to be able to evaluate the 

covariate # everywhere. For that purpose we use 'covariate' to 

interpolate the data. # 'evaluator' will then give you a function that 

can be applied to  

# coordinates x,y and will return the depth at that position 

 

Depth.cv = covariate(griddata, predictor = DepthCentered, mesh = 

porpoise$mesh) 

Depth.ev = evaluator(Depth.cv) 

 

SP_HU3.cv = covariate(griddata, predictor = SP_HU3Centered, mesh = 

porpoise$mesh) 

SP_HU3.ev = evaluator(SP_HU3.cv) 

   

BT.cv = covariate(griddata, predictor = BTCentered, mesh = porpoise$mesh) 

BT.ev = evaluator(BT.cv) 

   

Chl.cv = covariate(griddata, predictor = ChlCentered, mesh = 

porpoise$mesh) 

Chl.ev = evaluator(Chl.cv) 

    

SPEED.cv = covariate(griddata, predictor = SPEEDCentered, mesh = 

porpoise$mesh) 

SPEED.ev = evaluator(SPEED.cv) 

   

V_Shear.cv = covariate(griddata, predictor = V_ShearCentered, mesh = 

porpoise$mesh) 

V_Shear.ev = evaluator(V_Shear.cv) 

    

Fr_Side.cv = covariate(griddata, predictor = Fr_SideCentered, mesh = 

porpoise$mesh) 

Fr_Side.ev = evaluator(Fr_Side.cv) 

 

mdl = ~ spat(model=inla.spde2.matern(porpoise$mesh), mesh = 

porpoise$mesh) + DepthCentered + SP_HU3Centered + BTCentered + 

ChlCentered + SPEEDCentered + V_ShearCentered + Fr_SideCentered + 

Intercept - 1 

prd = Size ~ spat + Intercept + DepthCentered + SP_HU3Centered + 

BTCentered + ChlCentered + SPEEDCentered + V_ShearCentered + 

Fr_SideCentered 

rc = bru(griddata, model = mdl, predictor = prd, E = griddata$eff, linear 

= TRUE, family = "nbinomial", control.compute = list(dic=T, waic=T, 

config = TRUE)) 

 

# Use `plot.marginal` to inspect the posterior of the depth effect. The  

# Predictive interval covers 0, so the effect is not significant: 

 

  plot.marginal(rc, "DepthCentered")         

  plot.marginal(rc, "SP_HU3Centered") 

  plot.marginal(rc, "BTCentered") 
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  plot.marginal(rc, "ChlCentered") 

  plot.marginal(rc, "SPEEDCentered") 

  plot.marginal(rc, "V_ShearCentered") 

  plot.marginal(rc, "Fr_SideCentered") 

 

# predict the likelihood on the response scale 

pr1 = predict(rc, coordinates ~ exp(Intercept + spat + 

DepthCentered*Depth.ev(x,y) + SP_HU3Centered*SP_HU3.ev(x,y) + 

BTCentered*BT.ev(x,y) + ChlCentered*Chl.ev(x,y) + 

SPEEDCentered*SPEED.ev(x,y) + V_ShearCentered*V_Shear.ev(x,y) + 

Fr_SideCentered*Fr_Side.ev(x,y))) 

 

# predict the log likelihood 

pr3 = predict(rc, coordinates ~ Intercept + spat + 

DepthCentered*Depth.ev(x,y) + SP_HU3Centered*SP_HU3.ev(x,y) + 

BTCentered*BT.ev(x,y) + ChlCentered*Chl.ev(x,y) + 

SPEEDCentered*SPEED.ev(x,y) + V_ShearCentered*V_Shear.ev(x,y) + 

Fr_SideCentered*Fr_Side.ev(x,y)) 

#pr2 = predict(rc, coordinates ~ exp(Intercept + spat)) 

 

# convert mesh to UTM 

msh1 = inla.spTransform(attributes(pr1)$misc$mesh, CRS("+proj=utm 

+zone=30")) 

attributes(pr1)$misc$mesh = msh1 

 

msh3 = inla.spTransform(attributes(pr3)$misc$mesh, CRS("+proj=utm 

+zone=30")) 

attributes(pr3)$misc$mesh = msh3 

 

# plot predictions 

p1<-plot(pr1)+ labs(colour = "Density") #+ scale_fill_gradientn(colours = 

brewer.pal(9,"YlOrRd"), limits = c(0,1)) 

p2<-plot(pr1, property = "cv")+ labs(colour = "CV")#+ 

scale_fill_gradientn(colours = brewer.pal(9,"YlOrRd"), limits = c(0,1)) 

multiplot(p1, p2, cols=2) 

 

3.9 APPENDIX 3 – LGCP INLA CODE 

library(inlabru) # version 1.0.0 used 

library(rgdal) 

library(ggmap) 

 

#setwd("file\\path…") 

  load("porpoise.RData") 

  griddata = porpoise$griddata 

 

  Depthdata = covariate(griddata, predictor = Depth, mesh = 

porpoise$mesh) 

  local.Depth = evaluator(Depthdata) 

  mean.Depth = evaluator(Depthdata, get.smean) # Returns spatial mean 

  centered.Depth = function(...) local.Depth(...) - mean.Depth(...) 

  centered.Depth2 = function(df) centered.Depth(x=df$x, y=df$y) 

  

  Slopedata = covariate(griddata, predictor = Slope, mesh = 

porpoise$mesh) 

  local.Slope = evaluator(Slopedata) 

  mean.Slope = evaluator(Slopedata, get.smean) # Returns spatial mean 

  centered.Slope = function(...) local.Slope(...) - mean.Slope(...) 
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  centered.Slope2 = function(df) centered.Slope(x=df$x, y=df$y) 

  

  SP_HU3data = covariate(griddata, predictor = SP_HU3, mesh = 

porpoise$mesh) 

  local.SP_HU3 = evaluator(SP_HU3data) 

  mean.SP_HU3 = evaluator(SP_HU3data, get.smean) # Returns spatial mean 

  centered.SP_HU3 = function(...) local.SP_HU3(...) - mean.SP_HU3(...) 

  centered.SP_HU32 = function(df) centered.SP_HU3(x=df$x, y=df$y) 

 

  BTdata = covariate(griddata, predictor = BT, mesh = porpoise$mesh) 

  local.BT = evaluator(BTdata) 

  mean.BT = evaluator(BTdata, get.smean) # Returns spatial mean 

  centered.BT = function(...) local.BT(...) - mean.BT(...) 

  centered.BT2 = function(df) centered.BT(x=df$x, y=df$y) 

   

  Chldata = covariate(griddata, predictor = Chl, mesh = porpoise$mesh) 

  local.Chl = evaluator(Chldata) 

  mean.Chl = evaluator(Chldata, get.smean) # Returns spatial mean 

  centered.Chl = function(...) local.Chl(...) - mean.Chl(...) 

  centered.Chl2 = function(df) centered.Chl(x=df$x, y=df$y) 

 

  netPPdata = covariate(griddata, predictor = netPP, mesh = 

porpoise$mesh) 

  local.netPP = evaluator(netPPdata) 

  mean.netPP = evaluator(netPPdata, get.smean) # Returns spatial mean 

  centered.netPP = function(...) local.netPP(...) - mean.netPP(...) 

  centered.netPP2 = function(df) centered.netPP(x=df$x, y=df$y) 

 

  SPEEDdata = covariate(griddata, predictor = SPEED, mesh = 

porpoise$mesh) 

  local.SPEED = evaluator(SPEEDdata) 

  mean.SPEED = evaluator(SPEEDdata, get.smean) # Returns spatial mean 

  centered.SPEED = function(...) local.SPEED(...) - mean.SPEED(...) 

  centered.SPEED2 = function(df) centered.SPEED(x=df$x, y=df$y) 

  

  V_Sheardata = covariate(griddata, predictor = V_Shear, mesh = 

porpoise$mesh) 

  local.V_Shear = evaluator(V_Sheardata) 

  mean.V_Shear = evaluator(V_Sheardata, get.smean) # Returns spatial mean 

  centered.V_Shear = function(...) local.V_Shear(...) - mean.V_Shear(...) 

  centered.V_Shear2 = function(df) centered.V_Shear(x=df$x, y=df$y) 

  

  Fr_Sidedata = covariate(griddata, predictor = Fr_Side, mesh = 

porpoise$mesh) 

  local.Fr_Side = evaluator(Fr_Sidedata) 

  mean.Fr_Side = evaluator(Fr_Sidedata, get.smean) # Returns spatial mean 

  centered.Fr_Side = function(...) local.Fr_Side(...) - mean.Fr_Side(...) 

  centered.Fr_Side2 = function(df) centered.Fr_Side(x=df$x, y=df$y) 

 

# Specify model 

mdl = coordinates ~ spat(map = coordinates, model = 

inla.spde2.matern(porpoise$mesh), mesh = porpoise$mesh) +                       

beta.Depth(map = centered.Depth(x,y), model = "linear") +                      

beta.Slope(map = centered.Slope(x,y), model = "linear") +                      

beta.SP_HU3(map = centered.SP_HU3(x,y), model = "linear") +                      

beta.BT(map = centered.BT(x,y), model = "linear") +                      

beta.Chl(map = centered.Chl(x,y), model = "linear") +                      

beta.netPP(map = centered.netPP(x,y), model = "linear") +                      

beta.SPEED(map = centered.SPEED(x,y), model = "linear") +                      

beta.V_Shear(map = centered.V_Shear(x,y), model = "linear") +                      

beta.Fr_Side(map = centered.Fr_Side(x,y), model = "linear") +                      

Intercept 
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# Run Model 

  r = lgcp(points = porpoise$points, samplers = porpoise$samplers, model 

= mdl, mesh = porpoise$mesh, control.compute = list(dic=T, waic=T, 

config=T))  summary(r) 

            

# Plot Marginals 

  plot.marginal(r, "beta.Depth")          

  plot.marginal(r, "beta.Slope") 

  plot.marginal(r, "beta.SP_HU3") 

  plot.marginal(r, "beta.BT") 

  plot.marginal(r, "beta.Chl") 

  plot.marginal(r, "beta.netPP") 

  plot.marginal(r, "beta.SPEED") 

  plot.marginal(r, "beta.V_Shear") 

  plot.marginal(r, "beta.Fr_Side") 

   

# Predict the joint intensity on the response scale                   

pr1 = predict(r, coordinates ~ exp(spat + Intercept + beta.Depth * 

centered.Depth(x,y) + beta.Slope * centered.Slope(x,y) + beta.SP_HU3 * 

centered.SP_HU3(x,y) + beta.BT * centered.BT(x,y) + beta.Chl * 

centered.Chl(x,y) + beta.netPP * centered.netPP(x,y) + beta.SPEED * 

centered.SPEED(x,y) + beta.V_Shear * centered.V_Shear(x,y) + beta.Fr_Side 

* centered.Fr_Side(x,y) )) 

plot(pr1) 

 

# Predict the joint intensity on the log scale                   

   pr3 = predict(r, coordinates ~ spat + Intercept + beta.Depth * 

centered.Depth(x,y) + beta.Slope * centered.Slope(x,y) + beta.SP_HU3 * 

centered.SP_HU3(x,y) + beta.BT * centered.BT(x,y) + beta.Chl * 

centered.Chl(x,y) + beta.netPP * centered.netPP(x,y) + beta.SPEED * 

centered.SPEED(x,y) + beta.V_Shear * centered.V_Shear(x,y) + beta.Fr_Side 

* centered.Fr_Side(x,y) ) 

plot(pr3) 

 

#Convert to UTM 

msh1 = inla.spTransform(attributes(pr1)$misc$mesh, CRS("+proj=utm 

+zone=30")) 

attributes(pr1)$misc$mesh = msh1 

 

msh3 = inla.spTransform(attributes(pr3)$misc$mesh, CRS("+proj=utm 

+zone=30")) 

attributes(pr3)$misc$mesh = msh3 

 

# Plot results 

p1<-plot(pr1)+ labs(colour = "Density") #+ scale_fill_gradientn(colours = 

brewer.pal(9,"YlOrRd"), limits = c(0,1)) 

p2<-plot(pr1, property = "cv")+ labs(colour = "CV")#+ 

scale_fill_gradientn(colours = brewer.pal(9,"YlOrRd"), limits = c(0,1)) 

multiplot(p1, p2, cols=2) 
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3.10 APPENDIX 4 – SUPPLEMENTAL FIGURES 
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Figure S1 – Locations of knots in soap film smoother used for GAM analysis. 
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Figure S2 – Mesh used for INLA analysis. 
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Figure S3 – Model validation results for the selected GAM.  The two apparent outliers in 

the bottom right plot are the two locations with exceptionally high counts of porpoise 

observed on the Smith Bank.  Therefore, these cells were not removed from analysis. 
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Figure S4 – Splines of the GAM for the selected model showing the effects of space and 

each environmental covariate.  Environmental covariates were treated as linear. 
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Figure S5 – Variogram of GAM model results shows no spatial autocorrelation within the 

model. 

 

Figure S6 – Scatterplot of the predicted relative densities from the three different models 

against the observed number of sightings per km of effort in each grid cell with survey 

effort.  The number in the bottom right of each plot is the spearman’s correlation 

between the observed data and the model predictions. 
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Figure S7 – Marginal distributions for each environmental covariate included in the 

hierarchical Bayesian model of gridded data. 
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Figure S8 - Marginal distributions for each environmental covariate included in the 

hierarchical Bayesian model using the LGCP 
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4 VARIATIONS IN THE DISTRIBUTION AND FORAGING BUZZ 

PROBABILITY OF HARBOUR PORPOISE  
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4.1 ABSTRACT: 

An improved understanding of seasonal variation in distribution and important areas for 

foraging, particularly for species of conservation value, greatly enhances the development 

of management strategies for these species.   

Passive acoustic data were collected using a broad-scale array of between 48 and 65 C-

PODs in each month (July-Oct) over an area of roughly 2,000 km2 in the Moray Firth (MF), 

North East Scotland.  Here I investigate shifts in the distribution of echolocation 

detections (detection positive hours per day) and foraging buzz probability (proportion of 

detected clicks that are buzzes, and the number of foraging positive hours per day) for 

harbour porpoise (Phocoena phocoena), between summer and autumn 2009-2011.  The 

acoustic detections of harbour porpoise were modelled using hierarchical Bayesian 

methods with integrated nested Laplace approximation to predict their spatial 

distribution in each month.   

The relative density of harbour porpoise was highest at an offshore sand bank in the 

outer MF during the summer each year, with detections decreasing there slightly during 

October.  This was consistent between years with similar environmental conditions, but 

changed in 2011 when environmental conditions were cooler.  Maps of foraging 

probability (proportion of detected clicks that are buzzes) did not match those of 

distribution, and instead showed higher foraging probability in the inner and central MF; 

however, the number of hours in which foraging was detected were similar between the 

central and outer MF.   

We propose that this apparent disparity between overall distribution and foraging 

probability is likely caused by a combination of harbour porpoise targeting different prey 

and using different foraging behaviour in different habitats, some of which are not as 

reliably detected by the acoustic recorder.   
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4.2 INTRODUCTION: 

Understanding patterns in animal distribution and how these patterns vary across 

seasons and between years is vital for the development of effective management 

strategies.  Animals live in heterogeneous environments in which resources are patchily 

distributed (Fauchald 1999), resulting in a patchy distribution of predators to maximize 

their foraging efficiency (Fauchald et al. 2000; Benoit-Bird et al. 2013).  Understanding the 

drivers of these temporally and spatially varying distributions is important to inform our 

ecological understanding of the species as well as to support the development of 

effective spatio-temporal management and conservation measures (Dunn et al. 2011; 

Pompa et al. 2011; Jones et al. 2014; IUCN-MMPATF 2016).   

Harbour porpoise (Phocoena phocoena) are the most abundant cetacean in the North 

Sea, NE Atlantic (Hammond et al. 2002, 2013, 2017), and are protected by national and 

international agreements (EU-COM 1992; OSPAR 2008).  Harbour porpoise are often 

caught as bycatch in fisheries (Hammond et al. 2002; Nabe-Nielsen et al. 2014) or 

encountered in offshore development sites (e.g., Carstensen et al. 2006; Bailey et al. 

2010; Brandt et al. 2011; Dähne et al. 2013; Pirotta et al. 2014a).  A thorough 

understanding of their distribution and how it varies through seasons and years as well as 

important areas for foraging is required to support management measures to mitigate 

the impacts from these industries.   

Within the Moray Firth, NE Scotland (the study area for this research), harbour porpoise 

encounter many anthropogenic stressors, including: windfarm developments, oil & gas 

exploitation (including seismic surveys and physical structures), commercial and 

recreational fisheries, shipping, military exercises, recreational boating and ecotourism. 

Yet often little is known about how porpoise distribution may vary between seasons, and 

what areas are most important for foraging.  A thorough understanding of both of these 

would be valuable to support the development of effective spatio-temporal management 

measures. 

4.2.1 Seasonal shifts in distribution 

Harbour porpoise exhibit seasonal changes in visual and acoustic detections in localised 

surveys throughout many parts of their range (Verfuß et al. 2007; Gilles et al. 2011, 2016; 
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Schaffeld et al. 2016; Cox et al. 2016; Nuuttila et al. 2017).  However, it is usually more 

difficult to understand seasonal changes to their broad-scale spatial distribution (Gilles et 

al. 2016) and especially the changes in locations they are using for foraging.   In the Baltic 

Sea, porpoise have been detected more in the spring and summer than in the winter, 

suggesting that the area may be important for breeding (Verfuß et al. 2007).  Habitat 

variables that are significantly related to porpoise detection in the German Bight were 

found to change between seasons, though currents and proxies for fronts and primary 

production as well as the interaction between distance to coast and water depth were 

often important (Gilles et al. 2011).  The seasonal distribution of harbour porpoise has 

also been found to shift across international boundaries in the central and southern North 

Sea (Gilles et al. 2016).   

Natural shifts in distribution are expected to follow prey availability on seasonal cycles 

(Torres et al. 2008).  Harbour porpoise in Scottish waters primarily prey on whiting 

(Merlangius merlangus) and sandeel (Ammodytidae), with sandeel being more important 

during the summer; however, they also take advantage of many other types of prey 

including: herring (Clupea harengus), gadoids (Gadidae), gobies (Gobiidae), bobtail squid 

(Sepiolidae) among others (Santos & Pierce 2003; Santos et al. 2004).  Porpoise are also 

known to shift their diet between seasons as the availability or abundance of different 

prey species changes (Sveegaard et al. 2012b).  Diet studies for porpoise often rely on 

stranded animals and sample sizes are often low and may not reflect healthy individuals 

in the population, therefore there is uncertainty in their diet.   

Previous studies using visual survey data from ships and land have reported that porpoise 

are most abundant in UK waters during August and September (Weir et al. 2007; 

Marubini et al. 2009).  Studies of harbour porpoise distribution in the Moray Firth have 

found that the Smith Bank, an offshore sand bank, holds the highest density of porpoise 

in the area (Chapter 3; Brookes et al. 2013; Williamson et al. 2016).  However, porpoise’ 

seasonal distribution in the Moray Firth is poorly understood and the habitats in which 

they forage have not been explored.  Porpoise foraging decreases when they are 

disturbed (Pirotta et al. 2014a; Wisniewska et al. 2018), but it is not known if porpoise 

take advantage of specific habitat types for foraging.  Assessing the distribution of 

foraging is often not possible (or not considered) when using visual, video or acoustic 
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data.  It is generally assumed that foraging conditions are best in areas of high density, 

however this may not always be the case (Kennedy & Gray 1993; Gray & Kennedy 1994; 

Nabe-Nielsen et al. 2014).  Here I explore several reasons why the distribution of foraging 

may differ from the overall distribution of animals:   

1) Animals could forage in specific locations and use other areas for resting/socialising 

which could cause maps of distribution to be misleading when inferring foraging.  For 

example, Hawaiian spinner dolphins and Hector’s dolphins are both known to use 

particular areas for foraging and other areas for socialising or resting (Norris 1994; 

Rayment et al. 2009). 

2) Animals could exhibit different behaviour when they are foraging vs. when they are 

resting/socialising which are not equally detectable.  Depending upon which behaviours 

are more easily detectable, this could cause models of distribution to under/over-

estimate density or foraging in some areas. 

3) Animals could exhibit different behaviour in some areas not related to prey availability 

– e.g. predator avoidance – which may influence where they forage.  This could be related 

to a ‘landscape of fear’ in which prey species may change which areas they use based on 

their perception of where predators are most likely to be (Lima & Dill 1990; Brown et al. 

1999). 

While studies of distribution do not usually consider the spatial distribution of foraging, it 

is possible to infer foraging from acoustic detections of cetaceans (Pirotta et al. 2014a; b). 

4.2.2 Acoustic detection of foraging 

Many species of cetaceans have evolved to use echolocation for communication, 

navigation, prey detection and predator avoidance (Au 1993; Tyack 1998; Clausen et al. 

2010).  Therefore, passive acoustic monitoring (PAM) is increasingly being used to 

investigate distribution and abundance trends of cetaceans (e.g. Marques et al. 2009; 

Kyhn et al. 2012).  PAM data have been found to correlate strongly with distribution and 

estimated relative density of harbour porpoise from visual surveys (Brookes et al. 2013; 

Williamson et al. 2016; Jacobson et al. 2017) and satellite tagging (Mikkelsen et al. 2016) 

and have been used to monitor the distribution of cetaceans in a variety of habitats and 

to assess the impacts of disturbance (e.g., Brandt et al. 2011; Wilson et al. 2013).  
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Different behaviours can be inferred by click characteristics and measuring the time 

between successive clicks.  Porpoise generally have two types of clicks; ‘normal’ clicks 

which they use for navigation or communication (Au 1993) and ‘buzzes’.  Buzzes may be 

produced in some social situations such as aggressive interactions (Clausen et al. 2010); 

however, for the purpose of this study we assume buzzes relate to foraging (DeRuiter et 

al. 2009; Pirotta et al. 2014a; b).  Buzzes can be identified by the duration between 

consecutive clicks (inter-click-interval; ICI).  Buzzes have an ICI that is usually less than 10 

ms (Carlström 2005; Pirotta et al. 2014b).   Therefore, buzzes can be extracted from PAM 

data, which allows investigation into the times and locations in which echolocating 

cetaceans are actively foraging (Pirotta et al. 2014b).   

Previous studies have reported differences in acoustic detections of porpoise between 

night and day that are proposed to be due to differences in foraging (Chapter 2, 

Diederichs et al. 2008, Todd et al. 2009, Brandt et al. 2014).  However, it has not 

previously been possible to investigate the spatial distribution of foraging across different 

habitats. 

4.2.3 Aims 

We used a large-scale passive acoustic monitoring dataset collected throughout the 

Moray Firth from four months (July-October) in three consecutive years (2009-2011) to 

identify patterns in distribution.    

The aims of this study are to investigate trends in the spatial distribution of harbour 

porpoise and the detection of their foraging buzzes over summer and autumn.  We aim to 

see if harbour porpoise foraging is detected in these same areas of higher relative density 

and if this is consistent between both summer and autumn and across years.  

4.3 METHODS: 

4.3.1 Study area & data 

The Moray Firth, in north-east Scotland, is a large triangular sea area covering 

approximately 6,000 km2 (Figure 4.1).  There are two wind turbines (the Beatrice Wind 

Farm Demonstrator project) in the study area, which were constructed in 2006-2007 

(Thompson et al. 2010), as well as four oil platforms; three of which were installed during 
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the 1980s, and one in 2008 (Figure 4.1).  Seismic surveys were performed during 1-11 

September 2011 in the central Moray Firth which could have influenced porpoise 

distribution; however these were not reported to cause long-term change to porpoise 

distribution or foraging (Thompson et al. 2013; Pirotta et al. 2014a).  Several fisheries also 

operate in this area, although there is no fishery for sandeel.  

 

Figure 4.1 – The locations of all C-POD deployments are shown and the outer, central, inner and coastal portions of the 
Moray Firth (MF) are localised as well as the Smith Bank and the Southern Trench.  The black box shows the location of 
seismic surveys performed in September 2011.  The inset shows the location of the Moray Firth in relation to the UK. 

Environmental variables were selected for inclusion in the models not necessarily because 

they were thought to influence harbour porpoise distribution directly, but often because 

they are thought to be drivers of the distribution of harbour porpoise prey.  Depth, slope 

and sediment are often significant in models of porpoise distribution (Booth et al. 2013; 

Brookes et al. 2013; Williamson et al. 2016) and bottom temperature has previously been 
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linked to porpoise distribution (Sadykova et al. 2017).  Biological variables such as 

chlorophyll-a and net primary productivity and variables that cause aggregation of prey 

such as fronts and tidal mixing (e.g., current speed, vertical shear and potential energy 

anomaly), have previously been correlated with the distribution of fish and marine 

predators (Olson & Backus 1985; Hofmann & Powell 1998; Grémillet et al. 2008; Scott et 

al. 2010; Embling et al. 2012), therfore the influence of these variables was investigated 

here.   

Depth on a raster grid of cell size approximately 180 m and polygons of sediment type at 

a 1:250 000 scale were provided by SeaZone Solutions Ltd. (2005a, b).  The maximum 

depth is 200 m in the Southern Trench and a large offshore sand bank (15x20 km; the 

Smith Bank) is roughly 30-40 m deep (Figure 1).  Sediment types were identified using a 

Folk triangle (Folk 1954).  The sediment in the Moray Firth is primarily sand or gravelly 

sand, with muddy sand found in a strip along the southern portion of the Firth (Brookes et 

al. 2013, Williamson et al. 2017).  Sediment type was expressed as the proportion of 

sediment that was sand or gravelly sand within a 5x5 km grid cell based on previous 

studies of harbour porpoise habitat association in this area (Williamson et al. 2016; 

Brookes, Bailey & Thompson 2013).  Seabed slope was calculated in degrees using the 

Slope tool in ESRI ArcGIS 10.2.1 (ESRI, Redlands, California, USA).   

Modelled hydrodynamic data were provided by runs of the NEMO-ERSEM 3D coupled 

hydrodynamic-ecosystem model (Edwards et al. 2012; O’Dea et al. 2014; Wakelin et al., 

unpublished data; Nucleus for European Modelling of the Ocean; Madec & the NEMO 

Team 2008).  These data included: bottom temperature (BT; ⁰C), potential energy 

anomaly (PEA; J/m3; which is the energy required to mix the water column completely), 

depth-averaged current speed (SPEED; m/s), vertical velocity shear (m/s), depth-averaged 

vertical velocity (m/day) and depth-integrated net primary production (netPP; 

mgC/m2/day).  These data were provided during the “summer season” (July, August, 

September and October) as climatological means across 25 years (1989-2014).  An 

estimate of predicted stratification was calculated using the log10 of depth (H) divided by 

current speed cubed (u3) (log10(H/u3; (Simpson & Hunter 1974; Simpson, et al. 1981) 

Satellite data were obtained from NEODAAS (NERC Earth Observation Data Acquisition 

and Analysis Service) from NASA’s AVHRR Pathfinder data set.  These data included: front 
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distance (km; Miller 2009), sea surface temperature (SST; ⁰C) and sea surface chlorophyll-

a (Chl; mgC/m3).  These data were provided as weekly means throughout the study 

period on a 1x1 km grid.  The mean of the SST in each month in each of the regions of the 

study area (outer, central, inner and coastal MF) were calculated and plotted (Figure S2). 

After inspection of histograms of the data (Figures S1-S13), values of less than 10 ⁰C for 

BT and SST were removed as well as SPEED > 0.05 m/s and Chl > 5 mgC/m3.  Variance 

inflation factors (VIF; Zuur et al. 2010) were used to investigate correlation between 

environmental covariates.  VIF values were calculated for each month separately, and 

covariates with a VIF > 4 were removed for that month. 

PAM data were collected between July and October in 2009, 2010 and 2011 at between 

48 and 65 sites in each month resulting in between 886 and 1,826 days of data each 

month (Table 4.1).  Data were collected using C-PODs (Chelonia Ltd. 2014) as described by 

(Williamson et al. 2016, 2017).  C-PODs were deployed at sites ranging in depth from 7 m 

to 73 m (Figure 4.1).  The number of detection positive hours per day (DPHDay) was 

calculated for each day at every location.   

Table 4.1 – Number of C-POD locations surveyed and the total number of days of data each month. 

Month 
# 

locations 
surveyed 

# days of 
data 

Jul-09 59 960 
Aug-09 58 1777 
Sep-09 57 1709 
Oct-09 57 1623 

Jul-10 63 886 
Aug-10 65 1826 
Sep-10 59 1748 
Oct-10 59 1193 

Jul-11 51 1326 
Aug-11 50 1534 
Sep-11 48 1440 
Oct-11 48 1460 

Foraging buzzes were extracted from the acoustic detections using the duration of the 

inter click interval (ICI) using Gaussian mixture models to assign clicks with different ICIs 

to different categories (Pirotta et al. 2014b; Williamson et al. 2017).  Echolocation clicks 

with ICIs of less than 10 ms are assumed to be from foraging buzzes (Carlström 2005).  

The total number of echolocation clicks detected in each hour (for hours in which 
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detections were made) was calculated as well as the total number of clicks that were 

deemed to be foraging buzzes in those hours. 

4.3.2 Modelling  

Hierarchical Bayesian models (HBMs) using integrated nested Laplace approximation 

(INLA; Rue et al. 2009) were run for each month (July – October) in 2009-2011 to model 

both the overall distribution of porpoise as well as their foraging probability.  HBMs offer 

a flexible approach to modelling species distribution data which is capable of identifying 

fine-scale spatial trends, accounting for spatial autocorrelation and modelling in 

continuous space (Chapter 3).  In order to approximate continuous space, the stochastic 

partial differential equation approach (SPDE; Lindgren et al. 2011) was used, which 

approximates the Gaussian field using a flexible stochastic model that is continuous in 

space (Blangiardo et al. 2013).  The SPDE approach requires a triangulation mesh of the 

modelled area.  The mesh provides a lower bound on the spatial resolution for analysis, 

and therefore a mesh should be developed which is fine enough so that no further 

changes in the results can be observed when a finer mesh is used (Lindgren et al. 2011).  

The triangulation mesh for the SPDE was created, bounded by the coastline with an inner 

(finer) mesh extending to a distance of 10 km from C-POD locations and an outer mesh 

extended to a distance of 20 km from C-PODs.  The outer mesh is used to prevent edge 

effects and since it is outside the range of the data, a coarser resolution can be used for 

computational efficiency.  The mesh generator was allowed to place vertices randomly as 

needed with a maximum edge length of 4 km between vertices in the inner mesh and 10 

km in the outer mesh.  A minimum angle of 25° and a minimum edge length of 2 km were 

permitted.  Because the locations of C-PODs varied between months and years, the shape 

of the resulting mesh also varied slightly (Figure S1).  Default minimally informative prior 

specification was used for the SPDE.   

When modelling the overall detection of harbour porpoise, the number of detection 

positive hours per day (DPHDay) was used as the response variable, as this has been 

shown to provide a robust estimate of relative density (Williamson et al. 2016).  The SPDE 

was included when modelling and a Poisson distribution was used.  When modelling the 

foraging buzz probability (Pb), the number of clicks that were buzzes was modelled using 

the binomial distribution with the overall number of clicks detected in that hour used as 



L. D. Williamson 

112 

the number of trials for the binomial.  Again, the SPDE was included in the model.  Code 

for an example month can be seen in section 4.9 for both the overall detection model 

(Poisson likelihood) and a foraging model (binomial likelihood). 

These models were then used to predict the DPHDay and Pb onto the mesh and these 

predictions were plotted.  The mean number of DPHDay in each area was calculated 

(Table 4.2) to investigate trends in detection between areas and in different months.  The 

median number of DPHDay as well as the median number of hours in which foraging was 

detected (FPH) were also calculated (Table 4.3).  The mean DPHDay detected by C-PODs 

at each site was compared to the predicted DPHDay from the model, these values were 

plotted against each other for each month, and Spearman’s tests were used to calculate 

correlation. 

For visual comparison, the results of each model were predicted onto a 1x1 km grid which 

covered the entire area within 20 km of any C-POD (sometimes outside the range covered 

in that particular month).  These results were divided by their maximum value (to 

standardise) and then the results from August, September and October were subtracted 

from the results from July for each year to see where they predicted higher relative 

densities (Figure S18). 

Generalized additive models (GAMs; Hastie & Tibshirani 1990, Wood 2006) were used to 

investigate the importance of environmental drivers on acoustic detection.   A Poisson 

distribution and maximum likelihood were used when modelling the overall detections 

(DPHDay).  The default thin plate regression splines were used for all variables and the 

number of knots was set to 6 to prevent over-fitting.  Environmental variables with a VIF 

greater than 4 were removed and all combinations of environmental covariates were run 

and the one with the lowest AIC was selected as the best. 

To investigate how well the models fitted the observed data, the predicted DPHDay at 

each C-POD site was plotted against the mean DPHDay detected at that site for each 

month and the Spearman’s correlation was calculated (Figure S6). 

4.4 RESULTS: 

Trends in detection were fairly consistent in 2009, 2010 and 2011 (Figure 4.2, S3 and S18). 

Overall DPHDay for harbour porpoise was highest on the Smith Bank in the outer Moray 
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Firth (MF) from July to September each year (15-19 hours/day), detections on the Smith 

Bank decreased in October to 9-12 hours/day (Table 4.2 and Figure 4.2 and S18).  In the 

central MF, detection was moderate in 2009 and 2010 with about 8-10 hours/day with 

the exception of one C-POD site in 2009 which consistently had higher detection of 15 

hours/day.  This same site also showed increased detection in October 2010.  In 2011 

there is an apparent decrease in porpoise detections on the sand bank and an increase in 

the central MF in Aug/Sept with detections on the sand bank reducing further in October 

(5-10 hours/day).  To investigate this trend between years, the average monthly SST from 

satellite data were plotted for the outer, central and coastal MF (Figure S2) which showed 

that the SST cooled slightly earlier in 2011 than in 2009 or 2010, suggesting different 

environmental conditions in 2011.  This could not be shown in the inner MF because too 

much cloud cover prevented capturing adequate SST data. 

Table 4.2 - Mean detection positive hours per day in each area and month. 

Month Inner MF S Coast Central MF Outer MF Smith Bank 

Jul-09 1.6 4.2 8.5 8.8 17.9 
Aug-09 2.3 4.7 8.6 11.5 19.0 
Sep-09 2.9 5.0 8.4 11.5 15.3 
Oct-09 5.3 6.7 10.0 9.5 11.1 

Jul-10 2.1 5.5 9.3 10.9 17.0 
Aug-10 3.2 3.8 9.9 11.8 15.3 
Sep-10 3.3 4.6 8.4 11.9 15.1 
Oct-10 2.7 4.5 9.1 9.7 12.2 

Jul-11 2.8 2.2 9.5 12.7 15.4 
Aug-11 2.9 2.8 12.2 12.0 15.4 
Sep-11 2.4 2.7 10.5 10.0 15.5 
Oct-11 3.1 3.0 10.9 8.7 9.7 

Low detection rates were recorded in the inner MF (1-5 hours/day), yet there were some 

specific locations farther east along the coast which had higher detection (20 hours/day) 

throughout 2009 and Jul/Aug 2010.  However this area was not surveyed in Sept/Oct 

2010 or in 2011 therefore consistency of high detection at these sites could not be 

determined.  Overall, sites along the south coast had a mean detection of 2-6 hours/day 

(Table 4.2). 

The mean DPHDay detected on C-PODs had a correlation of over 0.99 against the DPHDay 

calculated in the model in each month (Figure S6), showing that the models are fitting the 

data very well. 
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Table 4.3 - Median detection positive hours per day (DPHDay) and foraging buzz positive hours per day (FPH) in each 
area as well as the mean percentage of detection positive hours that also have foraging detected. 

Area Type 
Month % of DPHDay 

with foraging July August September October 

Inner MF 
DPHDay 1 2 2 2.5 

60 
FPH 1 1 1 1 

S Coast 
DPHDay 2 2 3 4 

46 
FPH 1 1 1 2 

Central 
MF 

DPHDay 9 10 9 9 
33 

FPH 3 3 3 3 

Outer MF 
DPHDay 11 12 11 9 

27 
FPH 3 3 3 2 

Smith 
Bank 

DPHDay 17 16 16 11 
35 

FPH 6 5 5 3 

GAM results showed that chlorophyll-a, depth, sea surface temperature and current 

speed were important for most months.  These models explained between 38% and 69% 

of deviance depending on month (Table 4.4).  The relationships between each variable 

(Figures S7-S17) varied between each month and showed little consistency, indicating 

that the relationships between porpoise and the environment vary at different times and 

locations. 

Contrasting with the models of overall detections, foraging buzz detections were rarely 

recorded on the sand bank where the probability of foraging buzzes was 35% (Table 4.3).  

The highest Pb was detected in the inner and central MF (up to 60%; Figure 4.3 and S4).  

Areas with a high Pb were small and shifted slightly between months; however, the 

overall pattern did not appear to display much of a seasonal trend, remaining consistent 

between months and years.   

The median number of hours in which porpoise foraging buzzes are detected (FPH) is less 

than the median detection positive hours in all sites (DPHDay; Table 4.3).  The percent of 

hours with foraging to hours with any detection are similar for the outer and central MF 

and the Smith Bank (27%-35%; Table 4.3), however, this nearly doubles in the inner MF to 

60%.   
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 Figure 4.2 – Overall detection – detection positive hours per day in July-October 2009-2011. All figures are scaled from 0-24 hours.  Blue points represent the locations of C-PODs deployed in that 
month and the black rectangle show the location of seismic surveys performed in September 2011. 
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Figure 4.3 - Foraging buzz probability - proportion of clicks that are buzzes in detection positive hours in July-October 2009-2011.  All figures are scaled from a proportion of 0-0.6.  Blue points represent 
the locations of C-PODs deployed in that month and the black rectangle show the location of seismic surveys performed in September 2011. 
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Table 4.4 - GAM results showing which environmental variables are significant when modelling harbour porpoise detection.  Dark grey boxes were not tested because the variables were correlated 
(VIF>4) and white boxes show variables which were not retained in the final model.  The number of stars in a box show the significance, with p-values between 0 and 0.001 = ***, between 001 and 
0.01 = **, between 0.01 and 0.5 = *, between 0.05 and 0.1= . and > 0.1 with no symbol. 

year month 

Explanatory Variables   

Depth Slope Sediment H/u3 BT netPP PEA Speed Vert Shear Vert Vel Chl SST Front Dist % Dev 

2009 7 *** *** 
  

*** 
  

*** 
  

*** * 
 

69.4889 

2009 8 *** *** 
 

*** 
   

* *** *** *** *** *** 62.31636 

2009 9 *** *** 
 

*** 
   

*** *** 
 

** *** *** 61.22101 

2009 10 ** *** 
 

*** 
   

. *** * ** *** 
 

46.9256 

2010 7 ** 
 

*** 
  

*** 
 

*** 
  

* 
  

59.70209 

2010 8 *** *** *** 
    

*** 
 

*** *** *** *** 41.33998 

2010 9 *** *** 
   

*** 
 

* *** *** *** *** *** 48.9827 

2010 10 *** 
 

** 
  

** 
 

*** *** *** ** *** *** 45.26917 

2011 7 *** * *** 
  

*** 
 

** ** *** 
 

. ** 59.6643 

2011 8 *** *** 
   

. 
 

* 
 

*** *** *** *** 57.74665 

2011 9 *** 
 

*** 
  

*** 
 

*** *** *** ** *** 
 

38.07101 

2011 10 
  

*** 
    

* ** *** *** 
 

*** 42.63331 
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4.5 DISCUSSION: 

Generalized additive models were used to identify which environmental variables 

contributed to explaining the observed patterns in detection.  These models explained a 

high amount of the variation observed in the data, with several having 60-70% deviance 

explained.  However, the models with the lowest AIC often retained most of the 

environmental variables and the splines showed varying trends between different months 

and years (Figures S7-S17).  This is possibly reflecting that porpoise shift their distribution 

to forage on different prey during different months, or that porpoise have changeable 

relationships between their detection and environmental variables.  This is likely 

influenced by prey availability, distribution and type and could reflect opportunistic 

foraging behaviour as opposed to targeting a single prey species.   

4.5.1 Summer/autumn distributional trends 

These data suggest that harbour porpoise in the MF shifted their overall distribution 

between summer and autumn at a relatively fine spatial scale (away from the Smith 

Bank), and this shift in distribution may change in years with different environmental 

conditions.   

Harbour porpoise are known to exhibit seasonal movements in some areas (e.g. Verfuß et 

al. 2007; Gilles et al. 2011, 2016; Schaffeld et al. 2016; Nuuttila et al. 2017).  We expect 

that the observed shifts in distribution between months is related to prey availability.  

Harbour porpoise have a high metabolic rate and need to eat frequently to sustain 

themselves (Santos et al. 2004; Lockyer 2007; Jones et al. 2014; Wisniewska et al. 2016).  

Changes in distribution are likely to reflect changes in prey availability or abundance.  

Sandeel, one of the main prey species of harbour porpoise in this area, particularly in 

summer (Santos & Pierce 2003; Santos et al. 2004), bury themselves in the sediment 

during the autumn and spring (Winslade 1974) and may be more difficult for harbour 

porpoise to access during this time; although, harbour seals (Phoca vitulina) do 

successfully consume sandeel in winter (Tollit & Thompson 1996).  Within the Moray 

Firth, the depth and sediment characteristics of the Smith Bank suggest that it is likely to 

be a good habitat for sandeel (Hopkins 1986; Wright et al. 2000; Holland et al. 2005).  

Therefore, we suggest that it is likely that the harbour porpoise detected on the Smith 



L. D. Williamson 

119 

Bank during the summer are primarily foraging on sandeel.  The porpoise may then have 

to travel to other areas to seek alternative prey once sandeel become less accessible in 

the autumn, or in years with poor sandeel recruitment.   

In the winter, porpoise diet in this area shifts mainly to gadoids, particularly whiting 

(Santos et al. 2004).  Seasonal changes in porpoise diet have been reported previously in 

the Baltic Sea (Sveegaard et al. 2012a), where porpoise shift their diet from primarily cod 

in Apr-Oct to equal dependence on cod and herring in Nov-Mar.  In addition, long-term 

studies of porpoise diet in the northeast Atlantic show a decrease in predation on herring 

and an increase on sandeels and gadoids over several decades (Santos & Pierce 2003). 

The overall low detection of harbour porpoise in the inner Moray Firth throughout the 

study period could be because that area is a less suitable habitat or could also be caused 

by the presence of bottlenose dolphins in that area.  Bottlenose dolphins are known to 

attack and kill harbour porpoise in this area (Ross & Wilson 1996; Patterson et al. 1998) 

and therefore we expect porpoise to avoid areas that are occupied by dolphins 

(Thompson et al. 2004). 

Seismic surveys were performed in the northern part of the central MF during 1-11 

September 2011 (Thompson et al. 2013; Pirotta et al. 2014a).  These surveys caused 

porpoise to reduce their foraging behaviour by 15%  (Pirotta et al. 2014a) and shift their 

distribution to avoid the disturbance, however porpoise returned to the area within a few 

hours after the surveys finished (Thompson et al. 2013).  The DPHDay plot for September 

2011 shows lower detection in the northern part of the central MF in the same area that 

the seismic surveys were performed.  This decreased detection (5-10 hours/day) is 

particularly apparent when compared to the same area in August 2011 (10-15 hours/day).  

However, this level of detection of 5-10 hours/day is similar for Sept and Oct in every year 

and is immediately adjacent to an area of higher detection (~15 hours/day) that is 

apparent in Aug-Oct 2011.  Therefore, as has been found previously, these seismic 

surveys do not appear to have had a significant or lasting impact on porpoise distribution 

in this area. 
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4.5.2 Overall detections vs. foraging buzz detections 

The overall distribution of harbour porpoise (Figure 4.2) shows marked differences when 

compared to distribution of foraging buzz probability (Figure 4.3).  It is important to note, 

that the Pb recorded here is the probability of a buzz being detected, not necessarily the 

probability of a porpoise actually buzzing.  Areas with high foraging buzz probability 

appeared to be fairly consistent between months and years with areas of highest Pb in the 

inner and central MF (Figure 4.3).  The exact locations with the highest Pb shifted slightly 

between months, usually only to adjacent C-POD sites, suggesting the transient nature of 

foraging sites.   

When taking just the median number of hours with porpoise detected and buzzes 

detected in the different areas of the MF into account we see that a similar proportion of 

hours have buzzing detected in the outer and central MF and the Smith Bank (27%, 33% 

and 35%  respectively; Table 4.3).  However, a higher proportion of detected clicks were 

buzzes in the central MF compared to the outer MF (Figure 4.3).  This raises the questions 

of whether all clicks that are produced are actually being detected.  We propose three 

potential explanations for the observed difference in overall distribution versus the 

distribution of foraging buzz probability, and discuss each in more detail below:  

1) Animals could forage in specific locations and use other areas for either 

resting/socialising of a combination of different activities.  

2) Animals could use different foraging behaviour (or forage on different prey) in different 

areas, which are not equally detectable.  This could result in animals having different 

activity budgets in different areas, requiring them to spend more time foraging in some 

places. 

3) Animals could exhibit different behaviour in some areas not related to prey availability 

– e.g. predator avoidance which influences their detection or where/when they forage. 

Other species are known to take advantage of specific areas for resting/socialising and 

different areas for foraging (e.g., Norris 1994; Rayment et al. 2009) however, this 

behaviour has never been reported for harbour porpoise.  Harbour porpoise are small 

with a fast metabolism and are thought to need to feed frequently to survive (Santos et 

al. 2004; Lockyer 2007; Jones et al. 2014; Wisniewska et al. 2016).  Traveling back and 
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forth between foraging and non-foraging areas (roughly 40 km each way) would be 

energetically costly and would go against current understanding of the ecology of this 

species.  In addition, foraging was detected in every area.  A similar proportion of hours 

with foraging buzzes was recorded in the outer and central areas of the MF (both 

approximately 30%; Table 4.3), however maps of the number of clicks detected in these 

areas are quite different (Figure 4.2 & Figure 4.3).  Therefore, while physiologically 

possible, we consider this to be unlikely for harbour porpoise. 

We suggest instead, that the observed differences between DPHDay and Pb are likely 

influenced by a combination of animals using different foraging strategies and exhibiting 

different behaviours in different habitats (explanations 2 and 3 above).  We expect that 

the true distribution of porpoise foraging more closely resembles their overall 

distribution; however, this is not reflected by our results.  We propose that in different 

areas porpoise are using different foraging strategies (potentially targeting different prey 

species), which are not equally detectable by the C-PODs.   

Possible foraging buzzes of harbour porpoise are primarily detected either at the top or 

bottom of a dive (Linnenschmidt et al. 2013).  Harbour porpoise are known to use a 

foraging technique called bottom grubbing in which they target prey buried in the 

sediment and therefore their foraging clicks are directed at the seabed (Schaffeld et al. 

2016).  Echolocation clicks are highly directional (Akamatsu et al. 2005; Schaffeld et al. 

2016), and can therefore be difficult to detect if the animal is not facing directly at the 

acoustic recorder (Goodson & Sturtivant 1996).  This is particularly true for harbour 

porpoise because their clicks have a very narrow beam angle of 13° (Goodson & 

Sturtivant 1996; ASCOBANS 2014).  Therefore, foraging using bottom grubbing is unlikely 

to be recorded by the C-POD because of the high directionality of porpoise echolocation 

clicks (Akamatsu et al. 2005; Schaffeld et al. 2016).   

Harbour porpoise’s two primary prey species in this area are whiting and sandeel (Santos 

& Pierce 2003; Santos et al. 2004).  At night, whiting primarily eat bottom-dwelling prey, 

and during the day, they consume free swimming prey more frequently (Rindorf 2003).  

Whiting also eat sandeel, and likely target sandeel during the night while they are buried 

in the sediment (Temming et al. 2004).  It is possible that porpoise are foraging on 

sandeel at the same time, while the sandeel are either in or near the sediment, as 
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opposed to in the water column.  Therefore, porpoise’s associated foraging clicks are 

likely to be missed by the C-POD as they will be directed down toward the sediment and 

away from the hydrophone which was moored 5 m above the seabed.   

In the MF, sandeel are most likely to be found on the Smith Bank (Hopkins 1986), where a 

very low Pb was recorded (Figure 4.3) and foraging was only detected in 35% of the hours 

in which echolocation clicks were detected.  Sandeel burying themselves deeper in the 

sediment in autumn (therefore potentially becoming less available) could be driving 

porpoise’ decrease in detection on the Smith Bank in October.  Seals are known to still 

successfully forage on sandeel in winter though (Tollit & Thompson 1996), so it is likely 

that the porpoise that remain are still employing bottom grubbing to access sandeel.  

Higher rates of foraging were detected in other areas, where porpoise may forage on 

prey in the water column.  Foraging on prey in the water column would be more easily 

detected by the C-POD, resulting in a higher Pb.  Therefore we suggest that porpoise are 

using different foraging strategies (likely either foraging on different prey species or using 

different quality prey patches) in the central and inner MF than they are in the outer MF. 

Different energetic budgets related to prey quality in some areas could also explain the 

differences between DPHDay and Pb between the outer and the inner/central MF.  It is 

possible that prey are of higher quality/abundance in the outer MF, reducing the time 

required for a porpoise to satisfy its nutritional requirements there.  Therefore, a 

porpoise in the inner/central MF would need to forage for longer to gain the same 

nutritional value as one in the outer MF – resulting in a higher Pb recorded in the inner 

and central MF. 

Another explanation for this higher Pb specifically in the inner MF is that the DPHDay may 

be underestimating porpoise’ presence in the inner MF due to changes in porpoise 

echolocation behaviour there (explanation 3).  While porpoise have been reported to 

echolocate nearly continuously (Au 1993; Akamatsu et al. 2007), they may be either 

quieter in the inner MF, to minimise violent interactions with dolphins or may only enter 

the area at specific times to forage.  Porpoise may restrict their echolocation to active 

foraging and refrain from unnecessary social/navigational clicks that could alert dolphins 

to their presence.   
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4.6 CONCLUSIONS: 

Harbour porpoise in the MF shifted their overall distribution (off the Smith Bank) between 

summer and autumn at a relatively fine spatial scale (20-40 km), and this shift in 

distribution appears to change in years with different environmental conditions 

(occurring earlier in a cooler year).  Harbour porpoise are most commonly detected on 

the Smith Bank during July-September (15-19 hours/day), while detections decrease to 9-

12 hours/day in October.  There is no subsequent increase in detections in other parts of 

the study area, therefore it seems likely that the porpoise that are leaving the Smith Bank 

are also leaving the study area.  We expect that the observed shifts in distribution 

between months is related to prey availability.  Although these data were not collected 

throughout an entire year, they provided insights into the detection patterns through the 

summer and early autumn.  Future work is required to understand the distribution trends 

of harbour porpoise throughout the entire year.  This could be achieved by deploying a 

similar array of C-PODs over the winter and spring, a time period for which data are 

particularly lacking.  

The overall distribution shows marked differences when compared to the distribution of 

foraging probability.  We suggest this difference is from a combination of animals using 

different foraging behaviour (or foraging on different prey) in different areas, which are 

not equally detectable, animals could have different activity budgets in different areas, 

requiring them to spend more time foraging in some places and animals could exhibit 

different behaviour in some areas not related to prey availability – e.g. predator 

avoidance which influences where they forage.  We suggest that while C-PODs are a 

valuable tool for monitoring distribution, they are limited in their ability to detect some 

types of foraging.  Therefore, if investigating foraging is a primary aim of a study, the use 

of alternative methods should be considered such as tagging or alternative deployment 

arrangements of acoustic recorders.  This is particularly important across different habitat 

types where porpoise may feed on different prey using different techniques. 
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4.8 APPENDIX 1 – SUPPLEMENTAL FIGURES 

 

Figure S1 – Triangulation mesh used for hierarchical Bayesian Modelling with integrated nested Laplace approximation in each month.   
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Figure S2 – Monthly means of Sea surface temperature (SST) in the outer, central and coastal Moray Firth.  There was too much cloud cover to 
get accurate data in the inner MF.  Standard deviations of these means are not shown here because they were usually quite high, resulting from 
the patchy nature of thermal fronts. 
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Figure S3 – Correlations between predicted relative densities for every month and at every C-POD location for overall distribution.  Light grey boxes 
show correlations between successive years (2009 and 2010 or 2010 and 2011) and darker grey boxes show correlations between non-sequential 
years (2009 and 2011). 
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Figure S4 – The CV for each model of the detection positive hours per day (overall detection) for each month.  Points show the locations of C-PODs in 
each month. 
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Figure S5 – CV for foraging probability.  The points show the locations of C-PODs recording in that month. 
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Figure S6 – Mean DPHDay from C-PODs against DPHDay predicted from model.  The values in the top left corner of each plot show the Spearman’s 
rho calculated for each month. 
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Figure S7 – GAM splines for the relationship between detection and depth in each month.  NR indicates that the variable was not retained in the final 
model. 
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Figure S8 – GAM splines for the relationship between detection and slope in each month.  NR indicates that the variable was not retained in the final 
model. 
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Figure S9 – GAM splines for the relationship between detection and the proportion of sediment that is sand or gravelly sand in each month.  NT 
indicates that the variable was not tested during modelling due to correlation as it had a VIF>4. 
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Figure S10 – GAM splines for the relationship between detection and H/u3 in each month.  NT indicates that the variable was not tested during 
modelling due to correlation as it had a VIF>4. 
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Figure S11 – GAM splines for the relationship between detection and net primary productivity in each month.  NR indicates that the variable was not 
retained in the final model.  NT indicates that the variable was not tested during modelling due to correlation as it had a VIF>4. 
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Figure S12 – GAM splines for the relationship between detection and current speed in each month.   
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Figure S13 – GAM splines for the relationship between detection and vertical shear in each month.  NT indicates that the variable was not tested 
during modelling due to correlation as it had a VIF>4. 
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Figure S14 – GAM splines for the relationship between detection and vertical velocity in each month.  NR indicates that the variable was not retained 
in the final model.   
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Figure S15 – GAM splines for the relationship between detection and chlorophyll-a in each month.  NR indicates that the variable was not retained in 
the final model.   
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Figure S16 – GAM splines for the relationship between detection and sea surface temperature in each month.  NT indicates that the variable was not 
tested during modelling due to correlation as it had a VIF>4. 
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Figure S17 – GAM splines for the relationship between detection and the distance to the nearest thermal front in each month.  NR indicates that the 
variable was not retained in the final model.  NT indicates that the variable was not tested during modelling due to correlation as it had a VIF>4. 
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Figure S18 – Differences between months.  The predicted results of each month were subtracted from July of that year.  Red represents areas where 
July had a higher predicted detection and blue is lower in July.
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4.9 APPENDIX 2 – R CODE 

R code for an example month for the model of overall detection and of foraging detection 

############################################################################### 

## Overall Detection 

## 2009-07 

############################################################################### 

setwd("file\\path…") 

library(inlabru) 

# Load data 

load("cpod.hourly.2009-07.RData") 

 

# Make sure there are no NAs in the observed data 

hpdet2009 = subset(cpod.all$pods, !is.na(cpod.all$pods$DPHDay)) 

 

# Run function modelling detection positive hours per day against the spatial 

effect using a Poisson distribution 

all_det2009 = bru(hpdet2009, predictor = DPHDay ~ spde + Intercept, mesh = 

cpod.all$mesh, linear = TRUE, 

family = "poisson", control.compute = list(dic=TRUE, waic=TRUE, config = 

TRUE)) 

 

# Predict intensity on response scale and plot median and cv.  The Poisson  

# likelihood uses the log link function, so this needs to be reversed when  

# predicting 

p_all_det2009 = predict(all_det2009, coordinates ~ exp(Intercept + spde)) 

plot(p_all_det2009, property = "median")   + gg(hpdet2009) + 

scale_fill_gradientn(colours = brewer.pal(9,"YlOrRd"), limits = c(0,24)) # plot 

median of prediction - scale from 0 to 24 hours  

plot(p_all_det2009, property = "cv")   + gg(hpdet2009) # plot cv of prediction 

 

############################################################################### 

## Foraging Probability 

## 2009-07 

############################################################################### 

setwd("file\\path…") 

library(inlabru) 

## Load data 

load("data/cpod.minutes.2009-07.RData") 

 

# Make sure there are no NAs in the observed data 

hpdet2009 = subset(cpod.all$pods, !is.na(cpod.all$pods $HP.no.buzzes)) 

 

 

# Run function modelling number of clicks that are buzzes using binomial  

# distribution with Ntrials=number of total clicks. Again, this hs modelled  

# against the spatial effect 

all_forag2009 = bru(hpdet2009, model = HP.no.buzzes ~ 

spat(model=inla.spde2.matern(cpod.all$mesh), mesh = cpod.all$mesh) + Intercept, 

mesh = cpod.all$mesh, family = "binomial", control.compute = 

list(dic=TRUE, waic=TRUE, config = TRUE), Ntrials = 

hpdet2009$HP.tot.clicks) 

 

# The binomial likelihood has a logit link function. In order to transform our  

# latent field etc. into probabilities we need to apply the inverse link  

# function.  We then predict the probabilities for foraging (buzz) given that  

# there is a click. 

invlink = function(x) inla.link.logit(x, inverse = TRUE) 

x = seq(-5,5,by=0.1) 

p_all_forag2009_07= predict(all_forag2009, coordinates ~ invlink(spat+Intercept)) 

plot(p_all_forag2009_07, property = "median") + gg(hpdet2009)  + 

scale_fill_gradientn(colours = brewer.pal(9,"YlOrRd"), limits = c(0,0.62)) 

plot(p_all_forag2009_07, property = "cv")   + gg(hpdet2009)  
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5 INFLUENCE OF BOTTLENOSE DOLPHIN DETECTION (A POTENTIAL 

PREDATOR) ON HARBOUR PORPOISE PRESENCE 
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5.1 ABSTRACT 

The fear of attack can have a significant yet often overlooked impact on the spatial 

distribution of species.  In this study we investigate harbour porpoise (Phocoena 

phocoena) distribution as a mesopredator and bottlenose dolphin (Tursiops truncatus) as 

a top predator.  To minimise violent interactions, we expect that porpoise either 1) leave 

sites when bottlenose dolphins arrive, 2) leave when they hear dolphins approaching, 3) 

anticipate when dolphins will be present and avoid those times or 4) prefer different 

conditions which results in porpoise and dolphin detections not overlapping. 

Passive acoustic monitoring data were collected using C-PODs in the Moray Firth, 

Scotland, between July and October 2009-2011.  C-POD locations were grouped into high, 

medium and low densities of bottlenose dolphin detections, and each group analysed 

using generalized additive mixed effects models.  These models included the binomial 

presence/absence of porpoise, dolphin, or porpoise foraging buzz detections in an hour 

as a response variable and the number of hours to dolphin detection, daylight, month, 

year, tide phase index and spring/neap index as explanatory variables. 

Harbour porpoise and dolphins used the same locations over this period, but not at the 

same times.  Harbour porpoise detections are highest approximately 12 hours before and 

after dolphins are detected and decrease steadily from there until the dolphins are 

detected.  This shows that porpoise vacate sites before dolphins arrive, and before 

porpoise are expected to be able to hear dolphins approaching (predicted to be a 

minimum of 1 hour).  We propose that porpoise are taking advantage of diurnal or 

seasonal partitioning to either predict when dolphin are going to be present and avoiding 

these times, or have different temporal or hydrodynamic preferences than dolphins 

(likely targeting different prey species).  Though the underlying mechanism for these two 

explanations is different, the detected results are the same. 

The influence of predators and competitors can impact the spatial and temporal 

distribution of species, yet this is often ignored when performing species distribution 

modelling or determining management actions.  We suggest that further investigation 

into the times that interacting species are present at specific sites can have implications 

for the management of these species because disturbances to one may affect the other, 

and they might face different types or magnitudes of threat in the same location. 
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5.2 INTRODUCTION   

Understanding predator-prey relationships can enhance our understanding of the 

environment as a whole.  Mesopredators, those predators that are preyed upon by other 

predators at higher trophic levels, play important roles in the ecosystem (Ritchie & 

Johnson 2009; Newsome et al. 2017).  They can regulate the prey community and are in 

turn regulated by top predators (Newsome et al. 2017).  For example, sea otters can 

transform a coastal area from an ‘urchin barren’ to a flourishing and diverse kelp forest 

(Estes & Palmisano 1974; Estes & Duggins 1995). 

A wide variety of literature exists which estimates predation rates and the number of a 

prey species that are harvested by predators, e.g., cetaceans are predicted to take more 

fish from the sea than fisheries (Kenney et al. 1997; Trites, Christensen & Pauly 1997) and 

harbour porpoise have been predicted to consume 14,640 t of whiting and 13,000 t of 

sandeel every year in Scotland and the east coast of England (Santos & Pierce 2003).  

However, our understanding of predator-prey or predator-mesopredator behavioural 

interactions often lags behind (Lima 2002; Ritchie & Johnson 2009; Newsome et al. 2017).  

The direct influence of a predator results in mortality of the prey; however, indirect 

effects, such as those affecting the behaviour, growth or development of the prey, are 

often ignored or only considered as an afterthought (Peckarsky et al. 2008).  These non-

consumptive effects have the potential to influence targeted populations by changing 

distributions, foraging behaviour, etc., (Lima 2002; Stankowich & Blumstein 2005; 

Peckarsky et al. 2008) which in turn can influence predator distribution or behaviour 

(Fauchald 2009). 

When investigating these relationships, the predation rate of a species is often assumed 

to be linearly related to predator density (Oaten & Murdoch 1975; Abrams 1993).  This is 

a functional response in which more predators equates to more prey being consumed 

(Holling 1965; Oaten & Murdoch 1975; Berryman 1992).  However, predation does not 

occur at the same rate throughout the entire distribution of a target species because both 

predators and prey will have specific distributions in space.  Target species may change 

which areas they use based on their perception of where predators are most likely to be 

(Lima & Dill 1990).  Therefore, the distribution of the a target species is likely influenced 

by fear of the predator species in which case they will attempt to have as little overlap as 
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possible to avoid being predated.  This is called a “landscape of fear” (Brown et al. 1999) 

in which animals distribute themselves to make trade-offs between environmental drivers 

(e.g. nutrient acquisition) and the cost (or fear) of predation (Brown 1988). 

In the marine environment, Wirsing et al. (2008) have explored this concept using Indo-

Pacific bottlenose dolphins (Tursiops aduncus), harbour seals (Phoca vitulina) and 

dugongs (Dugong dugon).  In each case, the species was found to either spend less time in 

profitable but dangerous areas, or to reduce the use of risky feeding behaviours when 

their predators were abundant (Wirsing et al. 2008).  For example, bottlenose dolphins in 

Shark Bay, Australia, were found to shift where they foraged between safe deeper 

habitats which were less productive, and potentially costly seagrass meadows which were 

more productive, depending on the abundance of tiger sharks (Galeocerdo cuvier) in the 

area (Heithaus & Dill 2002).   

This concept is explored in this chapter using harbour porpoise (Phocoena phocoena) as 

an example ‘prey’ species, and bottlenose dolphins (Tursiops truncatus) as a ‘predator’ by 

investigating the times in which each species are detected at various acoustic monitoring 

sites.   

5.2.1 Interaction with dolphins 

Orcas (Orcinus orca) and white sharks (Carcharodon carcharias) are the two main 

predators of porpoise (Read 1999); however, porpoise are also killed by bottlenose 

dolphins (Ross & Wilson 1996, Jepson & Baker 1998, Patterson et al. 1998, Deaville et al. 

2015) and grey seals (Halichoerus grypus; van Bleijswijk et al. 2014, Leopold et al. 2015).  

Porpoise are not targeted as prey by bottlenose dolphins (hereafter just called dolphins), 

instead they are simply killed and not consumed.  This likely influences the relationship 

between porpoise and dolphins because attacks are not related to hunger therefore 

porpoise are not able to develop mechanisms to determine when it is safe to be near a 

dolphin as an attack may occur at any time.   

A proposed explanation of why dolphins attack porpoise is that adult male dolphins show 

evidence of infanticide and may attack porpoise because they mistake porpoise for 

dolphin calves (Patterson et al. 1998).  Another potential explanation is that it is a violent 

form of interference competition in which top predators kill mesopredators to reduce 
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competition for prey (Ritchie & Johnson 2009).  Interspecific killing between two 

predatory species is most common when the larger species has a body mass between 2 

and 5.4 times that of the smaller species (Donadio & Buskirk 2006).  Bottlenose dolphin 

body mass is approximately 3 times that of porpoise.  Top predators actively persecute 

mesopredators; therefore, mesopredators are strongly disinclined to encounter top 

predators and will shift their habitat use accordingly (Ritchie & Johnson 2009).  The 

landscape of fear, or risk effects, may be stronger than the actual risk of predation (Creel 

& Christianson 2008).   

To minimise this risk of interaction, porpoises may exhibit fine-scale spatial separation 

with dolphins, so that they are not detected in exactly the same locations.  However, 

from previous studies (e.g. Thompson et al. 2004, Nuuttila et al. 2017) we know that they 

can be detected in the same locations, so complete spatial separation is not the case.  At 

specific sites where both porpoise and dolphins occur, fine-scale differences in the time 

of detection have been reported (Thompson et al. 2004; Nuuttila et al. 2017).  In Cardigan 

Bay, Wales, another area where bottlenose dolphins attack porpoise (Jepson & Baker 

1998), dolphins and porpoise have been detected in the same locations but each has 

different relationships between detection and seasons, time of day and tidal phase 

(Simon et al. 2010; Nuuttila et al. 2017).  Porpoise detection was found to increase when 

dolphins were detected, potentially due to both species taking advantage of good 

foraging conditions in specific locations (Nuuttila et al. 2017).   

The mechanisms of how dolphin presence may be affecting porpoise detection has not 

been investigated.  We expect that porpoise will not be detected at the same exact time 

as dolphins to avoid violent interactions.  Therefore, a few potential hypotheses for 

differences between porpoise and dolphin detections that will be investigated further 

here are that: 

1. Porpoise leave a location when dolphins arrive - we would predict that porpoise 

detection drops when dolphins are detected 

2. Porpoise leave a location when they hear dolphins approach (before dolphins 

arrive) - we would predict a decrease in porpoise detection before dolphins are 

detected.  This decrease could potentially be several hours before dolphins are 
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detected by the acoustic recorders.  The recorders used in this study (C-PODs) have 

a maximum detection range for dolphins of approximately 1 km (Roberts & Read 

2015).  The distance at which a porpoise might be able to detect a dolphin has not 

been investigated.  However, it has been predicted that a bottlenose dolphin within 

the Moray Firth can detect the whistle of another dolphin at between 14 and 25 km 

depending on sea state (Janik 2000).  Therefore, it seems likely that porpoise would 

be able to detect dolphins at a similar distance.  The maximum swimming speed of 

wild bottlenose dolphins has been measured to be 20.5 km/hr (Rohr et al. 2002); 

therefore, if a porpoise detects a dolphin at a range of ~20 km, and the dolphin is 

traveling fast directly toward the porpoise, it would have a minimum of one hour to 

vacate the site before the dolphin arrived.  Weather, oceanographic and seabed 

characteristics would also influence the range at which a porpoise could detect a 

dolphin.  Furthermore, the dolphin might not be traveling at its maximum speed or 

in a straight line toward the porpoise.  Therefore, if porpoise vacate areas upon 

hearing dolphins approach, we would expect to see a dip in porpoise detections 

which begins a minimum of one hour before but potentially a few hours before the 

dolphin is detected by the C-POD.   

3. Porpoise anticipate/predict when dolphins will be in an area and time their visits to 

avoid them. 

4. Porpoise and dolphin prefer different conditions (e.g., hydrodynamic, diurnal or 

seasonal) – likely for foraging – resulting in temporal segregation at particular sites 

and therefore inadvertent avoidance of the other species. 

Hypotheses 3 and 4 may result in similar patterns of detections even though the 

underlying mechanism causing these is different.  We therefore consider these two 

explanations together as some of the practical management implications are the same.  

For both 3 and 4 we would expect to detect a decrease in porpoise clicks before dolphins 

are detected (likely before porpoise would be able to hear dolphins).  For hypothesis 3 

this could be the result of porpoise being capable of predicting when dolphins will be 

present (either from previous experiences or learning) and therefore avoiding those 

times.  If dolphins are only present at the monitoring sites during particular times of tide, 
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day or season then porpoise detection might reflect this by a decrease in detection at 

those times.   

For hypothesis 4, we expect porpoise and dolphin to be detected at different times of 

tide, day or season because they would be using different conditions to forage or 

targeting different prey.  Porpoise and dolphin have some dietary overlap, with both 

species foraging on whiting (Merlangius merlangus; Santos et al. 2001, 2004).  However, 

porpoise also prey heavily on sandeel (Ammodytidae; Santos & Pierce 2003, Santos et al. 

2004) while dolphins feed on cod (Gadus morhuna), saithe (Pollachius virens), haddock 

(Melanogrammus aeglefinus) and salmon (Salmo salar; Santos et al. 2001).  It is possible 

that different prey are more available at different times of tide, day or year, therefore this 

could cause temporal partitioning of sites within the same area (Embling et al. 2012, 

2013). 

In the Moray Firth (MF), harbour porpoise are distributed throughout the entire area with 

the highest detections on the Smith Bank in the outer MF.  Bottlenose dolphins are 

primarily found in the inner MF and areas along the south coast while detections offshore 

are usually of other species including common (Delphinus delphis), white beaked 

(Lagenorhynchus albirostris) and Risso’s (Grampus griseus) dolphins (Thompson et al. 

2014; Palmer et al. 2017).  Bottlenose are the only species of dolphin that has been 

reported to attack harbour porpoise, so we are not investigating the response of porpoise 

to these other offshore species.   

5.2.2 Aims 

The aims of this chapter are to investigate the dynamic environmental drivers influencing 

harbour porpoise detection, focusing on their interactions with dolphins, a potential 

predator.  In other areas in Scotland, harbour porpoise occupy coastal regions (MacLeod 

et al. 2007; Marubini et al. 2009; Embling et al. 2010; Booth et al. 2013), however within 

the Moray Firth, areas of highest density are generally found much farther offshore 

(Chapter 3 and 4; Brookes et al. 2013, Williamson et al. 2016).  Porpoise and dolphin 

distributions are known to overlap in the inner MF (Thompson et al. 2004; Bailey et al. 

2010).  Both porpoise and dolphin can be detected by fixed passive acoustic monitoring 

devices, offering a unique opportunity to investigate their detection at the same temporal 
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and spatial resolution to investigate the fine-scale relationships between their detections 

and fine-scale environmental variables. 

 We expect that porpoise and dolphins will be detected at different times at these 

locations to minimise violent interactions.  In this case, the drivers of detection will be 

temporal, not spatial (as the location is fixed).  Therefore, we aim to gain a better 

understanding of how porpoise are using sites through time to minimise interactions with 

dolphin at different times of day, tide or season.   

We investigate this by splitting the data into three spatial sub-groups based on bottlenose 

dolphin density (mean proportion of hours with detection) recorded by the C-PODs.  We 

predict that temporal separation of the two species will be greatest in areas where 

bottlenose dolphin detections are highest.  The fine-scale (hourly) porpoise and dolphin 

detection data are then modelled for these three groups of data using a variety of 

dynamic variables (spring neap index, tide phase index, month, year and daylight) as well 

as the number of hours to the nearest dolphin detection (for porpoise models) or 

porpoise detection (for dolphin models).  The times when porpoise foraging buzzes are 

detected is also investigated in this analysis using the same variables listed above.   

5.3 METHODS  

5.3.1 Study Area & Data 

Please refer to the description of the study area, environmental data and the C-POD 

deployments and processing methods in Chapters 2 and 4; only additional data are 

described here.   

Hourly tide height and tide speed data at each acoustic monitoring site were provided by 

Marine Scotland Science using the Scottish Shelf Model (Wolf et al. 2016).  Tide height 

data were then used to create a spring/neap index (SNI) and high/low tidal phase index 

(TPI) which were used in modelling (Figs. S1 and S2).  These are cyclic variables in which 

0/1 corresponds to spring tide, or high tide for SNI and TPI respectively, and 0.5 

corresponds to neap tide and low tide respectively.  Tide speed is slightly offset from 

height, so the lowest speeds (slack water) occur at approximately 0.05 for high slack 

water and 0.55 for low slack water (Figure S2). 
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Sunrise and sunset times were obtained from the POLTIPS oceanographic model (NERC 

National Oceanography Centre, Liverpool, UK) for the port of Helmsdale, in the Moray 

Firth.  This was converted into a continuous cyclic variable, ‘daylight’, at an hourly 

resolution in which 0.25 represented sunrise, and 0.75 represented sunset.  This daylight 

variable was used because time of day is not an appropriate metric for investigating light-

mediated changes to detection in high latitudes across months.  The time of sunrise, for 

example, changed by over 4 hours between the beginning of July and the end of October 

and by 6 hours between the summer and winter solstices.  The daylight variable 

represents time of day relative to sunrise/sunset. 

The number of hours between a porpoise detection and the nearest dolphin detection 

was calculated.  This resulted in positive values when the porpoise was detected after the 

dolphin, and negative when the porpoise was detected before the dolphin.  All detections 

more than ±24 hours away were set to NA.   

Harbour porpoise foraging buzzes were extracted from the data by calculating the inter-

click-intervals between subsequent detections as discussed in Chapters 2, 4, Pirotta et al. 

2014a and b.   

The mean rate of dolphin detections was calculated at each site, and was used to group 

the data into three areas based on the detected density of bottlenose dolphins (Fig. S3).  

Sites with a mean rate of ≥ 0.1 dolphin detections per hour were grouped as high 

bottlenose dolphin density (HD; 6 sites), those with a dolphin detection of < 0.01 were 

grouped as low dolphin density (LD; 58 sites; Figure 5.1).  Sites ≥ 0.01 and < 0.1 detections 

per hour were considered to be medium density (MD: 27 sites).  There were six sites in 

the outer MF which had detections of dolphins that fell into this MD range, however 

these sites were far offshore and most likely to be other species including common, white 

beaked and Risso’s dolphins (Thompson et al. 2014; Palmer et al. 2017).  Therefore, these 

sites were removed for analysis resulting in 21 sites in the MD group). 

5.3.2 Analysis 

Generalized additive mixed effect models (GAMMs) were created using package mgcv 

(version 1.8-17; Wood 2011) in R (version 3.3.3).  Cyclic cubic regression splines were 

used when modelling SNI, TPI and daylight and thin plate regression splines were used to 
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model the number of hours to bottlenose dolphin detection.  The number of knots was 

set to six for the splines of hours to dolphin or porpoise detection to prevent overfitting, 

but K was left unspecified for the other variables.  The maximum likelihood method was 

used for model fitting.  A random effect of C-POD location was included as well as an 

autoregressive (AR1) correlation structure of hour to reduce temporal autocorrelation 

(Figure S4).  Response variables were either the presence or absence (1 or 0) of a 

porpoise or dolphin detection being made within an hour or whether or not a porpoise 

foraging buzz was detected in a detection positive hour (all using a binomial distribution).  

All hours in which no porpoise were detected were excluded from the foraging analysis.  

The explanatory variables included TPI, SNI, daylight, hours to dolphin detection (for 

porpoise models), hours to porpoise detection (for dolphin models), month and year 

(both factors).   

 

Figure 5.1- Locations of C-POD deployment sites within the Moray Firth categorised into the high bottlenose density (HD; 
≥ 0.1 dolphin detections per hour), medium bottlenose density (MD; ≥ 0.01 and < 0.1 dolphin detections per hour) and 
low bottlenose density (LD; < 0.01 dolphin detections per hour) areas.  The locations of the four long-term monitoring 
sites are indicated.   
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GAMMs were also created for four long-term monitoring sites to assess trends between 

porpoise and dolphin detection across seasons.  These long-term GAMMs used the same 

variables and settings described previously except month was treated as a circular 

variable. 

The metric of the presence/absence of detection or foraging buzzes in an hour was 

chosen to assess the fine-scale trends between detection and dynamic variables.  This 

hourly metric was selected to minimise the extent to which the detection probability of a 

C-POD is influenced by changes in sensitivity with ambient noise levels (Dähne et al. 

2013), tidal flow (Wilson et al. 2013) or deployment depth (Alonso & Nuuttila 2014).  A 

finer-scale metric would also be more susceptible to differences due to porpoise 

behaviour or disturbance (Hoekendijk et al. 2018; Wisniewska et al. 2016; 2018a; b).  All 

of these factors could reduce the number of minutes (for example) that a porpoise is 

detected in an hour, but should have less effect on whether or not a click or foraging buzz 

was detected in that hour.  Using an hourly metric (as done here) or even coarser metrics 

such as detection positive hours per day (DPHDay; see Chapter 4) reduces temporal 

autocorrelation and the effect of differences in sensitivity between devices (Bailey et al. 

2010).  However, DPHDay would be too coarse a metric to investigate trends between 

detection and tidal or diurnal variables.   

To investigate if porpoise detections are actually influenced by bottlenose dolphin 

detections or if similar patterns would be observed with randomly timed pseudo-

detections of bottlenose dolphins, a dataset was created which had the same number of 

pseudo-detections in each of the three areas as in the actual data, but these were timed 

randomly throughout the data.  The same real porpoise data were used and this was 

modelled against the random time of pseudo-detection.  This was repeated 100 times 

with different randomly selected times of pseudo-detection.  These results were used to 

predict the hours to pseudo-detection, and the mean and standard deviation of these was 

calculated and plotted for each of the three areas (Figure S5). 

5.4 RESULTS  

Most harbour porpoise are in areas with low dolphin density (41% of hours; Table 5.1).  

However, harbour porpoise detections do still occur in areas with higher bottlenose 
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dolphin detection (7.6% of hours in HD area and 18.8% in MD area), suggesting that 

porpoise and dolphin may be interacting in these areas. 

Table 5.1- The total hours of data collected, number of C-PODs in each area and the number and percent of porpoise 
positive hours (PPH) and dolphin positive hours (DPH).  The # and % of DPH and PPH are for hours in which both porpoise 
and dolphin were detected. 

Area 
Hours 

of data 
# C-POD 

Locations 
# PPH % PPH # DPH 

% 
DPH 

# DPH 
and 
PPH 

% DPH 
and 
PPH 

HD 44,059 6 3,334 7.57 7,629 17.32 307 0.70 

MD 105,888 21 19,856 18.75 5,300 5.01 552 0.52 

LD 251,323 64 103,679 41.25 729 0.29 245 0.01 

Models of porpoise detection at an hourly scale in the three different regions had very 

low adjusted R2 (Table 5.2).  However these data cover a wide range of habitat types in 

which porpoise detection has already been reported to have different relationships with 

environmental variables (Chapters 2 and 4).  Daylight was consistently the most 

significant variable (Table 5.2).  Model checking results are included for one of the models 

(the low density harbour porpoise model) but were similar for all of the models (Figures 

S8). 
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Table 5.2 – Smooth terms and parametric coefficients for GAMs of detection in the three groups.  The response variable 
was the binomial presence or absence of a porpoise detection within an hour.  The explanatory variables were tide 
phase index, spring neap index and daylight (all cyclic), month and year (both as factors) and hours to dolphin detection. 

Variable 
High dolphin 

Density 
Medium dolphin 

Density 
Low dolphin 

Density 

Tide phase 
index 

EDF = 4.722 
F = 3.768 
P < 0.001 

EDF = 2.767 
F = 2.199 
P < 0.001 

EDF = 2.334 
F = 1.140 
P = 0.006 

Spring neap 
index 

EDF = 0.000 
F = 0.000 
P = 0.708 

EDF = 1.778 
F = 0.660 
P = 0.032 

EDF = 5.885 
F =  3.367 
P < 0.001 

Daylight 
EDF = 5.265 

F = 7.031 
P < 0.001 

EDF = 4.551 
F = 8.553 
P < 0.001 

EDF = 7.049 
F = 17.285 
P < 0.001 

Hrs to 
Dolphin 

EDF = 4.783 
F = 12.165 
P < 0.001 

EDF = 4.566 
F = 24.007 
P < 0.001 

EDF = 1.000 
F = 0.692 
P =  0.406 

Intercept 
(month = 7, 
year = 2009) 

Est = -3.061 
t = -8.419 
P < 0.001 

Est = -1.995 
t = -8.557 
P < 0.001 

Est = -0. 495 
t = -3.545 
P < 0.001 

Month = 8 
Est = 0.291 
t = 4.912 
P < 0.001 

Est = 0.221 
t = 6.949 
P < 0.001 

Est = 0. 236 
t = 5.139 
P < 0.001 

Month = 9 
Est = 0.234 
t = 3.774 
P < 0.001 

Est = 0.382 
t = 11.679 
P < 0.001 

Est = 0.003 
t = 0.072  
P = 0.943 

Month = 10 
Est = 0.618 
t = 9.495 
P < 0.001 

Est = 0.754 
t = 20.954 
P < 0.001 

Est = -0. 245 
t = -6.984 
P < 0.001 

Year = 2010 
Est = 0.527 
t = 9.678 
P < 0.001 

Est = -0.236 
t = 7.843 
P < 0.001 

Est = -0. 107 
t = -2.265 
P = 0.024 

Year = 2011 
Est = -0.453 
t = -8.317 
P < 0.001 

Est = 0.035 
t = 1.206 
P = 0.228 

Est = -0. 086 
t = -1.717 
P = 0.086 

adjusted R2 0.0201 0.008 -0.0002 
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Detections of bottlenose dolphins showed variable relationships with environmental 

variables, with daylight and SNI consistently being significant in all areas (Table 5.3). 

Table 5.3 - Smooth terms and parametric coefficient for GAMs of bottlenose dolphin detection in the three areas.  The 
response variable was the binomial presence or absence of a porpoise foraging detection within an hour.  The 
explanatory variables were tide phase index, spring neap index and daylight (all circular), hours to dolphin detection, 
month and year (both as factors). 

Variable 
High dolphin 

Density 
Medium dolphin 

Density 
Low dolphin 

Density 

Tide phase 
index 

EDF = 4.276 
F = 8.286 
P < 0.001  

EDF = 0.000 
F = 0.000 
P = 0.835 

EDF = 3.302 
F = 3.469 
P < 0.001 

Spring neap 
index 

EDF = 1.843 
F = 0.622 
P = 0.045 

EDF = 1.988 
F = 0.942 
P = 0.010 

EDF = 2.148 
F = 1.273 
P = 0.003 

Daylight 
EDF = 6.303 
F = 10.256 
P < 0.001 

EDF = 6.605 
F = 80.591 
P < 0.001 

EDF = 4.219 
F = 4.235 
P < 0.001 

Hrs to 
Porpoise 

EDF = 2.900 
F = 3.407 
P = 0.011 

EDF = 4.227 
F = 7.289 
P < 0.001 

EDF = 1.000 
F = 0.561 
P = 0.454 

Intercept 
(month = 7, 
year = 2009) 

Est = -1.638 
t = -6.742 
P < 0.001  

Est =  -2.954 
t = -20.869 
P < 0.001 

Est = -5.550 
t = -35.891 
P < 0.001 

Month = 8 
Est = 0.072 
t = 1.513 
P = 0.130 

Est = -0.069 
t = -1.533 
P = 0.125 

Est = -0.808 
t = -6.606 
P < 0.001 

Month = 9 
Est = -0.306 
t = -6.259 
P < 0.001 

Est = -0.186 
t = -4.07 
P < 0.001 

Est = -0.343 
t = -2.778 
P = 0.005 

Month = 10 
Est = -0.300 
t = -6.117 
P < 0.001 

Est =  -0.487 
t = -10.035 
P < 0.001 

Est = -0.476 
t = -3.775 
P < 0.001 

Year = 2010 
Est = 0.091 
t =  2.208 
P = 0.027 

Est = -0.001 
t = -0.016 
P = 0.987 

Est = -0.066 
t = -0.565 
P = 0.572 

Year = 2011 
Est = -0.093 
t = -2.129 
P = 0.033 

Est = -0.085 
t = -2.367 
P = 0.018 

Est = -0.294 
t = -2.604 
P =0.009 

Adjusted R2 0.015 0.007 0.0005 
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Daylight was the only variable consistently significant in each area in models of foraging 

buzz detection (Table 5.4), with more foraging detected during the night (Figure 5.3). 

Table 5.4 - Smooth terms and parametric coefficient for GAMs of foraging detection in the three areas.  The response 
variable was the binomial presence or absence of a porpoise foraging detection within an hour.  The explanatory 
variables were tide phase index, spring neap index and daylight (all circular), hours to dolphin detection, month and year 
(both as factors). 

Variable 
High dolphin 

Density 
Medium dolphin 

Density 
Low dolphin 

Density 

Tide phase 
index 

EDF = 1.954 
F = 0.992 
P = 0.007 

EDF = 0.000 
F = 0.000 
P = 0.372 

EDF = 0.013 
F = 0.002 
P = 0.351 

Spring neap 
index 

EDF = 3.772 
F = 1.647 
P = 0.004 

EDF = 4.896 
F =  2.645 
P < 0.001 

EDF = 0.890 
F =   0.184 
P = 0.178 

Daylight 
EDF = 2.852 

F = 1.865 
P < 0.001 

EDF = 6.351 
F = 25.970 
P < 0.001 

EDF = 6.661 
F = 28.154 
P < 0.001 

Hrs to 
Dolphin 

EDF = 1.450 
F = 0.389 
P = 0.438 

EDF = 1.000 
F = 0.935 
P = 0.333 

EDF = 1.000 
F = 1.499 
P =  0.221 

Intercept 
(month = 7, 
year = 2009) 

Est = -0.983 
t = -3.273 
P = 0.001 

Est = -0.391 
t = -2.389 
P = 0.017 

Est = -0.799 
t = -6.929 
P < 0.001 

Month = 8 
Est = 0.477 
t = 3.813 
P < 0.001 

Est = -0.114 
t = -1.886 
P = 0.059 

Est = 0.050 
t = 0.753 
P = 0.451 

Month = 9 
Est = 0.182 
t = 1.381 
P = 0.167 

Est = -0.086 
t = -1.393 
P = 0.164 

Est = 0.189 
t = 2.854 
P =0.004 

Month = 10 
Est = 0.443 
t = 3.400 
P = 0.007 

Est = 0.259 
t = 3.985 
P < 0.001 

Est = -0.149 
t = -2.172 
P =0.030 

Year = 2010 
Est = -0.070 
t = -0.650 
P = 0.515 

Est = 0.133 
t = 2.447 
P = 0.014 

Est = -0.015 
t = -0.203 
P =0.839 

Year = 2011 
Est = -0.093 
t = -0.708 
P = 0.480 

Est = -0.005 
t = -0.092 
P = 0.927 

Est = 0.094 
t = 1.285 
P = 0.199 

Adjusted R2 0.013 0.024 0.023 
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Porpoise detection in the HD and MD areas were lowest just after dolphins were 

detected, but detection decreased before the dolphins arrived (Figure 5.2).  The HD and 

MD area also showed peaks in porpoise detection at approximately 12 hours after 

dolphin detection.  Dolphin detection did not have any effect on harbour porpoise 

detection in the LD area.  Dolphin detections were lowest in the HD and MD areas just 

before porpoise were detected, and there was no relationship in the LD area.  There was 

no significant effect of dolphin detection on porpoise foraging buzzes in the HD and LD 

areas, however it was significant in the MD area.  Here, the trend was small, with a slight 

decrease before dolphins were detected and remained low afterward. 

    

 

 

Figure 5.2 - GAM splines for the relationship between porpoise detection (top), bottlenose dolphin detection (middle) 
and porpoise foraging buzz detection (bottom) to the number of hours to dolphin (or porpoise) detection.  Negative 
values of hours are before dolphins are detected and positive are after.  The dashed line at zero shows the hour in which 
dolphins were detected.  These models included the binomial presence or absence of a porpoise detection, dolphin 
detection or foraging detection within an hour as the response variables.  The explanatory variables were tide phase 
index, spring neap index and daylight (all cyclic), month and year (both as factors) and hours to dolphin (or porpoise) 
detection. 
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The trends observed when randomly timed pseudo-detections of bottlenose dolphins 

were used are very different than those of actual dolphin detection in the HD and MD 

area and were not significant in any area (Figure S5).  This supports that porpoise are 

interacting with dolphin in some way and that the trends observed above are not the 

result of random chance. 

In the HD area, porpoise detection is primarily nocturnal and dolphin detection peaks just 

after sunrise and at sunset (Figure 5.3).  In contrast, dolphin detections are primarily 

nocturnal in the MD area, where porpoise detections are highest around sunrise.  Both 

dolphin and porpoise detections are highest at night in the LD area, with porpoise 

detection peaking before sunrise and after sunset.   

 

Figure 5.3 - GAM splines for the relationship between porpoise (top), dolphin (middle) and porpoise buzz (bottom) 
detection and daylight.  The grey bars represent night. These models included the binomial presence or absence of a 
porpoise detection, dolphin detection or porpoise foraging detection within an hour as the response variables.  The 
explanatory variables were tide phase index, spring neap index and daylight (all cyclic), month and year (both as factors) 
and hours to dolphin detection. 
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When assessing the plots of porpoise foraging buzz detection (Figure 5.3), it is important 

to keep in mind that these models were run only on porpoise positive data – all the data 

when porpoise were not detected were removed.  Therefore, trends in these plots must 

be interpreted in conjunction with the overall porpoise detections.  For example, in all 

areas, porpoise foraging is primarily detected at night, meaning that proportionally more 

foraging is detected at night than during the day in all areas. 

 

Figure 5.4 - GAM splines for the relationship between porpoise (top), dolphin (middle) and porpoise buzz (bottom) 
detection and spring neap index.  A value of 0 or 1 corresponds to spring tide, and 0.5 (dashed line) corresponds to neap 
tide.  These models included the binomial presence or absence of a porpoise detection, dolphin detection or porpoise 
foraging detection within an hour as the response variables.  The explanatory variables were tide phase index, spring 
neap index and daylight (all cyclic), month and year (both as factors) and hours to dolphin detection. 

In the HD area, dolphins show a slight preference for spring tide and SNI is not significant 

for porpoise (Figure 5.4).  In the MD area, porpoise detection shows a very slight increase 

between spring and neap tide, and dolphin detection has a slight increase before spring 

tide.  In the LD area porpoise detections increase during neap tide and before spring tide 

while dolphin detections appear to be higher between spring and neap.  Porpoise 
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foraging buzz detection increases during the spring and neap tide in the HD area, and just 

before spring and neap tide in the MD area.  There is no trend in buzz detection with SNI 

in the LD area. 

Both species are detected on a rising tide in the HD area (Figure 5.5), but TPI has no effect 

on dolphin detection in the MD area, and in the LD area dolphin detection peaks around 

low tide.  For porpoise, detections increase slightly before high tide in the MD area.  In 

the LD area porpoise detections peak just after both high and low tide at both high and 

low slack water (Figure 5.5).  Porpoise foraging buzzes are detected the most on a rising 

tide in the HD area, but there is no trend in the MD and LD areas. 

 

Figure 5.5 - GAM splines for the relationship between porpoise (top), dolphin (middle) and porpoise buzz (bottom) 
detection and the tide phase index.  A value of 0 or 1 corresponds to high tide, and 0.5 (dashed line) corresponds to low 
tide. These models included the binomial presence or absence of a porpoise detection, dolphin detection or porpoise 
foraging detection within an hour as the response variables.  The explanatory variables were tide phase index, spring 
neap index and daylight (all cyclic), month and year (both as factors) and hours to dolphin detection. 
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In the HD and LD sites, porpoise and dolphin detections follow similar trends between 

years, however their trends are reversed in the MD area (Figure S6).  In the four months 

surveyed, the patterns in porpoise and dolphin detection varies with porpoise detections 

generally increasing when dolphin detections decrease (Figure S7). 

5.4.1 Long-term monitoring sites 

At specific long-term monitoring locations, the fine-scale temporal difference in 

detections between porpoise and dolphin between night and day and in different seasons 

becomes more apparent.  Locations 1, 2 and 4 were in HD areas, and location 3 was in a 

MD area.  In all four sites there is an overall trend for dolphin detections to be higher 

during the summer, and porpoise detections to be higher during the winter (Figures S9-

S12), however there appears to be localised variation in this.  There is greater consistency 

between daylight and porpoise detections than dolphin detections.  In three of the four 

long-term monitoring sites, porpoise detection increases at night, the exception being 

Location 3 (in the MD area) where it increases in the morning (Figure S11).  Dolphin 

detection, on the other hand, increases at the night in L1, in the morning in L2, has no 

trend in L3 (possibly because of lower density) and at sunrise/sunset at L4 (Figures S9-

S12). 

It is apparent that for the most part, porpoise and dolphin are not detected in the same 

place at the same time (Figure 5.6).  In location 1, porpoise are detected the most at night 

time, and during the spring (Figure S9).  Dolphins, on the other hand, are detected most 

both at night, and in the morning with most detections either in the summer or the late 

autumn (Figure S9).  There appears to be seasonal variation in when dolphin are 

detected, with more nocturnal detections during the autumn, and most morning 

detections during the summer (Figure 5.6).   

In location 2, there is more seasonal overlap, with both species being detected between 

June and October, and instead, it appears there is more difference in detection based on 

daylight and tide.  In location 2, porpoise are again detected most at night, but here 

dolphins are detected the most in the morning (Fig. S9).  Porpoise detections increase just 

after high and low tide, at slack water, but dolphin detections show a big increase in the 

middle of the rising tide. 
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In location 3, dolphins are detected the most from March to October, with little trend 

with daylight (Figure S10).  Porpoise are detected in the morning here, and the most 

during February and October.  In location 4, dolphins are detected at sunrise and sunset 

during the summer, and porpoise during the night and in the autumn (Figure S11). 

 

Figure 5.6 - Times of Porpoise (red) and dolphin (black) detections through three years of long-term monitoring at four 
sites.  The grey horizontal bars represent times of greater than 1 day with no data and the vertical curving grey bars 
represent night.  The size of the detection circle is scaled relative to the number of minutes within that hour that 
porpoise or dolphin were detected.  The dolphin detections in L1 and L2 are plotted with thinner lines than the other two 
locations to make observing trends easier because of the high number of detections recorded at those locations. 

Locations 1 and 2 are the most tidally influenced of the four sites, and tides also appear to 

have the biggest impact on porpoise and dolphin detections in these areas.  Porpoise and 

dolphin are both detected the most during neap tides and during high tide in L1, however 

in L2, dolphins show little pattern with SNI, instead TPI strongly influences their detection, 

with most detections on the rising tide (Figures S9-S10; as reported elsewhere, Mendes et 
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al. 2002).  Porpoise detection at L2 decreases strongly just after neap tide, and increases 

at low tide and just after high tide. 

5.5 DISCUSSION  

Harbour porpoise and bottlenose dolphin appear to segregate their use of sites based 

primarily on seasonal and diurnal variables, resulting in little temporal overlap between 

the two species.   

Though C-PODs are capable of differentiating between porpoise and dolphin clicks based 

on click characteristics, it is possible for high-frequency remnants of dolphin clicks to be 

detected as porpoise clicks (more of a problem with T-PODs; Bailey et al. 2010).  This 

would give potentially misleading results as it would then appear that porpoise and 

dolphin are co-occurring at the same time.  Some previous studies have removed 

porpoise detections made at the same time as dolphin detections when using T-POD data 

as they may be false-positives (Bailey et al. 2010).  In this study, porpoise and dolphin 

were detected in the same hour in 0.01-0.7% of hours in the different regions.  The 

models were run on a subset of data which excluded these co-detections and the results 

were the same (not shown) therefore they were left in for analysis in case they actually 

represent true co-detections.  Even with these co-detections left in the analysis, porpoise 

detection was low during the hours when dolphins were detected.    

5.5.1 Identifying method of avoidance 

Porpoise detection is highest approximately 12 hours before and after dolphins are 

detected and lowest 1-2 hours after dolphins are detected in the HD and MD areas.  

Porpoise detections decrease several hours before dolphins are detected therefore we 

can determine that porpoise are not leaving sites once dolphins arrive, but are leaving 

before dolphins arrive (ruling out hypothesis 1).  If porpoise are vacating sites once they 

hear dolphins approach (hypothesis 2), we would expect to see a dip in porpoise 

detections which begins before dolphins are detected.  This decrease in detection could 

begin as little as one hour before the dolphin is detected by the C-POD, given the 

proposed range at which a porpoise may detect a dolphin (assumed to be similar to the 

range at which a dolphin can detect another dolphin) of approximately 20 km (Janik 2000) 

and the maximum swimming speed of a wild bottlenose dolphin of 20.5 km/hr (Rohr et al. 
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2002).  This decrease could begin a few hours earlier if the dolphin is not swimming at its 

maximum speed, or is not traveling in a straight line toward the porpoise and C-POD.  

Photo ID studies of bottlenose dolphins at different sites within the Moray Firth have 

recorded the same dolphins at different sites within a few days which would require a 

continuous swimming speed of 1.5 to 3 km/hr over several days (Wilson et al. 1997). 

However porpoise detection appears to decrease much earlier than this, decreasing from 

approximately 12 hours before a dolphin is detected in the HD sites.  This suggests that 

porpoise are in fact leaving sites before they should be able to hear dolphins approaching 

(ruling out explanation 2).  Therefore, it is possible that porpoise are either using other 

cues such as daylight or tidal variables to determine when to leave sites to avoid dolphins 

(explanation 3), or are using different features within sites that are temporally segregated 

from those that dolphins use (explanation 4).   

Models of dolphin detection show that detections are lowest 3-4 hours before dolphins 

are detected.  Dolphins have no reason to avoid porpoise (porpoise do not attack 

dolphins); therefore, this is likely caused by porpoise vacating sites before dolphins arrive. 

The observed differences in detection may be caused by porpoise and dolphin taking 

advantage of different hydrodynamic, seasonal or diurnal conditions.  In the HD area, 

porpoise and dolphins are detected at the same TPI (rising tide) and have little evidence 

of SNI influencing detection.  This suggests that daily tidal cycles (ebb/flood) are 

influencing both porpoise and dolphin detections similarly, but spring/neap cycles have 

little influence on detection.  Dolphin have previously been found to have higher 

detection in the rising tide at Chanonry Point which is in this HD area (Mendes et al. 2002) 

although another study in the same area found dolphin presence to increase at low tide 

(Bailey et al. 2013).  At the Sutors, also within the HD area, dolphin detection was not 

found to have any correlation with tide or diurnal cycles (Hastie et al. 2003).  In the MD 

area, there is only slight influence of SNI and TPI on porpoise and dolphin detection.   

A previous study in Wales found that bottlenose dolphin presence was linked to an 

increase in porpoise presence, and speculated that this was caused by both species taking 

advantage of good foraging locations (Nuuttila et al. 2017).  In this study, however, 
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harbour porpoise detection is lowest when bottlenose dolphins are detected in both the 

HD and MD areas, with no trend in LD areas.   

While this lack of an influence of dolphin detection on harbour porpoise in the LD areas 

could indicate that porpoise and dolphins are in the same place at the same time, it may 

also be a result of having so few detections of dolphins in these low-density areas – this is 

the same trend observed in this area when dolphin detections are timed randomly (Figure 

S5).  This lack of a trend may also reflect different responses by porpoise to different 

species of dolphin.  In the offshore areas it is likely common, white-beaked and Risso’s 

dolphins, which have not been reported to attack porpoise.  More data with dolphin 

detections in these offshore areas would be required to further investigate this trend. 

Porpoise foraging increases at night and also varies with tidal phase and SNI in the HD 

area, suggesting that porpoise are performing proportionally more foraging during the 

rising tide, and during peak spring and neap tides.  TPI had a no trend with foraging buzz 

detection in the other areas which are also less tidally influenced. 

There is no evidence that porpoise and dolphins are using different hydrodynamic 

conditions at these sites.  If porpoise and dolphin were taking advantage of different 

hydrodynamic features we would expect to see differences in their relationships between 

SNI and TPI, but this is not apparent.  Instead, porpoise and dolphin appear to use these 

sites based on different diurnal or seasonal preferences (Figure 5.2). Previous studies 

have shown strong influence of tidal variables on porpoise detection (Wilson et al. 2013; 

Benjamins et al. 2016, 2017), however those studies were also performed in areas with 

much stronger tides (maximum flow speed 4-5 m/s).  The Moray Firth has much weaker 

tides (maximum flow speed 1.8 m/s) than these other areas therefore it is not surprising 

that tide does not appear to play as significant a role in influencing porpoise detection.  

Instead, porpoise detection in these areas appears to be more strongly influenced by 

daylight and season as opposed to tidal variables.  Most porpoise are generally detected 

at night and most dolphins at sunset and after sunrise.  Porpoise detections also generally 

increase during the winter in the four long-term monitoring sites while dolphin detections 

are highest in the summer, as has been found else ware (Nuuttila et al. 2017). 

Though the underlying mechanisms that would cause explanations 3 or 4 are different 

(e.g., porpoise directly avoiding dolphins or indirectly by having different habitat 
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preferences), we are unable to disentangle which is actually occurring from these data, 

and from a management perspective for a static system it does not make much difference 

because both scenarios result in porpoise and dolphin not being detected at the same 

time in the same places.  If it were a dynamic system, for example if all the dolphins left 

the area for some reason, then the response of porpoise would be different.  Porpoise 

detections would either stay the same as they were when dolphins were present if they 

were targeting different environmental conditions than dolphins, or porpoise detections 

would increase because there would no longer be the threat of predation from 

bottlenose dolphins. 

5.5.2 Other species of importance 

Bottlenose dolphins are not the only ‘predator’ that harbour porpoise face.  Porpoise are 

also killed by orca, grey seals and white sharks (Read 1999; van Bleijswijk et al. 2014; 

Leopold et al. 2015).  Predation by grey seals has been proposed as one of the main 

causes of death for porpoise in the Netherlands (Leopold et al. 2015).  Investigation into 

the impact that grey seal presence has on porpoise distribution could have implications 

for porpoise distribution.  There are several haul-out sites for grey seals in the MF 

therefore it is possible that porpoise avoid the areas around these to avoid predation.  

Seals are routinely tagged at haul-out sites which has allowed mapping of their at-sea 

distribution (Thompson et al. 1996; McConnell et al. 1999; Jones & Russell 2016) which 

could be used to investigate overlap with porpoise detections.  The spatial distribution of 

porpoise will also be influenced by the spatial distribution of their prey.  Active acoustic 

surveys or targeted sampling could be performed to study the distribution and types of 

prey species within the Moray Firth.  Further research to disentangle the complexities of 

these relationships is required to enhance our understanding of the ecology of these 

species.  

Alternative types of data (e.g., tagging both species under consideration, or active 

acoustic surveys to determine prey species targeted) could be informative to disentangle 

these relationships in the future, and the use of other environmental variables could be 

investigated when modelling.  The dynamic environmental variables tested here are not 

necessarily directly important to porpoise or dolphin, but may influence the distribution 

or availability of their prey (Embling et al. 2012, 2013).  Therefore, these variables are 
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used here as proxies of prey distribution.  It is likely that the percentage of deviance 

explained by these models was so low because other environmental variables that 

influence porpoise detection are missing from the models, such as the location, 

abundance or availability of prey.  It is possible the TPI, SNI, daylight and month used here 

are poor proxies of the prey conditions affecting porpoise distribution in this area, 

however this is the best environmental data that is currently available at such a fine-scale 

in this area. 

Biological variables (Chlorophyll-a, primary productivity, plankton distribution, etc.) that 

may be less trophically-removed from top predator distribution would be useful to 

investigate in the future.  However, these are not available at present, due to modelling 

limitations such as proximity to coast, and the requirement for fine temporal and spatial 

scale data.  Data on prey type, distribution and abundance is the limiting factor for studies 

on the distribution of predatory species.  Other methods that can simultaneously collect 

data on top predators and their prey are vital, such as combining visual/PAM surveys with 

active acoustic surveys to simultaneously identify top predators as well as fish schools 

(e.g. Benoit-Bird et al. 2013, Suberg et al. 2014, Lawrence et al. 2016).  Such surveys are 

often limited in the spatial and temporal scale at which they can be performed, therefore 

targeted surveying would be required. 

5.5.3 The inclusion of interspecific influences in management 

A consequence of temporal differences in animal presence is that animals may face 

different pressures in the same areas based on their times of occupancy and also impacts 

that affect one species may have unintended consequences either for that species or for 

other species that they interact with.  Knowing how species use specific areas at certain 

times (whether it is influenced by predators or just preferred habitat) can be used in the 

management of time-varying threats.   

The threats faced by different species in the same locations might differ if species are 

present at different times of day or season.  For example, the risk of bycatch from some 

fisheries may increase nocturnally (Tregenza et al. 1997) because nets are set overnight, 

which could cause porpoise to be at a higher risk of becoming entangled than dolphins in 

the same area.  Therefore, investigating the times at which different species are present 

in sites is vitally important for the accurate assessment of threats to individual species.  
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The timing of activities therefore needs to be considered in relation to the ecology of 

species that may be affected. 

Porpoise are detected in the inner MF area (a SAC for bottlenose dolphins) in 7.6% of 

hours (Table 5.1).  However, as found elsewhere (Nuuttila et al. 2017), porpoise are 

detected more at night, making it more difficult to survey them using traditional visual 

surveys.  The detection of porpoise foraging buzzes also increases at night (Todd et al. 

2009; Brandt et al. 2014; Williamson et al. 2017), providing further support for the need 

to use PAM to survey and monitor harbour porpoise and to gather year-round data.  This 

has already been explored in Chapters 2 and 4.   

An unintended yet potentially important consequence of this interaction may be 

apparent when considering the impacts to harbour porpoise of the development of 

offshore industries.  An offshore wind farm is currently under construction on the Smith 

Bank, the area within the highest harbour porpoise detection within the MF.  The 

foundations for this wind farm were installed during summer 2017, with the turbines 

themselves being installed in summer 2018.  In 2016 there were also extensive activities 

on the Smith Bank including site clearance and preparations.  Detections of harbour 

porpoise decreased by 66% on the Smith Bank during piling in 2017 (Bono 2018); 

potentially resulting in some porpoise being displaced into other areas such as the inner 

MF.  Reports of harbour porpoise strandings caused by bottlenose dolphin attack for the 

past nine years within the Moray Firth more than doubled in 2016 and 2017 (mean 2009 

to 2015 = 4.3/year, mean 2016 to 2017 = 10.5/year; Table 5.5).   

Table 5.5 - Number of porpoise reported stranded due to attack by bottlenose dolphins.  Data from Scottish Marine 
Animal Stranding Scheme - http://www.strandings.org. 

Year # Porpoise 
2017 11 
2016 10 
2015 2 
2014 4 
2013 8 
2012 7 
2011 0 
2010 3 
2009 6 

It is possible that this increase is due to some porpoise being displaced from the Smith 

Bank due to anthropogenic activities and therefore having increased spatial / temporal 

overlap with bottlenose dolphins in the inner MF.  Therefore, activities in one area which 
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disrupt a species’ normal patterns of distribution can have unintended and far-reaching 

consequences for multiple species including complex predator-prey and competitor 

interactions. 

Further investigation of the concept of a ‘landscape of fear’ (that the fear of predation 

influences the spatial distribution of a species) could have implications for spatial 

management when using the ecosystem-based approach.  Management decisions that 

are expected to affect one species may have knock-on consequences for other species, or 

unintended consequences for that species when competitors / predators are taken into 

account.  Therefore understanding the complex inter-specific interactions could enable 

better management practices to be developed.  For example, many government bodies 

now promote the ‘ecosystem approach’ (e.g., CBD 2004) however predators / 

competitors are parts of the ecosystem that are often overlooked.  There is a growing 

need to shift from a single-species approach to a more complex system in which species 

interactions, environmental drivers and human activities are considered together (Collie 

et al. 2016).  In the OSPAR Intermediate Assessment 2017, a case-study is presented 

which shows anthropogenic pressures on harbour porpoise and the potential 

implications, however the only pressures included are those that could directly impact 

porpoise (OSPAR 2017).  Including indirect effects (e.g. anthropogenic activities that could 

influence the distribution/abundance of predators or competitors which then 

subsequently could impact porpoise by causing displacement, increasing mortality or 

reducing fitness) and a multi species approach could be considered and has the potential 

to lead to more realistic implementation of the ecosystem approach (Collie et al. 2016). 

5.6 CONCLUSIONS 

Harbour porpoise occupy coastal habitats similar to the inner Moray Firth in other parts 

of their range (MacLeod et al. 2007; Marubini et al. 2009; Embling et al. 2010; Booth et al. 

2013), yet this is the area with the lowest detection of porpoise within the Moray Firth 

(Chapter 4).  We expect that this reduced detection in the inner MF is at least in part due 

to negative interactions with bottlenose dolphins which are found there (Thompson et al. 

2014; Palmer et al. 2017).   
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Harbour porpoise appear to minimise their interactions with bottlenose dolphins 

(intentionally or not) by using habitat-related cues to determine their habitat use as 

opposed to leaving once dolphins arrive.  This could be because porpoise are actively 

timing their visits to these areas to avoid dolphins, or because they take advantage of 

different habitat variables for foraging and are therefore not detected at the same time.  

Either way, most porpoise are avoiding aggressive interactions with dolphins, not by 

spatial segregation, but by temporally segregating their use of the area.  Some porpoise 

though, do interact with dolphins, occasionally resulting in death of the porpoise.  In 

future it would be interesting to investigate the times at which these interactions occur to 

see if they are a result of porpoise and dolphin using a resource at the same time and 

coming into contact or if dolphins are present at an unexpected time, resulting in failure 

of the porpoise’s avoidance strategy. 

Whether or not harbour porpoise are intentionally avoiding bottlenose dolphins or are 

partitioning habitat based on environmental preferences makes little difference from a 

management point of view in a static system because the end results are the same – the 

two species are detected at different times.  However, the resulting patterns in detection 

are important to know for the management of activities and development of monitoring 

strategies that may occur on diurnal or seasonal scales.   
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5.8 APPENDIX 1 – SUPPLEMENTAL FIGURES 

Fig
ure S1 – Spring neap index (SNI) against tide height (left) and tide speed (right).  The line 
at 0.5 represents neap tide, and 0/1 represent spring tide. 

 

Fig
ure S2 – Tide phase index (TPI) against tide height (left) and tide speed (right).  The line at 
0.5 represents low tide, and 0/1 represent high tide.  Tide speed is slightly offset from 
height, shown by the lowest speeds (slack water) being slightly after the low and high 
tides. 
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Figures S3 – Histogram of the mean proportion of dolphin positive hours at each site. 
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Figure S4 – ACF plots for each model with hour included to reduce temporal 

autocorrelation. 

 

Figure S5 - GAM splines for the relationship between porpoise detection and a randomly timed 
‘pseudo-dolphin’ detection.  
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Figure S6 – GAM splines for the relationship between porpoise (top) bottlenose dolphin 
(middle) and porpoise foraging (bottom) detection and year.  The solid lines show the 
mean, and the dashed lines are the upper and lower quartiles. 
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Figure S7 – GAM splines for the relationship between porpoise (top) bottlenose dolphin 
(middle) and porpoise foraging (bottom) detection and month.  The solid lines show the 
mean, and the dashed lines are the upper and lower quartiles. 
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Figure S8 – GAM check plot of an example set of data (porpoise detections in the low 
dolphin density area).
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Figure S9 – GAM splines for models of porpoise (top) and dolphin (bottom) detection against several environmental variables at long-term monitoring site 
1 (The Sutors). 
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Figure S10 – GAM splines for models of porpoise (top) and dolphin (bottom) detection against several environmental variables at long-term monitoring site 
2 (Chanonry Point). 
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Figure S11 – GAM splines for models of porpoise (top) and dolphin (bottom) detection against several environmental variables at long-term monitoring site 
3 (Lossiemouth). 
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Figure S12 – GAM splines for models of porpoise (top) and dolphin (bottom) detection against several environmental variables at long-term monitoring site 
4 (Spey Bay).
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6 GENERAL DISCUSSION 

6.1 SUMMARY OF CHAPTERS 

Understanding the distribution of harbour porpoise (Phocoena phocoena) is important for 

the development of effective spatio-temporal management strategies for this species.  

The four research chapters of this thesis (Chapters 2-5) have identified several trends in 

harbour porpoise distribution and detection as well as used analysis methods never-

before applied to these types of data.   

Chapter 2 investigated the influence of daylight on porpoise detection.  This chapter 

showed that porpoise detection varies between day and night in different habitats.  

Increases in detection had been reported during the night in several previous studies 

(Todd et al. 2009; Brandt et al. 2014), however this had not previously been investigated 

across different types of habitats.  I have shown that porpoise detection on the Smith 

Bank, a sandy habitat in the Moray Firth is similar during the day and night, with peaks 

around sunrise and sunset whereas detection in muddy areas is twice as high during the 

night than during the day, particularly in deeper muddy areas.   

Chapter 3 investigated the difference between two modelling techniques for analysing 

spatial data and explored the management implications of those differences.  The 

modelling techniques were generalized additive models (GAMs) and hierarchical Bayesian 

models with integrated nested Laplace approximation (HBM-INLA).  GAMs are a 

commonly-used method for modelling survey data, and are often used in a spatial context 

by the addition of a latitude-longitude smoother such as the soap film smoother used in 

this chapter.  The HBM-INLA approach was specifically developed to address the spatial 

nature of data, and can accommodate more complex models including joint and spatio-

temporal models (not investigated here).  This comparison of the two modelling methods 

was made using video survey data collected over the east coast of Scotland.  The highest 

relative densities using both approaches were recorded on the Smith Bank.  However, 

much finer-scale spatial trends can be observed when modelled in continuous space, as 

opposed to gridded space as is often used with GAMs.  Modelling in continuous space 

offers potential advantages when addressing fine-scale issues, but does not change the 
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overall results at a broader scale.  This has potential implications for developing 

monitoring strategies for fine-scaled threats or siting installations such as the placement 

of pilings for wind-turbines.   

Chapter 4 used the HBM-INLA method to investigate the spatial trends in porpoise 

distribution and foraging buzz detection between months and years in the Moray Firth 

(MF) using acoustic data (collected using C-PODs).  The aims were to 1) identify trends in 

the overall distribution of harbour porpoise between summer and autumn, and 2) identify 

areas of high foraging detection, and to see if these reflected overall distribution.  The 

highest acoustic detection was again recorded on the Smith Bank during July-September 

each year, with detections decreasing there during October.  Moderate detection was 

recorded in the central MF and low detection was recorded in the inner MF.  I suggest 

that this decrease in detection on the Smith Bank in October represents a shift in 

distribution, potentially to areas outside of the study area, which is likely due to changes 

in prey availability.  I propose that the lower detection in the inner MF is due to porpoise 

avoidance of interactions with the bottlenose dolphins which can be found there – this 

was investigated further in Chapter 5. 

I attempted to identify possible important foraging areas for harbour porpoise in Chapter 

4 however issues were encountered with the detection of clicks.  The highest probability 

of foraging buzz detection was recorded in the inner and central MF – where there was 

the lowest amount of overall detection.  This raised the question of whether or not all 

clicks are actually being detected.  I propose that the observed differences between 

overall and foraging buzz detection are caused by a combination of factors including: 

different foraging behaviours in different areas (likely foraging on different prey in 

different habitats) that are not equally detectable by the C-PODs, different activity 

budgets in some areas and behavioural modifications to avoid predators or competitors. 

Chapter 5 investigated the possible relationships between porpoise and dolphin 

detections that were proposed in Chapter 4.  Porpoise are killed by dolphins, therefore I 

expected that they would avoid specific locations when dolphins were present.  In 

addition, a suite of environmental variables was investigated, including the influence of 

daylight, tide phase (high/low as well as spring/neap), month and year.  Harbour porpoise 

detection decreased before dolphins were detected, and before porpoise were expected 
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to be able to hear dolphins approaching.  I propose that porpoise are either predicting 

when dolphin are going to be present and timing their visits to avoid this, or are present 

in sites at different times of day and season, thereby having reduced interaction.  The 

influence of predators and competitors can have a significant impact on the spatial and 

temporal distribution of species, yet this is often ignored when performing species 

distribution modelling or determining management actions.   

6.2 IMPLICATIONS FOR PORPOISE MANAGEMENT 

The results from this thesis as well as other studies have shown that porpoise detections 

vary based on time of day (Todd et al. 2009; Brandt et al. 2014; Chapter 2) and type of 

habitat (Chapter 2) and they exhibit fine-scale seasonal shifts in distribution (Chapter 4; 

Gilles et al. 2011).  These seasonal shifts in distribution likely reflect changes in behaviour 

in different habitats, particularly foraging behaviour (Chapter 4).  Very few foraging clicks 

were actually detected in high-density areas, likely because of the detectability of 

foraging behaviour as opposed to porpoise not actually foraging there (Chapter 4).  

Porpoise also have predictable fine-scale spatial and temporal shifts in distribution 

relating to tidal, diurnal and seasonal variables (Chapters 2, 4 and 5) as well as potential 

predator/competitor presence (Chapters 5).   

If possible, each of the points raised should be considered when determining 

management and monitoring strategies to minimise the impact from offshore industries 

on harbour porpoise.  We highlight some considerations that are important when making 

management decisions (sections 6.2.1 to 6.2.4), some potential limitations of particular 

methods of surveying cetaceans (section 6.3) and modelling distribution (section 6.4), as 

well as suggestions for the development of more effective protection measures (section 

6.5).   

6.2.1 Time of Day 

Harbour porpoise are not the only species with diurnal changes in detection or behaviour, 

other species exhibit similar trends such as bottlenose dolphins (Brager 1993), humpback 

whales (Au et al. 2000), sea turtles (Christiansen et al. 2017), etc.  It would therefore be 

useful to investigate diurnal trends for species of conservation concern that do not have 

known changes in behaviour, distribution, or detection between night and day, because if 



L. D. Williamson 

198 

they do have such changes, it can have potential impacts for the management and 

surveying of those species. 

Diurnal differences in harbour porpoise detection have previously been observed in visual 

surveys through daylight hours (Scheidat et al. 2012; IJsseldijk et al. 2015) as well as in 

acoustic surveys where detections generally increase at night (Todd et al. 2009; Mikkelsen 

et al. 2013; Brandt et al. 2014).  In this thesis, we have shown that diurnal detection also 

depends on habitat type (Chapter 2).  In this study area, detections in deeper muddy 

areas nearly doubled at night.  Previous studies have found strong correlation between 

acoustic detection and relative density from visual surveys (Williamson et al. 2016; 

Jacobson et al. 2017), hence it is possible that changes in detection represent changes in 

density.  Therefore, surveys performed only in daylight may not be sufficient to 

determine porpoise habitat use throughout an entire day and thus not sufficient to 

determine subsequent spatial management requirements.   

The data used to identify high density areas for conservation is often collected using 

visual or video surveys (Heinänen & Skov 2015; Williamson et al. 2016; Hammond et al. 

2017) which must be performed during the day; therefore, this finding (that porpoise 

distribution may vary between day and night in different habitats; Chapter 2) has 

potential implications for the development of many types of spatial management 

including marine protected areas, strategies for spatially-managed fisheries, and the 

mitigation measures for offshore developments.  This result also has implications for 

survey methodology.  Surveys that can only be conducted during the day may be 

underestimating porpoise presence in some types of habitats because porpoise detection 

may vary depending on daylight.  This is discussed further in section 6.3. 

Trends in detection are assumed to reflect trends in density (Williamson et al. 2016), 

therefore, a better understanding of diurnal habitat use could greatly enhance the 

management and mitigation measures that can be used.  The findings in this study may 

be particularly relevant to the management of threats such as by-catch, where the risk to 

protected species may increase nocturnally (Tregenza et al. 1997).  UK gillnetting boats 

usually leave their nets in the water over night (Tregenza et al. 1997) and harbour 

porpoise foraging buzzes are detected more often at night (Chapters 2 and 4; Todd et al. 

2009, Brandt et al. 2014).  This raises the possibility that porpoise are more at risk of 
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entanglement when they are foraging at night time.  This highlights the need to 

understand the causes underlying nocturnal changes in behaviour and distribution when 

developing appropriate management measures and also the current lack of management 

and policy measures to encourage collecting data during the night.  Without this crucial 

data, such patterns cannot be investigated and could be missed, potentially resulting in 

less effective management strategies. 

Many marine species have changes in behaviour between day and night (e.g., Mergardt 

1997; Nichol & Somerton 2002; Freeman et al. 2004; Baird et al. 2008), often influenced 

by the diurnal vertical migration of plankton (Forward 1976; Stich & Lampert 1981).  The 

two primary prey species for harbour porpoise in this area, sandeel and whiting, both 

exhibit diurnal changes in behaviour (Mergardt 1997; Freeman et al. 2004) which may be 

influencing the observed differences in porpoise detection between day and night.  

However, without data on the prey species it is difficult to determine the cause of diurnal 

patterns in porpoise detection and foraging.  This highlights a key limitation in the data 

available for these types of surveys.  Data for prey species at the same time as the 

predator are often lacking (discussed further in section 6.6).  This information is vital if we 

are to understand what is causing the observed differences in detection and foraging in 

different areas and times of day.  Active acoustic surveys are one potential method that 

can be used to gather prey data (Benoit-Bird & Au 2003; Lawrence et al. 2016). 

6.2.2 Season 

Harbour porpoise can be seen at any time of year in UK waters (Reid et al. 2003), 

however they exhibit fine-scale seasonal changes in visual and acoustic detections 

throughout many parts of their range (Chapter 4; Verfuß et al. 2007; Gilles et al. 2011, 

2016; Schaffeld et al. 2016; Cox et al. 2016; Nuuttila et al. 2017a).   Seasonal shifts in 

distribution have obvious implications for management because density may change in 

specific areas at certain times of year.  Therefore, managers need year-round data in 

order to make appropriate decisions, ideally from several years to assess the inter-annual 

consistency of seasonal patterns.  Management measures are required that are robust to 

some variation between seasons and years, therefore focusing on specific areas for 

conservation can be problematic (discussed further in section 6.5.2). 
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Seasonal changes in the detection of porpoise have been known for many years, yet the 

vast majority of data is only collected during the summer, often to take advantage of 

good weather windows (e.g., Chapters 2-5; Hammond et al. 2013; Heinänen & Skov 

2015).  A requirement of visual surveys is obviously that the animal must be seen; 

therefore such surveys can only be performed during good sighting conditions.  For 

harbour porpoise, detections often decline with a sea state greater than Beaufort 2 

(Hammond et al. 2002), so surveys can only reliably be performed when the ocean is very 

calm, often making winter surveys difficult or impossible.  In addition, cloud cover, fog, 

glare, rain, etc. can all impact visual detections, though distance sampling methods have 

been developed to account for this (Buckland et al. 2001, 2004).   

Even fixed acoustic recorder surveys (like those used in Chapters 2, 4 and 5) are difficult 

to perform year-round because recorders must be collected approximately every 4 

months to replace the batteries.  In addition, increased background noise from poor 

weather could decrease the detections recorded (Dähne et al. 2013; Wilson et al. 2013).  

However, fixed acoustic recorders do offer a better alternative than visual surveys for 

providing year-round data.  

Year-round data could be used by managers to determine seasonal management 

strategies that maximise conservation gains while minimising disruption to other marine 

users.  For example, Heinänen & Skov (2015) created maps of porpoise distribution for 

the summer and winter which were then used by JNCC to propose cSACs which have 

specific summer and winter areas (JNCC 2016a).  The development of seasonal maps of 

porpoise detection could have particular relevance for the management of fisheries. 

If a particular fishery had high bycatch of porpoise, then a better understanding of 

seasonal occurrence of porpoise in that area could be used to determine more effective 

management and mitigation measures.  Taking advantage of existing fisheries 

management methods such as seasonal or real-time fishery closures (Bailey et al. 2010a) 

could minimise the bycatch of porpoise or other protected species.  Similarly, phases of 

offshore developments that have a high risk of disturbing porpoise (such as impact piling) 

could potentially be performed at times of year when there is a decreased density of 

harbour porpoise in the site.  However, before such a recommendation can be made, a 

more detailed understanding of the consequences of disturbance is required.  In addition, 
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installation activities usually need to occur during restrictive weather windows which 

would make seasonal timing of activities difficult to achieve. 

6.2.3 Foraging detection 

The possibility that C-PODs could be missing detection of foraging buzzes that are 

directed at the sea bed was previously suspected (Alonso & Nuuttila 2014; Schaffeld et al. 

2016) and further supported by Chapter 4.  Porpoise employ a foraging strategy called 

‘grubbing’ in which they forage on prey that are in or near the sediment (Schaffeld et al. 

2016).  Therefore, employing a monitoring strategy that is known to miss or 

underestimate these types of foraging is problematic.  I would suggest investigating the 

use of alternative deployment arrangements of acoustic recorders or different monitoring 

methods to assess foraging. 

Using alternative acoustic recorders which record sound as opposed to recording the 

times of detections would be unlikely to improve the detection of foraging, because they 

would suffer from the same directionality issues of a porpoise’s clicks as the C-PODs.  The 

C-PODs used in this study were generally moored 5 m above the seabed therefore I 

suggest using alternative device setup to investigate changes in the detection of foraging.  

Mooring recorders closer to the seabed could reduce the number of foraging clicks 

missed, but this could also potentially increase the noise from sediment transport thereby 

simultaneously reducing the number of clicks detected.  Alternative deployment 

arrangements of recorders could be investigated to address this issue.  Depth has 

previously been found to influence porpoise detection, with fewer detections recorded by 

C-PODs moored near the seabed than in the water column (Alonso & Nuuttila 2014).  A 

similar study, deploying several C-PODs at different depths at the same site, could be 

used to assess depth-related differences in foraging detection in different habitats.   

Another option could include the use of tagging to further investigate foraging in 

porpoise.  Using animal-mounted tags such as cameras or acoustic recorders in 

combination with GPS has the potential to greatly enhance our understanding of when 

and where animals are foraging (Johnson et al. 2009; Chimienti et al. 2017).   However, 

tagging is difficult for harbour porpoise.  Unlike large whales, harbour porpoise need to 

be captured before a tag can be fixed to its body, greatly increasing the stress on the 

animal (Diederichs et al. 2008).  Porpoise that have been tagged have been recorded to 
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have a decrease in breathing rate of 30% (Eskesen et al. 2009) and also exhibit increased 

number of rolls and time spent at the surface (Linnenschmidt et al. 2013).  Tags can either 

use suction cups to fix them to the body (DeRuiter et al. 2009; Wisniewska et al. 2012) or 

be attached through the dorsal fin (Sveegaard et al. 2011).  All of this makes tagging 

stressful for the animal; however, tagging offers a potential method of answering some of 

the posed questions about foraging.   

Tagging has previously been used with harbour porpoise to investigate areas with highest 

density, the types of habitats used, foraging, and surfacing behaviour (Johnston et al. 

2005; DeRuiter et al. 2009; Sveegaard et al. 2011; Wisniewska et al. 2012; Teilmann et al. 

2013).  Digital acoustic recording tags (DTAGs) are archival tags that record audio, pitch, 

roll, heading and depth and can be attached to the animal using suction cups (Johnson & 

Tyack 2003).  These tags offer the potential to study foraging of porpoise because they 

can detect buzzes and lunges to capture prey (DeRuiter et al. 2009; Wisniewska et al. 

2012); however, they have a limited duration that they can remain attached and are 

therefore more suited to studies of captive porpoise.  Modification of this tag to allow 

more permanent attachment and wireless transmission of data (or a pop up design to 

allow retrieval) would allow investigation of foraging in natural setting and the addition of 

a camera could enable identification of the prey species targeted.  This could potentially 

lead to a more informed management approach that is capable of protecting key foraging 

areas for harbour porpoise. 

Even with data on where individuals go, it can still be problematic to extrapolate this to 

the population as a whole.  The core regions used by 6 satellite tagged harbour porpoise 

in the Bay of Fundy represented different combinations of depth, slope and distance from 

coast (Johnston et al. 2005).  Individual variation in habitat preferences and foraging 

strategy will always be an issue when generalising data from a few animals to the whole 

population; therefore it is important to ensure that management measures are general 

enough to capture the observed variability.   

6.2.4 Predators / Competitors 

Further investigation of the landscape of fear concept, that the fear of predation or top 

predator / mesopredator interactions influences a species’ spatial distributions (Lima & 

Dill 1990; Brown et al. 1999; Wirsing et al. 2008; Ritchie & Johnson 2009), could have 
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implications for spatial management because management decisions that are expected to 

affect one species may have indirect effects on the predators, competitors and prey of 

that species as well.   

Harbour porpoise have high density in coastal habitats in other areas of their range 

(Embling et al. 2010; Booth et al. 2013; Wilson et al. 2013; Benjamins et al. 2016; Nuuttila 

et al. 2017b).  However, the coastal area of the inner MF is the part of the MF with the 

lowest porpoise density.  I propose that the lower detections of porpoise within the inner 

MF is due to the presence of a top predator (bottlenose dolphin) that kill porpoise.  I 

investigated this in Chapter 5 and found that, in areas of high bottlenose dolphin density, 

porpoise appear to be predictably using sites at times that do not have high dolphin 

detection – however I cannot distinguish if this is intentional (to reduce aggressive 

interactions) or a result of preferring different hydrodynamic/diurnal characteristics.   

A more thorough understanding of the spatial and temporal drivers of distribution and 

how predators / competitors may impact this would be interesting from an ecological 

perspective, and could potentially impact management decisions.  A consequence of 

temporal differences in presence is that animals may face different pressures in the same 

areas based on their times of occupancy.  Knowing how species use specific areas at 

certain times (whether it is influenced by predators or just preferred habitat) can be used 

in the management of time-varying threats.  However, this may be more useful to 

consider in situations where managers want a particular species to be affected and not 

another, such as enacting measures for the control of an invasive species that are not 

intended to impact a native species. 

Impacts to the distribution of bottlenose dolphin may indirectly impact porpoise 

distribution or abundance because of increased competition or predation.  Bottlenose 

dolphins are only present in a small subset of the range occupied by harbour porpoise, 

therefore from a whole population perspective, changes to bottlenose dolphin 

distribution may have only a limited impact on porpoise populations.  However, shifts in 

porpoise distribution could alter the dynamics of their relationship with dolphins and 

bring them into more contact with dolphins.  For example, the BOWL wind farm which is 

currently being constructed on the Smith Bank (highest area of porpoise detection within 

the MF) has resulted in a temporary decrease in porpoise detections on the Smith Bank 
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(Bono 2018).  At the same time, the number of porpoise that have stranded due to 

bottlenose dolphin attacks within the MF more than doubled.  It is possible that this 

increase in strandings is due to some porpoise being displaced off the Smith Bank and 

going into the inner MF where bottlenose dolphin density is highest.  Porpoise are also 

predated upon by orca, grey seals and white sharks (Read 1999; van Bleijswijk et al. 2014; 

Leopold et al. 2015), therefore the distribution of these species likely impacts when and 

where porpoise are found as well.   

The landscape of fear concept could also be used in the management of threats to 

porpoise by simulating a predator to deter porpoise from being in a certain area.  

Porpoise aggressive clicks are emitted by the Porpoise Alarm (Culik et al. 2015) which has 

been tested to reduce entanglement in fishing nets, and a similar concept using dolphin 

vocalisations could be tested to mitigate the impacts of fisheries or to drive porpoise 

away from areas of piling before it starts. 

Further research is required to disentangle the complexities of these types of 

relationships for marine mammals.  This will enhance our understanding of the ecology of 

highly mobile marine mammals because changes to the distribution or abundance of one 

species could have knock-on consequences for other species.  Environmental variables 

and prey data (when available) are frequently used when performing species distribution 

modelling, however, investigating the impact that predators and competitors have on the 

distribution of animals is an important part of ecosystem modelling that is often 

overlooked. 

In addition, the threats faced by different species in the same locations might differ if 

species are present at different times of day or season.  For example, the risk of bycatch 

from some fisheries may increase nocturnally (Tregenza et al. 1997) because nets are set 

overnight, which could cause porpoise to be at a higher risk of becoming entangled than 

dolphins in the same area.  Therefore, investigating the times at which different species 

are present in sites is vitally important for the accurate assessment of threats to 

individual species. 
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6.3 MONITORING 

There are various national and international pieces of legislation that require monitoring 

of harbour porpoise distribution, abundance, bycatch or stranding to ensure the 

favourable conservation status of the species.  Most notably, these include the Habitats 

Directive, OSPAR convention, convention on biological diversity and ASCOBANS.  These 

legal frameworks have resulted in the three SCANS surveys that have been completed, 

extensive monitoring at windfarm and other development sites, as well as bycatch 

monitoring programs and stranding networks to collect porpoise carcases and determine 

the cause of death.  Visual/video and acoustic surveys are often used to assess porpoise 

distribution and to investigate the influence of development using a before/after 

control/impact study design (Carstensen et al. 2006; Teilmann & Carstensen 2012; Dähne 

et al. 2013; Hammond et al. 2013, 2017). 

A crucial limitation of visual/video surveys is that they can only be performed during the 

day and in good weather conditions.  To get any idea of seasonal presence, or develop a 

better understanding of tidal variables influencing distribution, the surveys need to be 

repeated frequently which can get very costly, and is therefore limited to relatively small 

scale studies.  Video aerial surveys can be less expensive than visual aerial surveys, and 

offer a slightly safer option because they can fly faster, higher and only require the pilot 

on board whereas visual surveys require a pilot and up to three observers.  However 

video surveys face the same light and weather constraints.   

I would essentially suggest monitoring using the same methods that have already been 

recommended by the OSPAR commission.  “Initially, baseline monitoring is required that 

includes visual surveys of abundance and distribution, and reporting strandings and 

bycatch.  Additionally, acoustic surveys are required for areas known or suspected to host 

high densities of harbour porpoise or to be breeding, birthing, or rearing grounds” 

(IAMMWG 2015). 

From the results obtained throughout this research, I would suggest using visual or video 

surveys initially to get a broad-scale idea of where porpoise are located throughout the 

study area and surrounding areas as well as to estimate abundance.  For many 

developments, the existing SCANS survey data, or results from other similar broad-scale 

surveys, could be used to provide this basic distribution and abundance of harbour 
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porpoise.  However, for developments either outside of the region of existing survey data, 

or for which existing data is insufficient (e.g., not covered in enough detail) then 

additional visual/video surveys would need to be performed.  The results of this initial 

visual/video survey should then be used to inform the development of PAM monitoring.  

Methods of estimating abundance from PAM data are in development (Thomas & 

Marques 2012; Marques et al. 2013) however it is not possible to do this using C-POD 

data.   

To understand porpoise’s seasonal or diurnal detection patterns in the study area, I would 

suggest deploying an array of C-PODs (or similar) to cover a broad survey area.  However, 

financial and logistical constraints will influence this.  Care should be taken when 

designing PAM surveys to cover a variety of different sediment and depth types if they 

are present within the study area (even if low detections were observed visually in these 

areas) in case there are diurnal patterns in habitat use that cannot be observed using 

visual data alone (as shown in Chapter 2). 

I recommend the combined use of visual/video and fixed PAM surveys because fixed PAM 

offers the opportunity to gather continuous data and at times when visual and video 

surveys cannot be performed.  We have seen from Chapter 2, 4 and 5 that there may be 

changes in detection on daily, tidal or seasonal scales which would be difficult to monitor 

using visual/video surveys alone.  For example, in their analysis of 18 years of visual 

survey data, Heinänen & Skov (2015) pointed out that porpoise are rarely detected in 

muddy areas, however I have shown that porpoise use of muddy areas in the Moray Firth 

increased at night (Chapter 2) and therefore might not be detectable by the visual survey 

methods used by Heinänen & Skov (2015).   

PAM surveys address these day/night and poor weather limitations, however not without 

their own flaws (Williamson et al. 2016).  A critical limitation of C-POD surveys is that the 

data are stored on the recorder until retrieval and not provided in real-time.  C-PODs are 

deployed for up to approximately four months and then they are collected and the data 

can be downloaded and analysed.  Therefore, these data cannot be used for the real-time 

management of particular sites.  An alternative is to use other moored PAM devices 

which do relay data in real time, but these are often costly and require expertise to 

analyse the data.  Therefore, modifying C-PODs to transmit data wirelessly, or using other 
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devices such as the PAMBuoy developed by SMRU Ltd. (Gillespie et al. 2013) or the 

Wireless Detection System created by Bio Consult SH (http://bioconsult-

sh.de/en/projects/wds-buoys/) could provide useful real-time data.  

6.3.1 Scale of data 

When creating a model of detections or distribution, it is important to choose an 

appropriate scale for the data and the questions being asked.  Conceptually, there is no 

right or wrong scale to choose, instead scale should be dictated by the objectives, data, 

and the system being studied (Elith & Leathwick 2009).  In one study which assessed 

porpoise habitat preferences at a variety of spatial scales using grids of 4x4 km, 2x2 km 

and 1x1 km, different variables were important at the different scales (Bailey & 

Thompson 2009).  For example, no environmental variables were significantly related to 

harbour porpoise distribution at the 4x4 km scale, distance to coast and the sediment 

type were important predictors at 2x2 km, and depth, not distance to coast was 

important at 1x1 km (Bailey & Thompson 2009).  It is apparent that the scale at which 

data are analysed can influence the apparent importance of an animal’s relationships 

with different environmental factors.   

A 5x5 km grid was used in Chapter 3.  This grid was chosen for methodological and 

practical reasons.  Finer grids were tested previously (down to a 1x1 km grid Williamson 

2014) and found to be too fine, resulting in zero-inflation of the data.  A 4x4 km 

(Williamson et al. 2016) or 5x5 km grid (Chapter 3) were both suitable in terms of zero-

inflation.  However, the 5x5 km grid was chosen for this analysis for comparability with 

other research groups – this is the same grid used by the St Andrews seal tagging group 

(Jones et al. 2015). 

Choice of scale is equally important for acoustic detections.  For example, Skov & 

Thomsen (2008) identified tidal upwelling as a key variable which drives harbour porpoise 

distribution; however, they assessed this using daily averages of click rates, which is too 

coarse a scale to investigate relationships based on a tidal cycle (Tougaard & Wisz 2010).   

Throughout this thesis, I have used various metrics from the C-PODs to determine 

porpoise presence or activity (Table 6.1).  Each of these metrics has benefits and 

disadvantages, necessitating the use of different metrics to investigate different trends.   
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For example, DPHDay is an appropriate metric to use when investigating relative density 

because it has strong correlation with density estimated from visual surveys and provides 

a more linear relationship with density (Brookes et al. 2013; Williamson et al. 2016) and 

also reduces temporal autocorrelation and the effect of differences in sensitivity between 

devices (Bailey et al. 2010b).  However, this metric is far too coarse to investigate trends 

between detection and tidal or diurnal variables.  Therefore, data on an hourly scale are 

required to assess these fine-scale trends.   

Table 6.1 – Selected metrics of acoustic detection from C-PODs. 

Type Metric Ch. Pro Con 

P
re

se
n

ce
 

Detection positive 
hours per day 
(DPHDay) 

4 
Relative density 
Reduces autocorrelation 

Cannot assess fine-
scale trends 

Presence/absence 
of detection in an 
hour 

2, 
5 

Can assess fine-scale trends 
Not as subject to changes in 
HP behaviour or instrument 
sensitivity 

No data on length of 
encounter 
 

Detection positive 
minutes per hour 
(or day; DPM) 

NA 
Can assess fine-scale trends 
Information on length of 
encounter 

Potentially subject to 
changes in porpoise 
behaviour or 
instrument sensitivity 

Fo
ra

gi
n

g 

Proportion of clicks 
that are foraging 
clicks (Pb) 

4 Can assess fine-scale trends 

Potentially subject to 
changes in porpoise 
behaviour or 
instrument sensitivity 

Foraging positive 
hours per day 
(FPH) 

4 
Relative density of foraging 
Reduces autocorrelation 

Cannot assess fine-
scale trends in foraging 

Proportion of 
DPHDay that had 
foraging 

2 
Relative density of foraging 
Reduces autocorrelation 

Cannot assess fine-
scale trends in foraging 

Presence/absence 
of foraging in an 
hour 

5 

Can assess fine-scale trends 
Not as subject to changes in 
HP behaviour or instrument 
sensitivity 

No data on length of 
encounter 
 

Using the number of minutes with detections per hour (DPM; not used in this thesis, 

although DPM has been used in some publications e.g. Brandt et al. 2011) may be a more 

informative metric in higher density areas of harbour porpoise, however it will also be 

more susceptible to changes in the detection probability of the C-PODs.  Such changes 

could be in sensitivity related to ambient noise levels (Dähne et al. 2013), tidal flow 

(Wilson et al. 2013) or deployment depth (Alonso & Nuuttila 2014).  DPM would also be 
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more susceptible to differences due to porpoise behaviour or disturbance, which has 

been shown to vary on fine scales (Wisniewska et al. 2018).  All of these factors could 

reduce the number of minutes that a porpoise is detected in an hour, but should have 

less effect on other hourly metrics or DPHDay. 

6.4 MODELLING 

Understanding the spatial relationships of animals to each other and to their environment 

is a key interest of ecologists (Illian & Burslem 2007; Law et al. 2009).  For conservation 

measures to be effective, it is important to understand patterns of habitat use within a 

species and the factors that determine distribution (Redfern et al. 2006).  Habitat 

modelling is a common tool used to understand drivers of animal distributions (Hedley & 

Buckland 2004; Katsanevakis 2007; Skov & Thomsen 2008; Marubini et al. 2009; Embling 

et al. 2010; Johnson et al. 2010; Brookes, et al. 2013).   

Care must be taken when determining which modelling strategy to use, as different 

methods have different assumptions and may give different results.  In Chapter 3 we have 

seen that using the same data to create similar models with two different methods 

resulted in similar outputs, but there were some important fine-scale spatial differences.  

These differences could potentially influence the management strategies used.  For 

example, the broad-scale trends in porpoise distribution were similar; however, the fine-

scale locations with the highest density changed slightly (Chapter 3).  Therefore, 

depending on the application of the model, these differences could have important 

consequences.  If a model is being used to propose areas for SACs, for example, then fine-

scale shifts in the areas of highest density should have little difference.  If, however, the 

model is being used to propose areas within a development site to install wind turbines, 

then fine-scale differences could have a very large impact on the placement of structures 

and the resulting fine-scale impact to animals.  Although, harbour porpoise are a highly 

mobile species, therefore repeated surveys would be required to differentiate between 

fine-scale habitat use and random clustering on a particular survey. 

Spatial data are often gridded or segmented when using GAMs which causes spatial 

information to be lost.  Though there are GAM-based methods under development to be 

able to model using the exact locations of observations in space (Fithian & Hastie 2013; 
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Renner et al. 2015), few papers (particularly outside of statistics) have used these 

approaches.   It may therefore seem unfair to compare a simple GAM with a more 

complex model based on HBM-INLA (as done in Chapter 3).  However, the aim of Chapter 

3 was to compare an advanced spatial model (HBM-INLA) with a method that is 

commonly used by ecologists for this type of analysis.  Therefore these recent advances 

that use GAM-based methods to model in continuous space were not implemented in this 

comparison.  Instead, the data were gridded, as is often done for such analysis to 

demonstrate the management implications of differences between traditional analyses 

and more complex models in continuous space. 

While the distribution of a species is strongly influenced by its environment, it can also be 

influenced by the distribution of other species; for example, the distribution of prey, 

predators and competitors.  SDMs can be combined, or ‘stacked’ together, to investigate 

the distribution of more than one species simultaneously; however this generally implies 

that the species’ distributions are uncorrelated (Clark et al. 2014; Harris 2015).   

Joint species distribution modelling (JSDM) is an approach which fits SDMs that take into 

account the influence of the distribution of other species when modelling the distribution 

of the species of interest (Illian et al. 2013; Pollock et al. 2014; Clark et al. 2014; Harris 

2015; Sadykova et al. 2017).  JSDMs do not assume that every variable influencing the 

species’ distributions has necessarily been measured, and represents these unobserved 

factors as random variables (Harris 2015).  Several methods have been employed to 

perform JSDM; Pollock et al. (2014) used multivariate probit models, Clark et al. (2014) 

also used a probit model to assess abundance, but used a modified zero-inflated model 

with an explicit zero class for presence-absence data.  Harris (2015) used mistnet, a 

stochastic feed-forward neural network to perform JSDM and Illian et al. (2013) and 

Sadykova et al. (2017) used HBM-INLA.  Most implementations of JSDMs have used linear 

models (such as GLMs) to assess a species’ response to environmental covariates; 

however, these assume a linear relationship which can limit their usefulness.  The ability 

to identify nonlinear relationships is a key advantage of using the mistnet neural network 

or HBM-INLA for JSDM (Illian et al. 2013; Harris 2015).  Approaches like this, which can 

model both the distributions of species as well as the interactions between species, 

should be able to make modelling these complex relationships more realistic in future. 
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Further development of modelling methods can enhance our understanding.  Methods to 

combine space and time into the same models are advancing.  However it is important to 

keep in mind that progressively more and more complex models may not actually offer 

any practical or ecological advantages over their simpler counterparts.  Similar to the 

concept of diminishing returns, more advanced statistical models may not add enough 

value to our ecological understanding of a species to warrant the extra complexity.  While 

HBM-INLA has great capacity, it is challenging to implement, requires a high level of 

statistical and programming expertise and therefore is not yet necessarily feasible for an 

ecologist without this statistical and programming background to use.  More 

development, particularly into the user-friendliness of packages and simpler explanations 

of the models should enhance the uptake of their use, however, users should always be 

asking what each new method will actually add to their ecological understanding.   

In Chapter 3 I have shown that, for modelling fine-scale interactions, there can be 

benefits from using more complex methods that are capable of modelling in continuous 

space.  However, when assessing the broad-scale distribution of a species, these methods 

may not be required and simpler methods may be sufficient. 

6.5 PROTECTION FOR HARBOUR PORPOISE 

Harbour porpoise are listed on Annex 2 of the Habitats Directive which states that a 

network of protected areas must be created for them.  They are also listed on Annex 4, 

meaning that they (along with all other marine mammals) are a European Protected 

Species and disturbing or injuring them throughout their range is illegal whether or not 

they are inside a protected area.  A broad-scale management plan that can address 

threats to porpoise throughout their range is under development, yet a great deal of 

effort has been spent trying to identify localised areas of high density to propose as SACs 

to satisfy these legal requirements. 

6.5.1 Special Areas of Conservation 

Area-based conservation is an aspect of terrestrial conservation that has been applied to 

marine conservation, sometimes with little consideration of if it is the best management 

measure to protect a species (Allison et al. 1998; Wilson 2016).  One Special Area of 

Conservation (SAC) exists for harbour porpoise in UK waters, and six cSACs have been 
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proposed to satisfy EU requirements.  The selection of these six new sites was based on 

analysis of 18 years of visual ship-based survey data (Heinänen & Skov 2015) and the cSAC 

in Scotland was also based on 5 years of acoustic data (Booth 2010; Booth et al. 2013).  

These sites were selected based on containing the highest 10% of harbour porpoise 

density in at least 3 years (Heinänen & Skov 2015).  However, “given the mobile nature of 

the species and the widespread nature of anthropogenic activities exerting pressures on 

the species, area protection will not, in isolation, be sufficient to maintain the harbour 

porpoise in favourable conservation status” (IAMMWG 2015).  Instead, developing a 

management strategy which applies to the entire species’ range will be most effective 

(IAMMWG 2015).   

The scale of protected areas also needs to be considered.  If protected areas are 

developed to cover high-density areas of porpoise then they must be very large to 

account for the highly mobile nature of harbour porpoise.  This approach was taken by 

the Scottish Government when designating the Inner Hebrides and Minches cSAC on the 

West coast of Scotland which covers over 13,000 km2 (SNH 2016).  The Southern North 

Sea cSAC is even bigger (nearly 37,000 km2; JNCC 2016b), however the other proposed 

areas are small when considering the highly mobile nature of harbour porpoise (ranging 

from 1-5,000 km2; JNCC 2016c, d, e, f).  In Chapter 4, I showed that porpoise detection 

exhibits seasonal shifts, and that foraging is potentially detected at relatively high rates, 

even outside of the areas with the highest density.  Chapters 4 and 5 also showed that 

porpoise have varying correlations with environmental variables in different areas and 

months suggesting that harbour porpoise are opportunistic foragers as opposed to 

targeting a few specific prey types and the habitat types that they will be associated with 

tend to vary depending on the prey the encounter.  Therefore, protected areas might 

need to cover both the area(s) with high density, and the surrounding areas with different 

depth or sediment characteristics because detection may vary in different habitat types 

(e.g. the difference in detection between sand and mud habitats reported in Chapter 2).   

Tagged harbour porpoise have been reported to travel up to 100 km/day, and one that 

was tagged in the Skagerrak travelled across the North Sea and was reported in the 

Moray Firth (Sveegaard et al. 2011).  The entire North Sea is considered to be one 

population of harbour porpoise (Andersen 2003).  Porpoise are known to exhibit seasonal 
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shifts in distribution (Chapter 4; Verfuß et al. 2007, Gilles et al. 2011, 2016), which are 

likely influenced by prey availability.  Their detections in adjacent habitat types have also 

been recorded to change depending on time of day (e.g. Brandt et al. 2014, Schaffeld et 

al. 2016, Williamson et al. 2017, Nuuttila et al. 2017b); again, likely influenced by prey 

availability.  In addition, relatively high proportions of foraging buzzes have been detected 

in areas with low overall density, implying that either low-density areas can still be 

important for foraging, and/or foraging cannot be assessed accurately from current 

methods (Chapter 4).  There are no known calving/breeding areas for porpoise in this 

area (one has been identified in the North Sea around the Frisian Islands; Sonntag et al. 

1999).  All of these raise the question: are static marine protected areas a wise choice for 

harbour porpoise? 

6.5.2 Focus on threats, not density 

The protected areas in the UK that have been developed for harbour porpoise have 

focused solely on high density areas, but have given little consideration to where the 

threats are.  This current focus of only protecting where animals are in high density needs 

to shift because we cannot control where animals may move.  Instead, we must also 

focus on where the threats to animals are (Halpern et al. 2008; Hooker et al. 2011) and 

address the human actions that are causing these.  Focusing on where porpoise are facing 

the most risk and proposing those areas as SACs or enacting other management measures 

for those areas would provide additional benefit for the species than simply protecting 

high-density areas.   

Protected areas have previously been used to reduce cetacean bycatch (Dawson & 

Slooten 1993).  Adaptive management measures such as seasonal or real-time closures 

could potentially have a greater impact on the population stability and favourable 

conservation status of harbour porpoise than designating fixed SACs in which there are 

simply a high density of porpoise because porpoise are not necessarily threatened 

throughout their entire range.  Area-based approaches may be a good place to start, by 

trying to identify potential areas of higher density.  However, as has been shown in this 

thesis, even lower density areas adjacent to high density areas may still be important or 

used primarily at times that are difficult to survey.  Indeed, The Wildlife Trusts view area-

based protection as a temporary measure that is applicable only until whole North Sea 
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management measures can be developed (The Wildlife Trusts 19th Round Response 

Document p10, 2017).  Efforts are currently underway to develop a management strategy 

which provides “generic measures to prevent bycatch in certain fisheries métiers, to 

reduce pollution, and to mitigate the most problematic underwater sounds produced […] 

throughout the harbour porpoise range” (IAMMWG 2015).  A workshop was held on 19-

20 April 2018 for developers and stakeholders to provide feedback on the drafted Dolphin 

and Porpoise Conservation Strategy. 

When developing management strategies I would recommend overlaying potential 

threats on top of porpoise distribution to identify regions in need of protection or 

additional management.  For example, Figure 6.1a shows the relative density of harbour 

porpoise along the east coast of Scotland modelled using a GAM in chapter 3, and Figures 

6.1b and c show a few potential threats in the same area.  These threats include offshore 

wind farms, oil and gas developments and a few fisheries (porpoise are not known to face 

high entanglement rates in these fisheries).   

 

Figure 6.1 - Comparison of porpoise relative density (a - from chapter 3) to locations of offshore energy extraction and 
oil & gas developments (b) and intensity for a few fisheries (c – not necessarily fisheries that pose a high entanglement 
risk to porpoise) along the east coast of Scotland.  Data for figures b and c are from Marine Scotland – National Marine 
Plan Interactive. 

Other potential sources of disturbance such as shipping, recreation, etc., were not 

included in these figures because the maps get very busy.  This figure shows that the 

Smith Bank is a high density area for porpoise and indeed this area has wind farms, oil 

and gas installations as well as fisheries co-located over the top.  From these rough 

figures it would be intuitive to suggest the Smith Bank as a candidate for protection due 
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to the high relative density of porpoise and also the variety of threats.  Additionally, along 

the east coast is another area of higher relative density which is overlaid by an area of 

quite high fishing intensity.  In this case it is scallop fishing, which is not a significant 

threat to porpoise, but in other areas where porpoise do face high rates of entanglement 

such comparisons would be a useful method to identify potential areas of conflict.   

This understanding that anthropogenic threats need to be managed is gaining 

prominence.  Maps have been made of the global cumulative impact of human activities 

on the marine ecosystem (Halpern et al. 2008), global risks to marine mammals (Avila 

2018), and the footprint of global fisheries has been tracked using Automatic 

Identification System data (Kroodsma et al. 2018).  It has also been recommended to 

consider the threats faced by a species when developing protected areas (Hooker et al. 

2011).  Instead of focusing solely on high density areas and protecting these, I suggest a 

combined approach which emphasises reducing the impact of threats while also 

identifying areas/times in which porpoise face threats and developing management 

strategies for these.  A critical first step therefore, is to identify which threats are most 

likely to be drivers of population change (Hammond et al. 2013; van Beest et al. 2015). 

Entanglement in fishing nets is the single greatest threat to harbour porpoise (Hammond 

et al. 2002; Bjørge et al. 2013; ASCOBANS 2014; Nabe-Nielsen et al. 2014), yet the use of 

ADDs is the only mitigation measure applied to the industry, and not even to the entire 

fleet (EC 812/2004).  In EU waters, the highest number of porpoise are bycaught in the 

North Sea (1,235-1,990 porpoise/year; OSPAR 2017); however, the area with the highest 

proportion of porpoise bycatch is in the Celtic and Irish seas where annual bycatch is 

estimated to be 1.06-1.37 % of the population (OSPAR 2017).  The use of ADDs and other 

deterrent devices such as the PAL (Culik et al. 2015) may be insufficient to reduce bycatch 

to international targets in some areas therefore other methods should be investigated. 

The use of established fisheries management measures (seasonal or real-time closures) to 

mitigate bycatch could be investigated for harbour porpoise.  Studies should be carried 

out to identify the spatial locations and times in which most entanglement is occurring.  

The combined data from satellite tagged harbour porpoise and fishing vessels fitted with 

remote electronic monitoring (including GPS location and CCTV footage of gillnet hauls) 

has allowed the identification of high risk areas for porpoise bycatch in the Danish 
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Skagerrak Sea (Kindt-Larsen et al. 2016).  A similar method could be used to identify 

specific areas within the North and Celtic Seas in which a greater proportion of bycatch 

occurs and management plans could be developed for these areas.  Such measures could 

include seasonal or diurnal closures of fisheries.  Dawson (1991) argues that the only way 

to reduce cetacean bycatch in gillnets is to close specific areas to fishing with this 

method. 

Seasonal or real-time closures of fisheries are a common way to minimise bycatch and 

harvesting juvenile fish, or to protect spawning regions (Bailey et al. 2010a).  These 

temporary spatial closures are viewed more favourably by the fishing industry than fixed 

protected areas like marine protected areas or SACs because they are viewed as more 

responsive to actual conditions (Bailey et al. 2010a).  These sorts of measures would be 

difficult to design for porpoise because a great deal of seasonal data would be required 

(potentially using the same methods as explored in this thesis).   

With the continued development of statistical modelling methods, it could be beneficial 

to take advantage of joint species distribution modelling to investigate the locations in 

which porpoise (or another species of interest) distribution overlaps and potentially 

comes into conflict with the distribution of anthropogenic activities such as fishing, 

renewable energy developments, shipping, etc.  These results could then be used to 

identify potential areas where enhanced conservation or management measures could 

have a greater impact. 

Harbour porpoise in some areas or populations may have specific locations that are 

important for critical life stages, but this has not been found to be the case along the east 

coast of Scotland.  Here, there are a few areas which have higher relative densities than 

others, but detections vary across seasons, across fine-scale hourly diurnal and tidal 

scales, and depending on predator / competitor presence.  Even in low-density areas, 

there is a high proportion of detections that are foraging, so these lower-density areas 

may still be important for the local population and should be protected.  Therefore, 

protecting only areas with high porpoise density may be insufficient to ensure the long-

term favourable conservation status of this species.  Effort should be invested in 

determining what areas need to be managed for human activities that would have the 

most benefit for porpoise and other species. 



L. D. Williamson 

217 

HP need to forage often therefore they may be more inclined to remain in or return 

quickly to a location with disturbance if it provides good foraging habitat than other 

species which can survive longer periods of fasting.  This may increase the regularity, 

duration or severity with which porpoise encounter disturbances and increase the 

cumulative impact of disturbances on porpoise.  In the short term, or if only a few animals 

are disturbed, this may not pose a threat to the population as a whole, but if many 

individuals are persistently disturbed this could lead to degradation of the favourable 

conservation status of the species.  However, we have seen that porpoise take advantage 

of different habitat types, likely target several types of prey and have several foraging 

techniques.  To some extent, these features should help to protect porpoise from 

population-level consequences of disturbance by increasing their resilience. 

6.6 FUTURE WORK 

Throughout this chapter, many recommendations for future work have been identified, 

several of which are already ongoing areas of research and others which would be useful 

to consider for future directions of research.  These are broadly considered across the 

areas of ecology and management / conservation in the following sections. 

6.6.1 Ecology 

This thesis has highlighted various trends in porpoise detection, however further research 

is required to determine the underlying causes of these differences.  Changes in detection 

and foraging buzzes were recorded between night and day and in different habitats and 

seasons.  These are hypothesised to be related to foraging; however, concurrent data on 

prey were unavailable.  Future research should focus on collecting concurrent data on 

prey (e.g., species, abundance, availability, behaviour etc.).  This could be achieved 

through the use of active acoustic surveys (Benoit-Bird & Au 2003; Lawrence et al. 2016), 

targeted sampling or alternative methods of surveying porpoise such as tagging.  The use 

of combined GPS, camera and acoustic recording tags (Johnson et al. 2009) could offer 

insights into the ecology of this species, including when and where they actually forage 

and what they forage on (DeRuiter et al. 2009; Wisniewska et al. 2012). 

The seasonal distribution of porpoise is poorly understood and requires further 

investigation, ideally throughout the entire North Sea and surrounding waters.  Diurnal 
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trends in detection have been identified, yet the causes underlying this are unknown 

(assumed to relate to prey).  Understanding the influence of predators and competitors 

on porpoise detection and habitat-use could offer insights into the behaviour and 

dynamics of predator-prey interactions.  Identification of harbour porpoise foraging areas 

has proved challenging.  Alternative deployment arrangements of C-PODs or the use of 

different technologies such as tagging or active acoustic surveys could be investigated to 

address this in the future. 

6.6.2 Management / Conservation 

Various methods of reducing impact to porpoise are in development, and the study and 

improvement of these as well as innovation of new methods of mitigation should 

continue.  Key areas that require advancement include the minimisation of bycatch in 

fisheries, and noise from industrial developments.  Additional studies are also required to 

support management based on the locations of threats as opposed to focusing only on 

the areas with a high density of harbour porpoise. 

Knowing the actual number of porpoise bycaught annually by all countries and the 

locations of bycatch is required to manage this threat effectively.  Several countries 

within the EU have not reported their bycatch, therefore the full scale of the problem is 

unknown.  The first step to reducing bycatch is to know how many porpoise are presently 

bycaught and where.  The second step is to know where bycatch is the biggest issue, the 

combined use of porpoise distribution models and fishing boats fitted with remote 

electronic monitoring would be an appropriate way to start this investigation (Kindt-

Larsen et al. 2016).  Once these are known, it would be possible to develop a better plan 

to minimise bycatch.  ASCOBANS proposed a maximum bycatch limit of 1.7% with a target 

of less than 1% and an eventual goal of reducing bycatch to 0% of the population (IWC 

2000).  If the bycatch limit of 1.7% is exceeded in the whole area or in specific subareas 

then mitigation measures could be implemented more rigorously or more effectively 

targeted to areas with particularly high bycatch.  Even if bycatch is less than 1% of the 

population, methods of reducing bycatch (such as the PAL, ADDs or net modifications) 

should continue to be developed and implemented to reach the target of reducing 

bycatch to 0%. 
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Reduction of noise from the construction of windfarms is an active area of research.  

Advances in piling structure or installation method can reduce noise as well as the use of 

mitigation techniques like bubble curtains.  It is possible though, that in the future, as 

windfarms move further offshore, floating turbines will likely replace fixed structures 

which should reduce the noise, therefore it is possible that disturbance related to noise 

from windfarm construction could soon be resolved for some developments.   

A better understanding of the ecology (addressing the data gaps identified previously) 

would allow the development of enhanced management and conservation methods that 

are able to address the spatial and temporal use of habitats by porpoise.  For example, 

seasonal management plans could be developed such as the use of seasonal fisheries 

closures to reduce bycatch.  Temporal dynamics of porpoise presence at sites (whether 

influenced by predators or not) could result in porpoise facing different threats than 

other species just by the times that they are present in a site. 

6.7 CONCLUSION 

Harbour porpoise (Phocoena phocoena) are the most abundant cetacean in UK waters, 

and are likely to be affected by a variety of marine industries and activities.  This research 

used data collected using acoustic recorders (C-PODs) and aerial video surveys to 

investigate trends in porpoise detection.  The findings can be split into five key themes, 

and have been used to support the development of spatial management and survey 

recommendations as follows: 

1. Porpoise detection changes based on time of day in different habitats. 

2. Porpoise exhibit seasonal shifts in detection. 

3. The highest proportions of foraging buzzes are not detected in areas with the 

highest relative density of porpoise. 

4. Porpoise distribution may be influenced by occurrence of dolphins. 

5. The choice of spatial modelling method can influence the fine-scale predictions of 

areas with the highest density. 

Porpoise detection (assumed here to be a proxy for presence) has been shown to change 

between day and night in different habitats, indicating possible differences in diel habitat 

use.  This result highlights potential issues with visual or video data collection methods, 
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which are often used to map porpoise distribution for baseline surveys, because they can 

only survey in good daylight conditions.   

Similarly, year-round data are often lacking, therefore seasonal changes in distribution 

are often unknown.  The acoustic detections in this study show that porpoise in the 

Moray Firth appear to have a shift in spatial distribution between summer and autumn.  

This result indicates a need for thorough understanding of year-round occurrence, as 

changes in distribution could play a key role in minimising disturbance to porpoise from 

anthropogenic sources, particularly fisheries.   

The highest detections of buzzes (associated with foraging) were not recorded in areas 

with the highest density of porpoise.  I propose that porpoise use different foraging 

strategies in different habitats which are not equally detectable by the acoustic recorder.  

This raises questions about survey methodology across different habitat types.  I propose 

the use of either alternative methodologies (e.g., tagging or active acoustic surveys) or 

alternative deployment arrangements of acoustic recorders (deploy recorders at multiple 

depths) to investigate foraging. 

Porpoise distribution is influenced by the distribution of perceived risk from predatory 

species.  In this case, bottlenose dolphins are considered a ‘predator’ of porpoise because 

bottlenose dolphins are known to kill porpoise.  Temporal partitioning of sites may stem 

either from porpoise actively avoiding times when bottlenose dolphins are expected to be 

present or from porpoise and bottlenose preferences for different environmental 

conditions.  Developments or activities that affect the distribution of a predator may have 

cascading effects on the distribution of prey.  In addition, porpoise are detected at 

different times than dolphins in the same locations, so they may be facing different 

threats or different rates of the same threats in these locations simply because of their 

temporal segregation of sites.  

Finally, when analysing aerial video survey data using two different statistical methods 

(generalized additive models and hierarchical Bayesian models using integrated nested 

Laplace approximation) I found that the models produced slightly different results.  This 

has implications for the fine-scale management of activities e.g., siting locations for 

development. 
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Each of the points raised should be considered when determining management strategies 

to minimise the impact from fisheries, offshore developments and other industrial 

activities on harbour porpoise.  However, none of the points are specific only to harbour 

porpoise.  Other top predators may have similar changes to detection at different times 

of day or season, and will be influenced by the distribution of their predators and prey.  

Improving our understanding of predator ecology is informative for management 

strategies of offshore activities that are seeking to reduce the impact to protected 

species. 
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