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Abstract 

As the human population continues to rise, so to do pressures on the world’s oceans, 

by increasing demands for space and resources. This places a greater requirement for 

the marine environment, including its diverse habitats and ecosystems, to be managed 

appropriately. Underpinning all marine management is a baseline knowledge of the 

physical and biological components of the benthic environment. The usual method of 

obtaining this data is through seabed mapping and sampling. Mapping is relatively 

widespread, ranging from historically simple tools such as plumb-lining, through to 

modern and novel technology with remote sensing capabilities. Sampling using 

imagery and grabs is conducted to “sea-truth” map data and to quantitatively analyse 

benthic fauna. This data is commonly combined to create habitat maps, which provides 

a visually appealing account of the marine environment to its many stakeholders. A key 

limitation to obtaining data is its connection to larger survey vessels, rendering many 

of the more challenging, remotest and harshest environments throughout our global 

oceans as unsuitable for traditional habitat mapping; yet due to their locations and 

their uniqueness, these can often be the environments most in need of protection. 

Recent advancements in automated technology, specifically Autonomous Underwater 

Vehicles (AUVs), has opened up all sorts of exciting possibilities, particularly in the use 

of this technology for gathering information required to produce habitat maps. 

However, as it currently stands most AUV technology has not been specifically 

designed or developed to undertake this kind of research, limiting their uptake as 

management tools. Moving forward, it is imperative that methodologies using existing 

AUVs are developed to make use of the current technology, but to also highlight current 

limitations so that marine managers and research scientists can work with robotic 

developers to design the next generation of essential management tools. This thesis 

considered several stages of the management process (seabed mapping, monitoring 

mobile species, and assessing benthic impacts) aimed specifically for assisting 

conservation and fisheries managers, whilst also testing the capabilities of an AUV to 

collect data, often in remote and challenging conditions. It was demonstrated that: 

AUV data can be used to create habitat maps of the seafloor and generate predictive 

maps; AUV and ROV technologies can be used as a direct monitoring tool for mobile 

and commercial species, allowing surveys to be undertaken in hard to access areas; 

AUVs have the potential to provide support to other research areas (such as passive 

acoustic telemetry arrays); AUV technology can be used to provide data to identify and 

monitor numerous impacts on the benthic environments. 
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The outputs of this research demonstrated overall that marine managers would benefit 

from a toolbox of AUV techniques. It is recognised that there are gaps and limitations 

to this technology and would urge developers, marine management, and researchers 

to work together in order to develop the necessary capabilities in the next generation 

of underwater automated vehicles. 
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1.1. Connecting robotics with marine management 

1.1.1. Robotics and their use in marine science 

One of the challenges of mapping the marine environment are the remote and 

inaccessible nature of many parts of the world’s oceans. Robotics offer scientists the 

opportunity to gather information from environments that are hostile, remote and 

beyond the physical capabilities of human beings. Applying these systems to the 

marine environment has been challenging due to the additional complexities and 

challenges of harsh hydrological and physical conditions the equipment must endure 

(Zhang et al., 2015). Since the 1970s great advancements in theory and application 

have been made that have improved the reliability, robustness, and autonomy of 

marine robots (Bandyopadhyay, 2005; Yuh et al., 2011; Wang et al., 2012). A diverse 

range of marine robotic platforms are now available which offer an interdisciplinary 

approach, linking engineering, computer science, environmental science and 

oceanography (Zhang et al., 2015). This has enabled experts with diverse skills and 

specialities to collaborate and revolutionise how scientific data is collected. 

The key features of marine robots are that they are energy efficient platforms, capable 

of long endurance, long range, autonomous or mostly autonomous, and harness energy 

from the marine environment when required (Zhang et al., 2015). 

1.1.2. Types of marine robots 

With the speed of technological advances, it is likely that within a year this section of 

literature will be out of date and need revision, this reflects the recognition that 

robotics can significantly aid ocean research and management. Marine robots are 

highly diverse with capabilities that are updating alongside technological advances in; 

energy use, mechanics, materials, sensors, and engineering (Sahu and Subudhi, 2014). 

Currently, they include airborne craft, surface unmanned vehicles, coastal and deep 

water autonomous and semi-autonomous, drifting craft, and tethered deep water 

remote operated systems. 

1.1.2.1. Airborne Craft 

Aerial craft include Remote Piloted Vehicles (RPVs) and Unmanned Aerial Vehicles 

(UAVs), better known publicly as “drones”. They are equipped with camera gimbals 

that display high-resolution real-time video and camera footage. This enables remote 

sensing, such as photogrammetric point clouds as a low cost alternative to LIDAR 
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(Hird et al., 2017). Applications include security, search and rescue, management and 

monitoring, communications and survey (Vijayavargiya et al., 2016). 

Due to negative connotations associated with the word “drone” the scientific 

community often refrains from its use in order to promote a publicly positive image of 

the equipment, however the literature often interchanges between the two. 

1.1.2.2. Surface Craft 

Surface craft, known as Autonomous Surface Vehicles (ASVs) or Unmanned Surface 

Vehicles (USVs) operate on the surface of water and are widely used for commercial, 

scientific, and military purposes. They range from small ocean drifting and wave glider 

platforms, which use wave energy to move forwards whilst harnessing solar energy to 

run electronic devices (Manley and Willcox, 2010), to larger boat sized craft that enable 

long endurance, multi sensor deployment and better links to satellites and cellular 

networks than underwater craft (Pan et al., 2013; Mukhopadhyay et al., 2014). 

1.1.2.3. Tethered systems 

Tethered systems such as Remote Operated Vehicles (ROVs) are connected to vessels 

via an operating cable but work remotely. This enables real time capture and live feed 

footage of data (e.g. http://www.nautiluslive.org/) that can be broadcast globally live 

from a vehicle operated at the surface. They have wide application and vary in depth 

capabilities from shallow surface waters to the Mariana Trench and Challenger Deep 

(11,000 m using the ABISMO ROV) (Kelley et al., 2016). Deployment capabilities 

include; seafloor and deep water trench exploration, live feed video footage from 

submarine canyons and hydrothermal vents, sample collection, underwater 

construction and well monitoring operations in the offshore oil and gas industry 

(Chaytor et al., 2016; Consoli et al., 2016; Kelley et al., 2016; Hissmann and Schauer, 

2017). 

1.1.2.4. Coastal and Deep-water Autonomous Craft 

Autonomous vehicles work untethered with missions ranging from hours to months 

depending on the battery capacity of the vehicle. They include sea gliders, manned 

submersibles, and Autonomous Underwater Vehicles (AUVs). Sea gliders operate on 

buoyancy driven propulsion that requires minimal power. The direction of motion is 

adjusted using feedback control enabling then to run missions for several months on a 

single charge (Zhang et al., 2015). Manned submersibles, or Human Occupied Vessels 

(HOVs) are mini submarines capable of sending operators to the deep sea. Hybrid 

ROV/AUVs (HAUVs) such as Nereus enables a single pilot to sample the deepest 
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waters within the Mariana Trench whilst producing live communications that can be 

broadcast globally (Kelley et al., 2016). 

1.1.3. Autonomous Underwater Vehicles 

Autonomous Underwater Vehicles (AUVs) are unmanned submarine style robots, used 

globally by scientific, military, commercial and policy sectors (Wynn et al., 2014). They 

have produced major advances in marine geoscience due to the capabilities of 

exploring extreme environments and collecting large data sets of multiple variables in 

single missions by hosting a suit of sensors. 

AUVs range greatly in size, depth rating and capabilities, most are equipped with sonar 

and digital cameras.  Long range AUVs, such as the NERC Autosub fleet including the 

infamous “Boaty Mc Boat Face”, are deployed in the deep sea to conduct high-

resolution seafloor mapping and collect stills images. Unlike ship-based surveys, AUVs 

travel relatively close to the seabed (<5 m altitude) and are therefore capable of 

collecting seafloor mapping and imagery data of a far higher spatial resolution (Wynn 

et al., 2014). A major benefit of AUVs is that ships used for deploying AUVs can 

perform other tasks whilst also running an AUV mission. Therefore, data collection can 

be acquired on a faster time scale, promoting greater time efficiency and reduce 

offshore costs (Yoerger et al., 2007). 

It is technologically challenging to collect data in deep water (Wynn et al., 2014) and 

AUVs are limited by their finite energy reserves (Busquets et al., 2013). They require 

periodical recharging (and redeployment) from a dedicated (and often expensive) host 

platform or support vessel (Townsend and Shenoi, 2016). An increasing demand for 

AUVs in environmental monitoring and surveillance sectors (Jalbert et al., 2003; 

Jones et al., 2014; Wynn et al., 2014) requires that they be modified for longer- term 

deployments. Townsend and Shenoi (2016) compared the endurance of numerous 

AUVs, identifying that batteries which can account for approximately 20% of the total 

mass (Griffiths et al., 2004) typically last for a few hours to days. Therefore, to improve 

endurance and autonomy the addition of in-situ battery charging and/or an alternative 

power supply is a necessity. 

1.1.4. Gavia AUV  

The Gavia Offshore Surveyor is a modular AUV designed by Teledyne for commercial, 

defence and scientific application. A basic Gavia unit consists of four individual “plug 
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and play” cylindrical modules; propulsion, control, battery, nosecone locked together 

to form a single ridged pressure hull, and an antenna tower capable of either 500 m or 

1000 m depths. Further optional sensors include Side Scan Sonar (SSS)/ Bathymetry, 

forward facing sonar, CTD, Synthetic Aperture Sonar (SAS), GeoSwath, Sub-bottom 

Profiling (SBP), sound velocity sensor and camera. Remote communication is achieved 

through a Wireless Local Area Network (WLAN), global iridium satellite link and an 

acoustic communication link. Direct communication is obtained through an Ethernet 

data cable for fast data transfer post mission. The Gavia provides users with a fully 

interchangeable and self- contained survey solution that can be operated from “vessels 

of opportunity”. It is a compact (20 cm diameter system) that is cost effective, easy to 

maintain, and transportable, when compared to dedicated survey vessels, ROVS or 

large tow systems (Teledyne Marine, 2017). 

The range of missions Gavia are deployed on highlights the AUVs multipurpose 

capabilities and adaptability. Duval and Trembanis, (2017) deployed a Gavia equipped 

with high-resolution 900/1800 kHz Marine Sonics side-scan sonar, Geometrics G880-

AUV cesium-vapor magnetometer, and 2 megapixel Point Grey colour camera to detect 

munitions and explosives of concern for the offshore wind energy sector. Whilst Jensen 

et al., (2016) utilised geoswath modules to produce high-resolution bathymetry and 

backscatter of the seabed to identify sediment distribution in Dicksonfjorden, 

Svalbard. 

1.1.5. Marine legislation  

Numerous management plans from regional to global, and legislations are in place to 

offer protection and recovery to the marine environment and species within it. 

Legislation is often adopted and adapted by countries across the globe. This section 

will highlight those that are relevant prior to the UK decision to leave the European 

Union. 

1.1.5.1. Sustainable Development Goals 

The United Nations comprises of 17 interconnected Sustainable Development Goals 

(SDGs) in which number 14, “Life below water” focusses on the marine environment 

(https://www.un.org/sustainabledevelopment/oceans/). The current target is to 

deliver the SDGs by 2030. 
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1.1.5.2. Multi-lateral Environmental Agreements 

Multi-lateral Environmental Agreements (MEAs) are international agreements 

relating to nature conservation and environmental protection (JNCC, 2008). The UK 

is a contracting party to numerous MEAs relating to the marine environment, these 

include; the regulation of wildlife trade (CITES), the protection of the marine 

environment in the North East Atlantic (OSPAR), the Conservation of European 

Wildlife and Natural Habitat (Bern Convention), and the protection of migratory 

species (Bonn Convention). The obligations are transposed in to various national and 

international laws and directives. 

1.1.5.3. EU Habitats Directive 

The EC Directive 92/43/EEC of the Conservation of Natural Habitats and Wild Fauna 

and Flora (known as the Habitats Directive) promotes the maintenance of biodiversity, 

whereby Member States take measures to maintain or restore natural habitats and wild 

species listed to a favourable conservation status, introducing robust protection for 

habitat and species of importance. 

1.1.5.4. EU Marine Strategy Framework Directive 

The European Union (EU) Marine Strategy Framework Directive (MSFD) is a 

legislative framework promoting an ecosystem- based approach to managing marine 

goods and services.  It is now the overarching framework for the EU Habitats Directive. 

The primary aim was to have achieved ‘Good Environmental Status’ (GES) of the 

marine environment across Europe by 2020. UK waters are divided into two sub 

regions; the Greater North Sea and the Celtic Seas which are required to develop 

marine strategies alongside all countries within the same region. In May 2020 the 

MSFD was superseded by EU Biodiversity strategy for 2030 with achieving GES at its 

core (European Commission, 2020). 

1.1.5.5. UK Biodiversity Action Plan 

The UK Biodiversity Action Plan was the UK governments response to the Convention 

of Biological Diversity (CBD) in Rio, 1992. It provided conservation action plans to 

recover the most threatened of UK species and habitats.  In 2012 it was succeeded by 

the ‘UK Post 2010 Biodiversity Framework’ following the publication of Strategic Plan 

for Biodiversity 2011-2020 (CBD, 2010) and ‘EU Biodiversity Strategy’ (European 

Commission, 2011), with the aim of achieving the ‘20 Aichi Biodiversity Targets’ (CBD, 

2010). 
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1.1.5.6. Aichi Biodiversity targets 

The Aichi Biodiversity targets were adopted as part of the Strategic Plan for 

Biodiversity 2011-2020 (CBD, 2010). Twenty targets were identified that aim to halt 

biodiversity loss by 2050. Target 11 specifies that at least 10% of coastal and marine 

areas, especially those of particular importance for marine biodiversity and ecosystem 

services are conserved through effectively and equitably managed, ecologically 

representative and well-connected systems of protected areas (CBD, 2010). 

1.1.6. Marine management 

The marine environment undergoes multiple, cumulative and often conflicting uses 

(Tyldesley, 2004; Ehler, 2018). It is important that regulations are in place that 

monitor ongoing activities and proposals for change. This is achieved through 

continuous and adaptive strategic plans that minimise conflicts and maximise 

cooperative relations (Tyldesley, 2004; Ehler, 2018). Marine spatial planning is 

implemented globally to identify and resolve conflicts amongst stakeholders 

competing for use of the marine environment and to resolve conflicts between humans 

and the natural marine environment (Defra, 2015; UNESCO, 2017; Ehler, 2018). 

Marine spatial planning is a discipline or process of integrated proposals and policies 

that promote effective and continuous regulation, management, and protection of the 

marine environment at an ecosystem level (Birdlife International, 2003; Defra, 2015; 

UNESCO, 2017) whilst balancing or developing economic, social and environmental 

objectives (Scottish Government, 2015a). 

Identifying and mapping the diversity and distribution of marine resources and how 

they change over a spatial and temporal scale is important for producing effective 

marine plans, and designating areas of protection (Ehler, 2018). Difficulties arise when 

assessing performance. Performance monitoring, continual assessment, and 

evaluations ensure that management plans are adaptive and remain suitable. However, 

it may take decades to provide a substantial evidence body to evidence successful 

implementation (Ehler, 2018). There has become an evidenced need for multi-scale 

marine plans, from a national to local level. 

National marine plans are being initiated in Europe, driven mainly by international 

and European legislation (Douvere and Ehler, 2009). A series of marine eco-regions 

are identified (European Commission, 2006), and numerous countries; Germany, 

Belgium, the Netherlands, and the UK, are developing spatial planning strategies and 
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marine bills which aim to identify and resolve conflicts amongst sea users and uses in 

their territorial seas (Gee et al., 2004; Plasman and Van Hessche, 2004; Defra, 2007; 

Douvere et al., 2007). However, where adjacent countries share ocean space these 

regional spatial plans require integrated boundaries to enable broader international 

co-operation. 

In the UK, the National Marine Plan, introduced in the Marine (Scotland) Act 2010, 

includes the development of local and regional marine plans. Eleven Scottish Marine 

Regions have been created with the aim of developing Marine Planning Partnerships 

that promote local ownership and region-specific decision making (Scottish 

Government, 2020). Areas within each region are then managed according to the key 

uses of the shared marine space. 

1.1.7. Surveying the marine environment 

The marine environment is a dynamic three-dimensional system, spanning from the 

sea surface and shoreline to the seabed and sub-benthos. Therefore, a suite of 

surveying techniques is required to obtain data which provides effective management 

at all stages of the marine spatial planning process, from obtaining baseline 

information on the seabed condition prior to activity, monitoring the proposed or 

designated management feature, to measuring and identifying long-term impacts on 

the seabed. In most respects all stages of the marine spatial planning process is 

underpinned by the production of high-quality maps of the seafloor. 

1.1.8. Seafloor Mapping 

Seafloor mapping is the process for the production of bathymetric charts of the seabed. 

The seabed was originally mapped to assist sailors when navigating ships by repeatedly 

lowering a lead line or “plumb” line to the seabed and measuring its length when the 

lead hit the bottom. This method was still used extensively up to the 1970’s to map the 

Arctic basin (Weber, 1983) but has obvious limitations in its accuracy. 

Now, the most widely used method of seabed mapping is acoustic sonar (Brown et al., 

2011; Lamarche and Lurton, 2018) which has received decades of research and 

development. This approach uses sound and echoes of sound to measure depth and 

seafloor characteristics. There are two common approaches for collecting high-

resolution acoustic sonar of the seabed, single-beam echo sounder (SBES) and multi-

beam echo sounder (MBES). SBES produces seafloor data, however this is restricted 
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by the size of the beam’s acoustic footprint, requiring complex and inaccurate 

interpolation to produce full–coverage seafloor maps (Van Rein et al., 2009). MBES 

facilitates the collection of full-coverage, high-resolution bathymetry and backscatter 

data across extensive areas of the seafloor, at low cost, which promotes wide-scale use 

(Le Bas and Huvenne, 2009; McGonigle et al., 2009; Che-Hasan et al., 2012). MBES 

produces angular backscatter which is the product of volume and interface scattering 

(Jackson et al., 1986).  The former occurs when the acoustic signal penetrates physical 

structures, scattered by heterogeneities in sediment layers, whilst the latter is the 

energy produced at the sediment-water interface (Che-Hasan et al., 2012). Scattering 

is separated into three main sectors: near nadir, incidence angle and outer angle. To 

create normalised backscatter images, backscatter intensity between incident angles of 

30˚ and 50˚ are used in order to remove angular dependence (Kloser et al., 2010). 

Kloser et al., (2010) identified that to distinguish between soft and hard habitats the 

maximum separation of angular backscatter was an incidence angle of 40˚, whilst 

Hamilton and Parnum, (2011) identified high class separation at moderate incidence 

angles between 35˚ and 45˚. Extracting mean and slope of angular backscatter 

intensity can further provide greater discrimination for distinguishing rock, sand and 

rhodolith beds (Parnum and Gavrilov, 2011).  Near nadir measurements provide little 

contribution as they are dominated by noise  (Hughes Clarke et al., 1997; De Falco et 

al., 2010). 

Recent developments have brought about new methods of collecting acoustic sonar 

data used for seafloor mapping at ultra-high resolution (Jordan et al., 2010; Lazăr et 

al., 2015). Interferometric sonar is a scan sonar system (SSS) that simultaneously 

collects bathymetry and SSS by emitting lateral acoustic pulses from parallel receiver 

arrays (Blackinton et al., 1983; Klaucke, 2018). Meaningful depth data is derived from 

speed of sound measurements, two-way time recording and by determining the grazing 

angle (Lazăr et al., 2015). It has been identified as greatly improving mapping efficiency 

when compared with MBES and SSS data at similar resolutions (Callow et al., 2012) 

and its uptake as a  seafloor mapping tool is increasing (Cochrane, 2008; Lazăr et al., 

2015; Boswarva et al., 2020). AUVs are identified as a suitable platform for 

interferometric systems (see Button et al., 2009; Callow et al., 2012; Hansen  et al., 

2019; Boswarva et al., 2020). However, operational conditions which affect unmanned 

vehicles such as crabbing, improper trim and incorrect estimates of sound velocities 

are known to influence and degrade interferometric systems (Button et al., 2009). 
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Low resolution maps (~1 km) are available of the entire seafloor, however only 5% of 

the world’s oceans are mapped to 100 metre resolution, and <1% is mapped to high (~1 

metre) resolution (Mayer et al., 2018; Wölfl et al., 2019). Detailed mapping of the 

seafloor is crucial to upholding Goal 14 of the United Nations (UN) Sustainable 

Development Framework (Wölfl et al., 2019). Therefore, the UN proclaimed a Decade 

(2021-2030) of Ocean Science for Sustainable Development, from it an international 

collaboration was formed between General Bathymetric Charts of the Ocean (GEBCO) 

and the Nippon Foundation (the Nippon Foundation GEBCO Seabed 2030 Project) 

with the aim of mapping the world oceans by 2030 (Mayer et al., 2018). This is to be 

achieved by synthesising all available seafloor data archives and identifying data gaps 

in which to collect new seafloor data (Mayer et al., 2018; Wölfl et al., 2019). 

1.1.9. Uses of seafloor maps 

Seafloor mapping is conducted across scientific and commercial sectors for multiple 

applications including: for improving safety and navigation by updating hydrographic 

charts (Howe et al., 2015; Stateczny et al., 2019); identifying and improving knowledge 

and understanding of seabed geomorphology (Howe et al., 2015; Picard et al., 2018) 

and seismology (la Cruz et al., 2019); oil and gas exploration and the installation, 

monitoring, and decommissioning of associated infrastructure (Mitchell et al., 2018; 

Jones et al., 2019; Brenner, 2020); deep sea exploration (Purser et al., 2019); search 

and rescue operations (Stone et al., 2014); and marine management for the purpose of 

producing habitat maps (Buhl-Mortensen et al., 2015; Howe et al., 2015; Boswarva et 

al., 2018, 2020; Lacharité and Brown, 2018); and species distribution models (Stirling 

et al., 2016). A stakeholder survey conducted by Amirebrahimi et al (in press) 

identified that hydrographic charting and habitat mapping were currently the most 

common global applications of seafloor mapping. 

1.1.10. Habitat mapping 

Habitat maps display information regarding the distribution and extent of habitat 

types and the biological communities associated with them (Coggan et al., 2007; Brown 

et al., 2011). In the benthic marine environment this is commonly achieved by 

combining acoustic (bathymetry and backscatter) with sea-truth data (video and stills 

imagery) (Davies, 1999; Calvert et al., 2015; Boswarva et al., 2018).  This is due, in part, 

to the widely known principle that the quantitative analysis of acoustic backscatter 

intensity can be used as an innovative proxy for substrate type (Che-Hasan et al., 2012). 
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High intensity acoustic returns are associated with hard sediments such as coarse 

sediment, bedrock and boulders whilst low intensity returns are associated with finer 

sediments such as sands and muds (Calvert et al., 2015). Thus, acoustics can help to 

visualise the extent of areas dominated by specific cover types (Lazăr et al., 2015). 

Backscatter responses are divided into homogenous regions either by visual 

interpretation or the use of automated delineation by spatial image segmentation of 

pixels (Che-Hasan et al., 2012; Le Bas, 2016), the latter improving the resolution of the 

angular response classification and prediction whilst limiting human error (Rzhanov 

et al., 2012; Che Hasan et al., 2014). Difficulties in interpreting seabed type occurs 

when there are acoustic differences in habitat types, but the photographic imagery 

displays a sediment veneer overlying a different substratum (Calvert et al., 2015). This 

can be resolved by describing habitat based solely on video data as it ignores the 

possibility that hard substrata can underlie surficial sediment (Callaway et al., 2009).  

However, Lucieer et al., (2013) and Kostylev et al., (2001) identified that classifying 

seabed characterized by a sediment veneer on a harder underlying substratum with 

ground-truth data identified from video imagery was the least accurate. 

1.1.11. Sea-truthing 

Sea-truthing is conducted to identify the sediment type and the faunal species that are 

present in order to quantify species and assign habitat classifications. Sea-truth data is 

also used to validate habitat maps. Data is typically collected either by SCUBA divers 

or by using towed systems such as drop-down cameras and video systems plus grab 

sampling and/or scientific trawls. 

1.1.12. Habitat classification schemes 

Habitat classification schemes are comprehensive hierarchical catalogues of habitat 

types, commonly used for categorising the geographical distribution of habitats and 

associated species (Moss, 2008; Strong et al., 2019). Hierarchical schemes are 

beneficial for providing habitat information of increasing detail. They are also a 

significant aspect of the habitat mapping and predictive habitat mapping process. 

There are numerous classification schemes available, which vary according to their 

intended application (Strong et al., 2019). Two classification schemes are widely used 

for UK marine habitats: the European Nature Information System (EUNIS) (Davies et 

al., 2004) and The Marine Habitat Classification for Britain and Ireland (MNCR) 

(v15.03) (Connor et al., 2004) (Table 1.4), the latter being compatible with and 
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contributing to the marine part of the former. EUNIS was developed by the European 

Environmental Agency (EEA) to cover all natural and artificial aquatic and terrestrial 

systems and is adaptable for global application (Carey et al., 2015; European 

Comission, 2015; Henriques et al., 2015; Gougeon et al., 2017; Porskamp et al., 2018). 

Since 2004, development of the marine component has incorporated classifications 

from the North-East Atlantic classification developed for the OSPAR Convention, 1992 

and the MNCR. The MNCR is one of the most comprehensive marine benthic 

classification systems in use by UK government and advisory bodies (NatureScot, 

2014; Turner, et al., 2016) and will therefore be utilised throughout this research. It 

was developed through the analysis of empirical data, the review of other classification 

systems and scientific literature, and from collaborating with the wider scientific 

community (Connor, et al., 2004; Parry, 2015). It was revised in 2015 to include a deep-

sea section (Parry et al., 2015). The classifications encompass the marine environment 

from Littoral to Sublittoral in a hierarchical format from broad-scale environments and 

habitat to species level communities and assemblages (Table 1.5). 

Another emerging classification scheme is the Collaborative and Automated Tools for 

Analysis of Marine Imagery (CATAMI), a widely adopted Australian classification 

scheme utilising a morphological approach to species and habitat identification 

(Harrison et al., 2014; Althaus et al., 2015; Bewley et al., 2015; Linklater et al., 2019). 

CATAMI promotes coarse-level taxonomy, whereby images are classified either by 

taxonomic or morphological features. Morphological classification is identified as a 

positive step in modifying how images are classified as it reduces uncertainties 

associated with image quality and the taxonomic capabilities of the data analysts. 

CATAMI is a suitable classification scheme for broad-scale habitat mapping through 

the development of selective classification branches which results in large-scale 

synthesised and standardised habitat maps (Cresswell et al., 2017). However, whilst 

the global applicability of CATAMI has been acknowledged (Althaus et al., 2015), 

classifications do not currently exist for biota outside of Australia. 

1.1.13. Sediments 

Sediment is identified as an abiotic indicator of habitat type and community structure 

(Coggan et al., 2007; Degraer et al., 2008) which influences both the physical and 

biological conditions at that location (Degraer et al., 2008). Soft to medium-coarse 

sediments can be sampled using grabs which also enables the quantitative analysis of 

benthic infauna and epifauna (collectively called macro-fauna). Samples are typically 
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sieved through a 0.1-0.5 mm mesh and the retained fauna fixed in formalin (Coggan et 

al., 2007). The contents of each sample are categorised and counted by taxonomists. 

Statistical indices can be generated from these data to summarise the species diversity 

and richness in a given sample. Whilst sediment grabs alone provide a quantitative 

account of sediment composition and a quantitative analysis of the sediment infauna 

community, further methods are required to document the epibenthos and to classify 

the habitat to lower levels. 

Early sediment classifications were based on expert judgement of material brought up 

on waxed lead-line weights and many of these observations still inform current 

hydrographic charts. More recently, samples have been subjected to particle size 

analysis using sieves and laser technology.  To a broader extent video transect and stills 

imagery can be assessed to identify dominant sediment type, but not to the same 

degree of accuracy (Davies et al., 2001; Harris and Stokesbury, 2010). 

Commonly used sediment classifiers are the Folk triangle (Folk, 1954) and modified 

folk classification (Long, 2006) (Figure 1.1a and b respectively), and the Wentworth 

scale, (Table 1.1) (Wentworth, 1922). The modified Folk classifier simplifies sediment 

types by grouping them into smaller classes more suitable for classification alongside 

the EUNIS and MNCR habitat classification system (Long, 2006).  The Wentworth 

scale is directly comparable to sediment classifications in the MNCR and is therefore 

used when classifying habitats (Table 1.2). 
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Figure 1.1. Sediment classifiers a) Folk Triangle (Folk, 1954) and b) Modified folk triangle 

(Long, 2006). 

 

Table 1.1. Modified Wentworth Scale 

Substrate Sizing* 

Bedrock Includes soft rock (chalk, peat, clay) 

Boulders Very large (>1024 mm), large (512-1024 mm), small (256-512 mm) 

Cobbles 64-256 mm 

Pebbles 16-64 mm 

Gravel 4-16 mm 

Coarse sand 1-4 mm 

Medium sand 0.25- 1 mm 

Fine sand 0.063- 0.25 mm 

Mud <0.063 mm (the silt/clay fraction) 

*Modified Wentworth scale used in the MNCR, with each sediment division equal to 

two divisions of the Wentworth scale. 

Table 1.2 Wentworth scale sediment classifications in the MNCR 
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Wentworth Scale MNCR 

Bedrock, stable boulders, cobbles, pebbles. Habitats of mixed 

boulder, cobble, pebble, and sediment. Artificial substrates 

(concrete, wood, metal). 

Rock 

Highly mobile cobbles and pebbles (shingle), gravel, coarse sand. Coarse sediment 

Heterogeneous mixture of gravel, sand a mud with shells/stones. Mixed sediment 

Mud Mud 

 

1.1.14. Imagery 

Seabed imagery is a widely accepted method used for recording the presence or 

abundance of species, and for sea-truthing acoustic facies which is required for seabed 

mapping (Diaz et al., 2004; Durden et al., 2016). Seabed imaging is most commonly 

conducted using drop down cameras which are deployed from vessels to produce video 

transects and stills photography (Davies et al., 2001; Coggan et al., 2007; Durden et 

al., 2016). Video transects are integral to surveying large areas of seabed (Buhl-

Mortensen et al., 2015). Video is used for identifying and counting habitat diagnostic, 

large and sessile epifauna, such as sea pens, and for distinguishing habitat features that 

are not visible on sonar, such as burrows (Buhl-Mortensen et al., 2015). However, site 

selection is important, a thorough consultation of acoustic data is required to ensure 

transects encompass an array of potential seabed features to limit the exclusion of key 

features. Image quality can impact the analyst’s ability to assign a suitable classification 

and prevent an accurate assessment of abundance (Davies, 1999). Turbid conditions 

and poor positioning of lighting rigs can affect image quality (Grizzle et al., 2008; 

Thorngren et al., 2017). Imagery transects alone provide a semi- quantitative analysis 

of benthic species due to the low taxonomic resolution of data (Calvert et al., 2015). 

Diver surveys are also conducted; however, these are restricted by maximum safe 

operating depths, time and area coverage (Davies, 1999; Dunn and Halpin, 2009). 

1.1.15. SACFOR abundance scale 

The SACFOR abundance Scale (Table 1.3) is a cover/diversity scale (Connor and 

Hiscock, 1996) that is most commonly used in the UK. It is adopted by the Marine 

Nature Conservation Review (MNCR) as a unified system for recording the abundance 
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of marine benthic fauna and flora in biological surveys (Connor et al., 2004). This scale 

can be used in-situ by SCUBA divers or when analysing seabed imagery. 

Table 1.3 SACFOR abundance scale 

Abundance Encrusting and turf 

species [sponges, 

barnacles, mussels, 

seaweeds] 

Small plants and 

animals (1-5cm) 

[worms, anemones, 

limpets, 

dogwhelks] 

Large plants and 

animals (>5cm) 

[large anemones, 

crabs, starfish, fish] 

Superabundant (S) 80-100% cover 10,000 per m2 100 per m2 

Abundant (A) 40-80% cover 1000 per m2 10 per m2 

Common (C) 20-40% cover 100 per m2 1 per m2 

Frequent (F) 10-20% cover 10 per m2 1 per 10m2 

Occasional (O) 5-10% cover 1 per m2 1 per 100 m2 

Rare (R) <5% cover <1 per m2 1 per 1000m2 



 

 
 

 

Table 1.4 Modified EUNIS classification scheme with comparable MNCR codes. Adapted from Connor et al., (2004); Davies et al., (2004) 

Substratum Rock 
Sediment 

ZONE 

High energy 
rock 
[H*R 
(wav 

exposed or 
very tide-

swept) 

Moderate 
energy rock 

[M*R] 
(moderately 

wave 
exposed or 
tide- swept) 

Low energy 
rock 

[L*R] 
(wave 

sheltered 
and weak 

tidal 
currents) 

Features on 
rock 

[F*R] 
(rock pools 
and caves) 

Coarse 
sediment 

[CS] 
Mobile 

cobble & 
pebble, 
gravel, 

coarse sand 

Sand 
[Sa] 

Clean 
sands & 

non-
cohesive 
muddy 
sands 

Mud 
[Mu] 

Cohesive 
sandy 

muds and 
muds 

Mixed sediment 
[Mx] 

Heterogeneous 
mixtures of 

gravel, sand & 
mud 

Macrophyte 
dominated 
sediment 

[Mp] 

Biogenic 
reefs 
[BR] 

L
IT

T
O

R
A

L
 

Littoral 
[L] 

(splash zone, 
strandline, 
intertidal) 

High energy 
littoral rock 

[HLR] 

Moderate 
energy 

littoral rock 
[MLR] 

Low energy 
littoral rock 

[LLR] 

Features on 
littoral rock 

[FLR] 

Littoral 
coarse 

sediment 
[LCS] 

Littoral 
sand 
[LS] 

Littoral 
mud 

[LMu] 

Littoral mixed 
sediment 

[LMx] 

Littoral 
macrophyte 
dominated 
sediment 

[LMp] 

Littoral 
biogenic 

reefs 
[LBR] 

S
U

B
L

IT
T

O
R

A
L

 [
S

] 

Infra-littoral 
[I] 

(shallow, 
sub-tidal) 

High energy 
infralittoral 

rock 
[HIR] 

Moderate 
energy 

infralittoral 
rock 

[MIR] 

Low energy 
infralittoral 

rock 
[LIR] 

Features on 
infralittoral 

rock 
[FIR] 

Sublittoral 
coarse 

sediment 
[SCS] 

Sublittoral 
sand 
[SS] 

Sublittoral 
mud 

[SMu] 

Sublittoral 
mixed sediment 

[SMx] 

Sublittoral 
macrophyte 
dominated 
sediment 

[SMp] 

Sublittoral 
biogenic 

reefs 
[SBR] 

Circalittoral 
[C] 

(nearshore, 
deeper and 

offshore 
subtidal) 

High energy 
circalittoral 

rock 
[HCR] 

Moderate 
energy 

circalittoral 
rock 

[MCR] 

Low energy 
circalittoral 

rock 
[LCR] 

Features on 
circalittoral 

rock 
[FCR] 
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Table 1.5 MNCR hierarchy table adapted from Connor et al., 2004 

Level  Type Description Example 

1  Environment Distinguishes marine from freshwater and 

terrestrial habitats. 

Marine (No code) 

2  Broad 

habitats 

Extremely broad divisions for national and 

international application. 

SS 

(Sublittoral sediment) 

3  Main 

habitats 

Broad divisions for national and 

international application. Addition of 

biological character. Can be utilised as 

national mapping units. 

SS.SCS 

(Sublittoral coarse 

sediment) 

4  Biotope 

complexes 

Groups of biotopes with similar biological 

and physical characteristics. More suitable 

for mapping, management, and assessment 

applications. Easy to identify by non-

specialist and produce by coarse survey 

methods. 

SS.SCS.CCS 

(Circalittoral coarse 

sediment) 

 

5  Biotopes Distinguished by differing dominant species 

or suite of conspicuous species. Majority of 

current UK biological sample data 

attributable to this level. Equivalent 

terrestrial classification is the UK National 

Vegetation Classification. 

SS.SCS.CCS. PomB 

(Pomatoceros triqueter with 

barnacles and bryozoan 

crusts on unstable 

circalittoral cobbles and 

pebbles) 

6  Sub-biotopes Used when differences in species 

composition are less obvious or are 

identified by minor geographical or 

temporal variations. Require greater 

expertise and survey effort. 

SS.SMu.CFiMu.SpnMeg.Fun 

(Seapens including 

Funiculina quadrangularis, 

and burrowing megafauna in 

undisturbed circalittoral fine 

mud) 

 

1.1.16. The use of AUVs in marine management 

There is increasing evidence highlighting the benefits of deploying AUVs to conduct 

marine surveys (Huvenne et al., 2018). Whilst each type of AUV varies in its capacity, 

they are all capable of obtaining large quantities of data in relatively short time frames, 

compared to traditional survey approaches (Button et al., 2009). The benefits of 

autonomous surveying extend past the robot’s capacity to survey deeper and in 

challenging conditions where it is not possible to place divers or towed equipment, to 

also improving survey effectiveness (Dowdeswell et al., 2008; Maurelli et al., 2016).  

Whilst an AUV is conducting a mission unaided, surveyors can simultaneously perform 

manual tasks such as, but not limited to, grab sampling, drop-down camera, or water 
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sampling. Despite these benefits, their commercial application by marine managers 

remains low. Further, whilst many studies have identified the suitability of AUVs for 

conducting acoustic surveys required for habitat mapping (Williams, Pizarro, Webster, 

et al., 2010; Wynn et al., 2012, 2014; Huvenne et al., 2018; Wölfl et al., 2019), and 

studies have identified the capabilities of AUV imagery for fisheries management 

(Walker et al., 2016; Rasmussen et al., 2017) none have tested the full extent of an 

AUVs capabilities in a marine management perspective and, as such, there is still no 

published guidance for marine managers on how to conduct a full suite of AUV surveys. 

Advice is available for recording epibiota using an AUV (Hitchin et al., 2015), and the 

JNCC recently published guidance for survey managers on the benefits and limitations 

of a selection of available and more commonly used AUVs (Tillin et al., 2018), however, 

no standardised approaches are adopted. 

1.1.17. Difficulties in using AUVs for surveys 

There are certain conditions that are identified as causing complications to AUV 

surveys. Swell related motion and coastal currents exceeding 1 knot can impede a 

course heading and speed over the seafloor (Barrett et al., 2010), this has shown to 

cause crabbing and navigational drift (Button et al., 2009; Wynn et al., 2014; Hitchin 

et al., 2015; Tillin et al., 2018). Highly turbidity environments, fluvial runoff, plankton 

blooms, sunlight levels and depth can all cause a reduction in stills image quality 

(Edgar et al., 2010). Further it may not always be possible to image underneath dense 

seabed cover types such as kelp and scale bars are often not present preventing 

accurate determination of object size. Collision risk is heightened with increased 

complexity of the topography, (Hitchin et al., 2015). Areas of high boat traffic and 

fishing activity increase the risk of either a collision or entanglement. 

1.1.18. Potential impacts of AUV on marine environment 

The UK marine noise registry information document (JNCC, 2016) highlights those 

anthropogenic activities which produce low to mid-frequency (10 Hz-12 kHz) 

impulsive noise have the potential to cause behavioural disturbance to marine life.  The 

noise impacts to cetaceans is well documented, evidence includes mortality events, 

disruptions to navigation and communication, feeding and reproductive behaviour 

(Nowacek et al., 2007; Southall et al., 2007, 2016; Blair et al., 2016; Gomez et al., 2016). 

This also includes MBES transmitting at frequencies ≤12 kHz. However, the 

occurrence of negative events linked to MBES are rare (Southall et al., 2013). 



 

20 
 

Odontocete cetaceans are more likely to be impacted by MBES as they can hear in the 

10-100 kHz range (Southall et al., 2013). Generally, AUVs transmit mid to high 

frequency sonar in the range of 100–500 kHz, including the Gavia AUV which 

transmits at 500 kHz. There is a paucity in literature identifying impacts associated 

with AUV deployments. Observations have been made of cetacean interest around 

survey areas however it is inconclusive whether this is due to the presence of the AUV 

or the survey vessel (pers. comms with Dr John Howe). In comparison, many hull-

mounted MBES and sub bottom profilers, transmit low frequency sonar to limit the 

loss of sound echo whilst travelling through the water column. AUVs travelling closer 

to the seabed (<10 m), emit at higher frequencies than MBES to increase the resolution 

of the data, which suggests that AUVs are a suitable alternative to ship based MBES, 

reducing impacts to cetaceans whilst collecting data of a higher quality. 
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1.2. Study sites 

1.2.1. Chilean Patagonia 

Chilean Patagonia is situated at the southern region of Chile, South America between 

latitudes 41.5˚S and 55.9˚S (Figure 1.2A). It is a sparse region with approximately one 

million inhabitants over nearly 240,000 km2 (Pantoja et al., 2011). It is one of the most 

extensive fjordic regions in the world with 84,00 km of rugged coastline (Silva and 

Palma, 2008), consisting of islands, fjords, peninsulas, and channels (Aguilera et al., 

2018). Oligotrophic lakes, streams and glacial fields dominate the landscape (Pascual 

et al., 2007; Arismendi et al., 2009) with numerous drainages into the Pacific Ocean. 

Climate and precipitation is strongly influenced by the Southern Westerly Wind Belt 

(SWWB) (Bertrand et al., 2014). High rainfall (>3000mm/yr.) and glacial melt water 

provide freshwater to fjords and channels via rivers, surface run off and ground water 

flow (Pantoja et al., 2011; Aguilera et al., 2018). 

 

Figure 1.2. A) Regional map of Chile Patagonia. The purple line depicts the border 

between Chile (West) and Argentina (East), B) General map of the Comau Fjord area. 
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1.2.1.1. Geomorphology and marine topography 

The landscape of Chilean Patagonian has been shaped by numerous geological 

processes including the Andes uplifting, Pleistocene ice, and volcanic activity (Pascual 

et al., 2007). The geology is dominated by North Patagonian Batholith which is 

composed of Cenozoic and Mesozoic granitoids (Parada et al., 2007). The batholith is 

flanked by Mesozoic metamorphic rock in the west and Mesozoic volcanic rock in the 

East (Parada et al., 2007). Chilean Patagonia is in an area of high seismic activity, with 

frequent volcanic eruptions and earthquakes (Stern, 2007). This is due to several 

geological faults, notably the Liquiṅe-Ofti fault which runs from Liṅique to the Wager 

Island in the Golfo de Penas, and the presence of the only triple junction, where two 

diverging tectonic plates (Antarctic and Nazcar) are subducted by a third (South 

American) (Cahill and Isacks, 1992). There are five large ice fields: Northern 

Patagonian, Southern Patagonian, Muṅoz-Gamero Peninsula, Santa Inés Island, and 

Darwin Mountain. The ice fields are unique to these latitudes and conserved due to 

atmospheric and oceanographic processes (Warren and Sugden, 1993). The marine 

topography is dominated by both oceanographic processes and estuarine circulation 

from coastal and fjordic areas respectively (Acha et al., 2004; Rodrigo, 2008; Aguilera 

et al., 2018). The fragmented coastline of fjords and archipelagos enable extensive 

wave-protected zones to occur (Aguilera et al., 2018). 

 

Figure 1.3. Plate tectonic setting of the southern Chilean Andes, CTJ: Chile Triple 

Junction and LOFZ: Liquiṅe-Ofti fault zone, solid triangles represent active volcanoes 

and arrows demonstrate the direction of diverging and converging plate boundaries; B: 

Simplified geological map of the Southern Chilean Andes between 41◦S and 48◦S, both 

obtained from Adriasola et al., (2006). 

A B 
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1.2.1.2. Marine sediments  

There is little data displaying the composition and distribution of marine sediments 

throughout Chilean Patagonia. Surface sediments were sampled during a Cruceros de 

Investigación Marina (CIMAR) expedition in 2001, their composition was largely 

determined to be of lithogenic origin and included biogenic opal, organic matter, and 

carbonate. The fraction of lithogenic particles and grain size decreased with increasing 

proximity to the open ocean (Bertrand et al., 2012). 

1.2.1.3. Marine fauna  

Baseline information on the abundance and distribution of marine fauna throughout 

Chilean Patagonia is poor (Pantoja et al., 2011). In the Magellan province, three inverse 

latitudinal gradients are known to occur in the diversity of algae, molluscs, and 

peracarid crustaceans due to the presence of a glacial refugium, where subantarctic 

species colonised lower latitudes during the glacial period and recolonised higher 

latitudes after the end of the glaciation (Montecinos et al., 2012; Guillemin et al., 2016; 

Aguilera et al., 2018). 

In several areas, species of concern have been identified, which include an endemic 

cold-water coral (Desmophyllum dianthus), and economically important species such 

as the Southern sprat (Sprattus fuegensis), the Southern hake (Merluccius australis) 

and the Patagonian grenadier (Macruronus magellanicus) (Niklitschek et al., 2013). 

1.2.1.4. Biodiversity and benthic habitats 

The intertidal and subtidal rocky shore and benthic habitats of continental Chile (18˚S 

to 42˚S) have been extensively studied (Santelices, 1991; Sellanes et al., 2010; Aguilera 

et al., 2018). However, the biodiversity of benthic habitats and species further south is 

still largely unknown (Häussermann et al., 2013). The transitional biogeographical 

region extents into the far north region of Chilean Patagonia and ends at 42˚S. It is 

dominated by soft-bottomed habitat and a broad range of transitional species, whilst 

the Magellan biogeographical province extending from 42˚S to 54 ˚S is a highly 

heterogeneous mosaic of habitats populated by species that typically dominate the 

Southern Ocean (Niklitschek et al., 2013; Aguilera et al., 2018).  Infauna, particularly 

small-bodied polychaetes are considered a good indicator for community diversity in 

fjord ecosystems (Quiroga et al., 2012). Two recent studies in this province identified 

microbenthic communities to be very rich and diverse (Montiel et al., 2011; Quiroga et 

al., 2012). 
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1.2.1.5. Fjords 

The Magellan province is comprised largely of fjords, inlets, narrow channels, and 

islands. Globally, fjords are generally described are mid-high latitude, glacially over 

deepened estuaries that are typically longer than they are wide. They display steep 

walls, deep water, and can present a series of sills which separates the fjord into basins 

(Howe et al., 2010). 

The fjords in Chilean Patagonia are identified as some of the most linear and extensive 

in the world (Pantoja et al., 2011). They were formed as a result of repeated glacial 

erosion and the retreating continental ice cap during the Pleistocene. As the ice caps 

melted, rising sea levels filled the glacial carved valleys (Kessler et al., 2008; Hervé et 

al., 2009). 

1.2.1.6. Comau Fjord 

Comau Fjord (Figure 1.2B) is 34 km long, between 2 and 10 km wide, and orientated 

almost north–south. Uncharacteristically for a fjord, there is no sill at the mouth 

(Addamo et al., 2021). The main freshwater inputs are from Vodudahué river in the 

south, Estero Quintupeu fjord in the northeast, and Cahuelmó fjord in the south. 

Oceanic water enters from the Ancud Gulf in the northwest, resulting in a marine 

ecosystem with a significant freshwater layer of up to 10 m, this is combined with a 

tidal amplitude of up to 7.5 m, impacting the distribution of sessile and sedentary 

marine fauna in the upper 15 m. Water depth is on average 250 m, with a maximum 

depth of 482 m and a tidal range of 2–7.5 m. Currents and water speed are weak and 

typically never more than 1 to 2 knots. Orographic winds cause low, long waves to form 

(up to 0.8 m). At the mouth of Comau Fjord tidal ranges reach 5–6 m at High Water 

Springs. 

Geothermal activity in Comau Fjord is evident by volcanos, geysers, thermal springs, 

and cold seeps. Microbial mats have been found on rock walls in shallow water (1–100 

m) at the site “X-Huinay” at the base of the volcano Barranco Colorado, where the slope 

angle is greater than 90 degrees (Häussermann and Försterra, 2009). Low 

temperature, sulphide-rich seeps from rocks have been identified close to the mats 

which resemble the chemical composition of cold vents (Ugalde et al., 2013; Försterra 

et al., 2014; Muñoz et al., 2014). The microbial communities are structurally similar to 

those that have been observed in shallow hydrothermal vents in California, (Kalanetra 

et al., 2004). 
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The shallow benthic biodiversity of sites within Comau Fjord has been researched 

extensively over the past 15 years. A species richness comprising 82 taxa across 10 

phyla was identified by collating SCUBA diver data from 2006 to 2013 (Boswarva et 

al., 2020). 

1.2.1.7. Marine policy 

Marine management for the purpose of protection and conservation is a relatively 

recent practice (Cárcamo and Gaymer, 2013; Aguilera et al., 2018) , its application 

mainly limited by social-economic conflicts, inter-agency co-ordination, and a lack of 

funding (Cárcamo and Gaymer, 2013). In 1994 the National Policy of Coastal and 

Marine Use (1994) was approved. Marine spatial planning is a recent addition, 

therefore current frameworks are lacking legal enforcement and regulatory basis 

(Castro and Alvarado, 2009). Coastal and marine areas in the Los Lagos region were 

selected for spatial management through zonification aimed at restricting marine 

usage (Outeiro et al., 2015).The unique topographical features associated with Chilean 

Patagonian fjords have been identified by stakeholders as large volume freshwater flow 

and semi enclosed water bodies encourage hydroelectricity schemes, tourism, 

salmonid fisheries, and mytilid cultures (Pantoja et al., 2011). All provide economic 

benefits to local populations, however if regulated incorrectly, could pose significant 

detrimental effects to the natural environment (Pantoja et al., 2011). Development 

requires the support of sound scientific knowledge and a thorough understanding of 

the limitations posed on a fragile and pristine ecosystem (Pantoja et al., 2011). 

Research programs studying the chemical, physical and biological environment 

include CIMAR-fiordo and COPAS Sur- Austral (Pantoja et al., 2011). 

In-depth knowledge of aquatic ecosystems is scarce. The Chilean National 

Oceanographic committee is a synthesis of CP Oceanography International Geosphere-

Biosphere program (Silva and Palma, 2008; Pantoja et al., 2011). Most oceanographic 

data of Chilean Patagonia was collected during scientific cruises conducted by the 

CIMAR Program of the National Oceanographic Committee of Chile (CONA) from 

1994 throughout the channels and fjords from Puerto Montt to Cape Horn and aimed 

at developing information of areas influenced by socio economic development of local 

communities (Silva and Palma, 2008). 
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1.2.2. West coast of Scotland 

Scotland is situated at the North of the British Isles between 54.4˚N and 60.5˚N, 

with the mainland of the west coast of Scotland extending out to 6.2˚W (Figure 1.3). 

The coastal region consists of extensive stretches of wave exposed coastline, 

numerous islands, sheltered narrow sea lochs, shallow bays, channels, and inlets. 

Coastal waters deepen quickly relatively close to shore with an average water depth 

of 50-200 m (Baxter et al., 2011). Climate and precipitation is influenced by the 

North Atlantic current, the northward Scottish Coastal Current, and prevailing south 

westerlies (Baxter et al., 2011). The population density is generally low (<1 to 100 

people per km2) compared to central and eastern regions (10 to 10,000 people per 

km2) (Copus and Hopkins, 2017). 

  

Figure 1.4 Regional map of the west coast of Scotland with main areas of survey 

highlighted. 

Loch Etive 

Firth of Lorn 
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1.2.2.1. Geomorphology and marine topography 

The west coast of Scotland is a geologically rich and diverse region of global 

significance (Stevenson et al., 1995; Howe et al., 2012, 2015; Gordon et al., 2016). The 

seabed topography is the most variable on the UK shelf (Stevenson et al., 1995) and is 

formed from a long history of tectonic movement, volcanic activity, and glaciation 

(Stone and Ballantyne, 2006; Howe et al., 2012, 2015; Howe, 2014). Bedrock from the 

Moine and Dalradian metamorphic series of the Precambrian dominates the west 

coast, these are intruded and overlain by plutonic/volcanic rocks of the Devonian age. 

The Inner Hebridean islands including Mull, Skye and Rum were produced by Tertiary 

basaltic volcanism associated with the opening of the North Atlantic Rift c. 56 Ma 

(Mcintyre and Howe, 2010). This also led to the formation of dolerite dykes intruding 

the bedrock of many islands and the western mainland (Craig, 1991). These landforms 

and deposits, are identified as shaping the large-scale physiography (Holmes et al, 

1998; Brooks et al., 2011; Gordon et al., 2016), and therefore influencing the natural 

diversity of Scottish seas (Brooks et al., 2011; Gordon et al., 2016). Further, they 

provide numerous ecosystem services including ocean circulation, blue carbon storage, 

and food (Burrows et al., 2014; Gordon et al., 2016). 

1.2.2.2. Marine sediments 

Seabed sediments on the west coast of Scotland were extensively surveyed by the 

British Geological Society (BGS) between 1968-1986 as part of a UK wide offshore 

geochemistry programme (Stevenson et al., 1995). The report identified that marine 

sediments on the west coast of Scotland were generally derived from underlying 

Pleistocene deposits. Sediments include varying percentages of bedrock, coarse/mixed 

sediment, muds, sands, silt, and carbonates. However, the distribution varies greatly 

due to the effects of topography and varying exposures to wind, wave, tides, and 

currents. Gravelly sediment dominates areas where currents are strong, and sands 

dominated shallow nearshore areas, whilst mud sediments are widespread throughout, 

occurring in low-energy zones of deep and shallow waters where tidal, current, and 

wave action on the seabed is weak. Exposed rock platforms, outcrops and gullies which 

trap biogenic sands are also prevalent. Howe et al., (2015) identified that the many bays 

and channels are also supplied with fine-grained, organic-rich sediment from 

Holocene riverine input. 
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1.2.2.3. Marine fauna 

Baseline information on the occurrence of all UK marine fauna, including species 

found on the west coast of Scotland, is extensively documented and collated using the 

data management system Marine Recorder (https://jncc.gov.uk/our-work/marine-

recorder/) developed by JNCC.  There are over 6,000 species identified of which over 

4,500 are benthic (Davison, 1996). Whilst the west coast has no known endemic 

species, there are many UK species that are either found in a greater abundance or are 

restricted to the west coast. There are also species of worldwide importance where a 

significant proportion of the global population is found in Scotland’s waters (Hiscock 

et al., 2001; Wilding and Wilson, 2008; Wearmouth and Sims, 2009). The west coast 

of Scotland is positioned between subpolar and subtropical influences (Baxter et al., 

2011) meaning that many species occur here at their northern or southern geographical 

limits, influenced by the seawater temperature (Hiscock et al., 2001). One consequence 

of climate change is a greater warming of coastal seawater temperature, which has the 

potential to drive the movement of marine fauna in a northward direction.  Hiscock et 

al., (2001) identified 129 species and 30 biotopes throughout Scotland that are likely 

to experience changes in abundance and distribution due to increased air and water 

temperatures over the next 100 years. The availability of suitable habitats and 

geographic barriers are identified as two key issues faced by these species and biotopes 

(Hiscock et al., 2001). 

1.2.2.4. Biodiversity and benthic habitats 

The west coast of Scotland is one of the most biologically diverse regions in the UK 

(Tyler-Walters et al., 2016) due to the diversity of marine habitats, oceanographic, and 

environmental conditions which allow for a wide range of biotopes. Of the 370 defined 

UK biotopes (Connor et al., 2004), over 200 are present in Scottish waters (Hiscock et 

al., 2001), including biotopes of regional and global significance (Tyler-Walters et al., 

2016). 

1.2.2.5. Sea lochs 

The complex landscape of over 50 indented sea lochs is a characteristic feature of the 

west coast, providing evidence to the region’s glacial history (Syvitski and Shaw, 1995; 

Howe et al., 2015). Sea lochs are fjordic features that are formed as a result of glacial 

scouring. Fjordic sea lochs typically have a series of deepened basins separated by 

shallow sills. Sills enable the exchange of surface waters whilst limiting the exchange 

of deeper basin waters. Deep basins are typically isolated low-energy environments 
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which may undergo periods of hypoxia (Howe et al., 2002; Nickell et al., 2013). The 

deep basins of sea lochs are observed to contain thick sequences of fine silty muds and 

abundant pockmarks caused by subsurface gasified sediment (Nickell et al., 2013; 

Howe et al., 2015), whilst shallower areas tends to comprise of tide-swept bedrock, 

glacial erratics, cobbles and gravel (Nickell et al., 2013). Biotopes indicative of mud and 

soft sediments are characteristic of sea lochs on the west coast, these are described in 

Table 1.6. 

 

Table 1.6. Mud and soft sediment biotopes typical of Scottish sea lochs 

Mud Biotopes Biotope description 

SS.SMu.CfiMu.SpnMeg Sea pens and burrowing megafauna in circalittoral 

fine mud 

SS.SMu.CfiMu.SpnMeg.Fun Sea pens, including Funiculina quadrangularis, 

and burrowing megafauna in circalittoral fine mud 

SS.SMu.CfiMu.MegMax Burrowing megafauna and Maxmuelleria 

lankesteri in circalittoral mud 

SS.SMu.CfiMu.BlyrAchi, Brissopsis lyrifera and Amphiura chiaijei in 

circalittoral mud 

SS.SMu.IfiMu.PhiVir Philine aperta and Virgularia mirabilis in soft 

stable infralittoral mud 

SS.SMu.CSaMu.VirOphPmax Virgularia mirabilis and Ophiura spp. with Pecten 

maximus on circalittoral sandy or shelly mud 

SS.SMu.CSaMu.VirOphPmax.Has, Virgularia mirabilis and Ophiura spp. with Pecten 

maximus, hydroids and ascidians on circalittoral 

sandy or shelly mud with stones 

 

For the purpose of this research, two areas in the west coast of Scotland are introduced 

in greater detail, they are: Loch Etive and the Firth of Lorn. 

 

1.2.2.6. Loch Etive 

Loch Etive is a sea loch located 6 km north of Oban (Figure 1.5a). It extends over 30 

km in length and contains two main basins, the lower basin, and the upper basin 

(Figure 1.5b). The lower basin extends east to west whilst the upper basin extends 
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northeast to southwest. The main basins are separated by six smaller basins, each with 

a sill averaging 15 m deep. The average water depth is 39 m however a maximum depth 

of 145 m is observed in the upper basin (Audsley et al., 2016). Loch Etive experiences 

a high sediment and freshwater input via the rivers Awe, Kinglass and Etive, combined 

with a total catchment area of 1350 km2 and a high annual rainfall c. 2000 mm a-1 

(Shimmield, 1993; Howe et al., 2002; Audsley et al., 2016). Geologically Loch Etive can 

be described as a glacially-over-deepened trough, eroded by the flow of ice from 

successive glaciations over the past 2 Ma (Boulton et al., 1991; Howe et al., 2002). The 

basins were developed from igneous and metamorphic rock. The lower basin consists 

of intermediate and acidic lavas and tufts of the Lorn Plateau of Devonian age, whilst 

the upper loch is dominated by the Etive igneous complex, with a narrow fault-bound 

outcrop of Dalradian phyllites and slates in-between (Stephenson and Gould, 1995; 

Howe et al., 2002). 

Generally, benthic sediments in the loch are identified as fine-grained and organic-rich 

(Howe et al., 2015). Several studies have identified the predominant benthic habitats 

and species to comprise of mixed and coarse sediments of gravel and shells, and fine 

silty muds containing various burrowing megafauna and infaunal communities (Gage, 

1974; Holt, 1991; Nickell et al., 2013). 

Three sites within Loch Etive were the focus of this research: Abbot Isle, Airds Bay, and 

Bonawe Deep. Abbots Isle is situated in the lower basin 4 km east of Connel village, 

Airds Bay is situated at the start of the lower basin northwest of the Bonawe narrows, 

and Bonawe Deep is situated to the northeast of the Bonawe narrows in the upper 

basin. Bonawe Deep is separated from the lower basin by the Bonawe Sill, at the mouth 

of the River Awe. Seabed sediments and habitats at these sites were recorded by Gage, 

(1974), Holt et al., (1991), Howe et al., (2002), and Nickell et al., (2013), these 

observations are summarised in Table 1.7. Burrowing megafaunal species of 

conservation importance identified at these sites include fireworks anemone 

(Pachycerianthus multiplicatus), sea pens (Virgularia mirabilis, Pennatula phosphorea 

and Funiculina quadrangularis), Norway lobster (Nephrops norvegicus), volcano 

worm (Maxmuelleria lankesteri) and Crustacea (Jaxea nocturna). 
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  Table 1.7. Summary of predominant sediment and habitat observed at each site 

Sites  Sediment Habitat 

Abbots Isle Coarse sand with shell fragments Circalittoral mixed sediment 

(SS.SMx.CMx) 

Airds Bay Fine sandy muds Sea pens and burrowing 

megafauna in circalittoral fine 

mud (SS.SMu.CFiMu.SpnMeg) 

Bonawe Deep Soft mud and very fine sandy- 

coarse silt, rock outcrops, bedrock, 

and submarine cliffs  

Circalittoral rock (CR.MCR), 

and circalittoral fine mud with 

burrowing megafauna and 

Maximuelleria lankesteri 

(SS.SMu.CFiMu.MegMax) 

 

  

 

 



 

32 
 

 

Figure 1.5. Maps A) Loch Etive, and B)Loch Etive depicting the shallower lower basin and 

deeper upper basin (adapted from (Thorburn et al., 2015). 

1.2.2.7.  Firth of Lorn 

The Firth of Lorn is a large area of complex coastline comprised of mainland, islands, 

sounds, and inlets situated on the west coast of Scotland (Figure 1.6). Geologically the 

region contains a high diversity of rocks ranging in age from the Precambrian to the 

last Quaternary glaciation (Devensian) (Howe et al., 2015). The bedrock is dominated 

by Precambrian rocks of the Dalradian Supergroup, overlain by sediments and lavas 

that form the Lower Old Red Sandstone succession (British Geological Survey, 1987). 

The region has also experienced several glaciations throughout the Quarternary 

Upper Basin 

Bonawe Deep 

Abbots Isle 
Airds Bay 
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(Mcintyre and Howe, 2010). Strong tidal flows and wave action have helped shape the 

complex and varied bedrock of submarine rock platforms, linear ridges, igneous 

intrusives of up to 6 kms long, submarine cliffs, and exposed rock surfaces (Howe et 

al., 2015; Gordon et al., 2016). This has produced a dynamic environment of available 

habitats which supports exceptional biodiversity. 

 

Figure 1.6. Regional map of the Firth of Lorn  

 

1.2.2.8. Marine Policy Scotland 

Marine spatial planning in Scotland is conducted under several legislative frameworks. 

Primarily the Scotland Coastal Act (2010) and the Marine Nature Conservation 

Strategy (2011), which is Scotland’s strategy to achieve objectives laid out in the Marine 

Strategy Framework Directive (European Commission, 2008) which was superseded 

in May 2020 by the EU Biodiversity Strategy for 2030 (European Commission, 2020). 

1.2.2.8.1. Scotland Coastal Act 

The Scottish Coastal Act (2010) was adopted to safeguard the future of Scotland’s seas. 

It provides a framework for planning, licencing, and conservation that ensure 
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sustainable use of the seas is maintained and balanced by protecting and enhancing 

the marine environment whilst boosting economic investment. 

1.2.2.8.2. Marine Nature Conservation Strategy 

The Marine Nature Conservation Strategy was formed in 2011 by Marine Scotland to 

protect and enhance marine biodiversity in Scotland’s seas. The strategy was developed 

to meet national and international obligations including EU Good Environmental 

Status (GES), and EC Bird and Habitats Directives, as well as creating an ecologically 

coherent network of well managed Marine Protected Areas (MPAs). The strategy 

highlights a three pillars approach to marine conservation: species conservation, site 

protection and wider seas policies and measures. The EU Biodiversity Strategy for 

2030 aims to build on this foundation by delivering specific commitments and actions 

by 2030 including an EU-wide network of protected areas, and an EU nature 

restoration plan, strengthening existing frameworks, whilst tackling the global 

biodiversity challenge (European Commission, 2020). 

1.2.2.8.3. Priority Marine Features List 

The Priority Marine Features (PMFs) list was developed by NatureScot and The Joint 

Nature Conservation Committee (JNCC) in 2014. The list contains 81 habitats and 

species considered to be of importance to Scotland’s seas, including many features 

characteristic of the Scottish marine environment (Tyler-Walters et al., 2016). The list 

comprises of 26 broad habitats, 7 limited mobility species and 48 mobile species such 

as fish, cetaceans, and basking sharks (Tyler-Walters et al., 2016). The list’s key aims 

are to focus marine spatial planning, conservation efforts and scientific research. 

1.2.2.8.4. Marine Protected Areas 

In Scotland, all areas assigned protection from damaging impacts that effect the 

species and habitats within them are called Marine Protected Areas (MPAs). Scotland’s 

network of MPAs covers 20% of its seas and is made up of 30 Nature Conservation 

MPAs, 1 Demonstration and Research MPA, 8 Historic MPAs, 48 Special Areas of 

Conservation (SACs), 45 Special Protection Areas (SPAs) and 61 Sites of Specific 

Scientific Interest (SSSI). They play a significant role in supporting the achievement of 

GES (Defra, 2015) by providing a corridor of protection for many native and migratory 

species. 

1.2.2.8.5. Loch Sunart to Sound of Jura Nature Conservation MPA 

The Loch Sunart to Sound of Jura Nature Conservation Marine Protected Area 

(LSttSoJ NCMPA) is located 56 21.880N 005 43.689W and covers 741 km2 Figure 1.7. 
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It is one of the largest MPAs in Scotland’s MPA network. The MPA was designated in 

August 2014 to protect ‘mobile species’ (common skate), and geomorphological 

‘features’ from the quaternary of Scotland (glaciated channels and troughs) (Scottish 

Ministerial Order, 2014). 

  

 

Figure 1.7 Map displaying the full extent of the Loch Sunart to the Sound of Jura Nature 

Conservation MPA and areas closed to all forms of mobile fishing gear. 
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The common skate (Dipturus batis), a Rajidae of the sub-order elasmobranchii (Figure 

1.8), was recently split into two distinct species: the flapper skate (Dipturus cf. 

intermedius) and the blue skate (Dipturus flossada) (Iglésias et al., 2010), however in 

some policy measures it is still referred to as the common skate (Thorburn et al., 2018). 

D. cf. intermedius (Last et al., 2016) is the largest skate species in the world, measuring 

up to 2.5 m in length and weighing over 100 kg. Research has shown D. cf. intermedius 

to be largely a benthic dwelling fish, occurring in water depths ranging from 10-600 m 

(Thorburn et al., 2018). They can display high levels of residency, with individuals 

remaining in a small geographical area all year round (F. Neat et al., 2014). Common 

skate (both species) were once widespread and abundant throughout UK waters, 

however due to poor fishing practices they were declared locally extinct throughout 

most of their former range (Brander, 1981), with the west and north coasts of Scotland 

becoming their last major strongholds (ICES, 2018a). Juvenile skate are large from 

hatching and their size and shape makes them immediately susceptible to being caught 

as bycatch in trawl nets  (The Scottish Government, 2014; Kynoch et al., 2015; ICES, 

2018b). The MPA has been shown to support a good number of resident mature skate 

and may act as a potential breeding site (Thorburn et al., 2018), as the underwater 

topography of deeply eroded channels and troughs throughout the MPA are thought to 

provide shelter for reproductively mature skate (Marine Scotland, 2014; The Scottish 

Government, 2014). 

 

Figure 1.8. An adult female flapper skate (D. cf. intermedius) caught in the Firth of Lorn 

in 2017 and fitted with tracking equipment before being released unharmed (image 

courtesy of Dr J. Thorburn). 
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1.3. Aims 

Technology and innovation are identified as key elements driving the future of marine 

science and research, with marine autonomy recognized as huge step towards 

achieving a solution to the increasing demands for global data associated with the 

mapping, managing, conserving, protecting and monitoring the world’s oceans. 

Despite great advances in technology and the uptake of autonomy by the military and 

offshore oil industry, there are currently numerous knowledge and research gaps that 

are potentially responsible for limiting the commercial application of autonomous 

technology by managers involved in the marine spatial planning process. 

This research aims to reduce this paucity by developing a suite of novel and 

complimentary techniques for mapping, monitoring species, and investigating impacts 

in the benthic marine environment using affordable AUV technology. Further, these 

methods will be standardised to current approaches in order to complement existing 

methods of data collection and processing, therefore increasing the potential 

application of this equipment to real-world situations. The research will test the 

effectiveness of AUVs for producing data for all stages of effective marine spatial 

planning but will also identify the limitations associated with using this equipment, 

thus building a toolbox of suitable and effective techniques that will guide marine 

managers. 

Whilst the application of this data will focus primarily on marine spatial planning 

associated with conservation and fisheries management, it will be highlighted 

throughout that these methods have both interdisciplinary and global application for 

all aspects of marine spatial planning. 
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It will achieve this via the research conducted within each chapter and outlined as: 

Chapter 2 discusses the key methodologies and survey results associated with this 

research. 

Chapter 3 focuses on how effective and AUV is for producing digitised habitat maps 

using manual and automated methods. 

Chapter 4 takes habitat mapping one step further by producing predictive habitat 

maps. 

Chapter 5 investigates how effective an AUV is for monitoring, with a particular focus 

on mobile and commercially exploited species. 

Chapter 6 assesses how an AUV can be used to monitor a series of benthic impacts 

related to benthic trawling, aquaculture, and marine litter. 

Chapter 7 provides a general discussion as to the overall effectiveness and usefulness 

of the techniques conducted in the research and how these techniques can be applied 

by marine managers. 
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Chapter 2. Methodologies and survey 

results 
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2.1. Introduction 

This chapter discusses the general methods used throughout this research utilising an 

Autonomous Underwater Vehicle (AUV). It is divided into four main sections: 1. AUV 

surveys, separated into acoustic and imagery; 2. AUV data processing separated into 

acoustic and imagery; 3. The classification of sediments, fauna, and habitats, and 

finally 4. AUV technical details. 

2.1.1. AUV 

Unless otherwise stated within the chapters, a Teledyne Gavia Offshore Surveyor AUV 

housed at the Scottish Marine Robotics Facility (SMRF) was used to collect data. This 

AUV incorporates 6 modules; (i) nosecone equipped with obstacle avoidance sonar and 

a grasshopper GRAS-14S5C-C colour/black and white digital stills camera set to a fixed 

focal length of 2m and capturing 1.875-3.75 frames per second,  (ii) single Li-Ion 

battery providing 1.2kWh of energy (approximately 4 hours), (iii) control module with 

pressure sensor, GPS, wireless LAN and Iridium satellite, with bottom mounted 

camera strobe consisting of 20 cold white Lumiled (LXHL-PW03) LEDs producing 

2400 lumens of light, (iv) a sensor bay with mounted Valeport mini SVS OEM Sound 

Velocity Meter and temperature sensor, (v) a geoswath module containing 

GeoAcoustics Ltd GeoSwath Plus 500kHz bathymetric sonar producing dual 

transducer, swath bathymetry and sidescan seabed mapping, a Kearfott T-24 DVL- 

aided INS and (vi) a propulsion module (Figure 2.1). Ballasting was initially achieved 

using internal weights in the nose, control, and propulsion units. Fine scale ballast 

tuning was undertaken for each deployment using 100 g external ballast cubes. The 

AUV was deployed and recovered using a winch system although the system can also 

be successfully deployed and recovered by hand from small craft, such as rigid-

inflatable boats. Communications with the AUV during missions was achieved using a 

Teledyne Benthos ATM-900 acoustic modem and USBL topside modem. Data was 

transferred from the AUV using 100Mbit/s Ethernet LAN cable. 

 

Figure 2.1. Gavia Offshore Surveyor AUV with (a) Nose module with colour camera, (b) 

Battery module, (c) Doppler module, (d) Control centre module (e) Geoswath module, (f) 

Propulsion module.



 

 
 

2.2. Survey sites 

The sites associated with each survey in Comau Fjord (Figure 2.2A) and Loch Etive (Figure 2.2B). 

 

Figure 2.2 Survey sites at A: Comau Fjord; a) Huinay Bay and b) X-Huinay; and B Loch Etive; a) Abbots Isle, b) Airds Bay, and c): Bonawe Deep. 

 

 



 

42 
 

2.2.1. Survey site collection criteria 

Sites were chosen to test the capabilities of the AUV for collecting acoustic sonar and 

seabed imagery in a variety of conditions found within fjordic systems. In Comau Fjord 

sites were selected based upon topographic features such as steeply sloping sides (> 

60◦) leading to deep waters (>200 m), and gentle sloping (< 60◦) bays leading from 

shallow (<30 m) to deep waters (>200 m) with the anticipation that this would 

incorporate a suite of unknown, at the time of the survey, geomorphological and 

bathymetric features. In Loch Etive, sites were chosen to include a variety of known 

geomorphological features encompassing the lower, central, and upper basins of the 

loch (see Chapter 1 Figure 1.4). 

2.2.2. Survey design 

All surveys were designed in Teledyne control centre software version 2014-08-28-

1417. Nautical charts were uploaded in either chart datum WGS84 or Geoid UTM zones 

from various sources. Nautical charts of Comau Fjord were provided by Fundación San 

Ignacio del Huinay. All UK nautical charts were provided courtesy of the United 

Kingdom Hydrographic Office (UKHO). High-resolution bathymetry of Loch Etive 

collected as part of the Maritime and Coastguard Agency (MCA) Civil Hydrographic 

Program (CHP), (2014) were integrated as base maps when designing surveys. Surveys 

comprised of a series of lines and turning points, paths were aligned parallel to the 

underwater topography whilst turning points ensured the AUV turned away from 

potentially dangerous underwater features. A “lawnmower” style survey pattern was 

used on flat or open areas of seabed, whilst single lines were used when underwater 

conditions were restricted, or where the bathymetry was more complex. Survey start 

and end positions were selected in areas safe to deploy and retrieve the AUV. In deep 

waters (>100 m) an additional “corkscrew” sliding box was required to ensure the AUV 

could track the seabed before commencing the survey, the deep dive procedure is 

available in Appendix A. The “Bottom Track” function was utilised in order to maintain 

a constant depth from the seabed, with an allowable deviation of +/-0.5 m. Forward 

facing collision avoidance sonar was set to 25 m for all deployments.  An initial speed 

of 2.55 ms-1 (5 knots) was selected to punch through the surface waters, surveys were 

generally conducted at either a higher speed (>1.35 ms-1) or a lower speed (<1.35 ms-

1) (3 knots). Higher speeds were used when collecting acoustic data and in areas where 

the AUV was more likely to be influenced by stronger tides, while lower speeds were 
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utilised when collecting seabed imagery. Considerations were made when deciding the 

size of the survey area and the required coverage of seafloor imagery. Survey extent 

was also limited by battery duration (max 3.5 hours). Surveys of greater complexity, 

which included “Corkscrew” sliding boxes and combined acoustic and imagery, had 

greater power requirements meaning there was a trade-off between survey complexity 

and overall coverage. All surveys were programmed to ensure there was sufficient 

battery power available to recover the AUV before it went into a low power mode. 

Should the AUV enter low power mode all operations are suspended, the AUV makes 

a controlled ascent to the surface where positional information is obtained via satellite 

communication. 

2.2.2.1. Survey procedures 

Explicit start-up and shut down procedures developed by Teledyne and SAMS were 

used for each survey (Appendix B: AUV SOP). Surveys were uploaded on to the AUV 

from the Control Centre software but were also dependent on the on-site conditions. 

The details of each deployment are in (Appendix C: AUV Mission Data). In areas 

without bathymetric charts (Chile), nautical charts were consulted, and an initial echo-

sounder survey was conducted to assess the seabed conditions for underwater hazards. 

The survey area was assessed on site prior to deployment for surface hazards such as 

other marine users and surface marker buoys. The vessel stayed on site for the duration 

of the survey using a Teledyne Benthos ATM-900 acoustic positioning system to track 

the AUV. It had a typical range of 1 km. Following the retrieval of the AUV, all data 

were downloaded using a LAN (Local Area Network) cable and the AUV battery 

charged for a full 8-hour cycle. The acoustic sonar and imagery collection procedures 

and considerations are discussed below. 

2.2.2.2. Acoustic 

The AUV utilises a Kongsberg GeoSwath Plus 500kHz bathymetric sonar module to 

collect dual swath bathymetry and side scan sonar (SSS). The AUV was programmed 

to collect acoustic data 10 m from the seabed. Line pairs were spaced 25-30 m apart to 

enable a 25% overlap in acoustic soundings. 

2.2.2.3. Imagery 

The AUV utilises a FLIR Grasshopper 14S5 camera, with a Sony ICX285  2/3” 1384 (H) 

x 1035(V) imaging chip, pixel size 6.45 x 6.45 µm, and a Tamron 2/3 8mm F/1.4 lens. 

Lighting was provided by a high-speed camera-triggered strobe located at the base of 

the control module. Surveys were planned to collect images using both low light 
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monochrome and colour and at varying framerates (1.75-3.75 fs-1). All images were 

stored as JPEGs at 1280 x 960-pixel resolution. The majority of colour images obtained 

were out of focus, therefore only low light monochrome images were used further. The 

“Bottom Track” function was set to 2 m (+/- 0.5 m) due to the camera lens having a 

fixed focus of 2 m (Teledyne Gavia ehf, 2012). 

2.2.2.4. Additional survey considerations 

All AUV deployments in Comau Fjord and Loch Etive were conducted from a hard boat 

using either a manual or automatic winch system. The SAMS vessel RV Seol Mara is 

equipped specifically for AUV deployment and recovery, whilst the vessel belonging to 

Fundación San Ignacio del Huinay was identified as a “vessel of opportunity” therefore 

the safe deployment and recovery of the AUV was carefully planned prior to conducting 

surveys. Deployment depth on site was determined using echo sounders. In Comau, 

the echo sounder was attached to a pole and hung over the back of the boat which may 

have compromised its ability to provide true depth, whilst Seol Mara has a fully 

integrated hull mounted echo sounder. Both vessels benefitted from having enclosed 

indoor areas where laptops etc. could be protected from the elements. Environmental 

conditions such as wind, rain, and swell were identified as main limiting factors to the 

safe deployment and recovery of the AUV so that surveys were terminated if the sea 

state rose above that associated with Beaufort scale 3 (gentle breeze). 

2.2.2.5. AUV survey data  

AUV track data comprising of acoustic sonar, and seabed images are displayed in 

Figure 2.3-Figure 2.7. Digital admiralty charts were not available for maps produced 

of Chilean Patagonia. 
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Figure 2.3. All track data for Huinay Bay collected between 20-02-17 and 02-03-17. 

 

 

 

Figure 2.4. All track data for X-Huinay collected between 21-02-17 and 22-02-17. 
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Figure 2.5. All track data for Abbots Isle collected on 08-11-17 and 25-09-18 

  

 

Figure 2.6. All track data for Airds Bay collected on 09-11-17 and 26-09-18. 
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Figure 2.7. All track data for Bonawe Deep collected on 25-09-18 and 28-09-18. 
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2.2.3. Data Processing Methods 

2.2.3.1. Acoustic processing 

 

Figure 2.8. A schematic diagram of the processing steps conducted on all AUV acoustic 

data. 
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GS+ and GS4 programmes were used for the initial filtering of acoustic data to remove 

noise associated with the vessel. The “clean” data were then transferred into Caris for 

further filtering before generating a bathymetric surface layer (Fig 2.8). 

A 2 m resolution Combined Uncertainty Bathymetric Evaluation (CUBE) was selected 

as standard (unless otherwise stated) and completed layers were exported as GeoTIFF 

Digital Elevation Model (DEM) and .BAG. The SSS data were refined in Caris HIPS 

and SIPS as shown in Figure 2.9. To follow convention, acoustic signatures were 

reversed, highlighting softer sediments as dark (low intensity) and harder sediments 

as light (high intensity). The resolution was captured at both 0.25 m and 0.1 m 

resolution to highlight the geomorphology. Screenshots were captured of important 

features using the subset editor in Caris HIPS and SIPS. The refined SSS data were 

then exported as GeoTIFFs. 

  

Figure 2.9. A schematic diagram of the refining steps conducted on SSS 
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2.2.4. Bathymetric and side scan sonar data 

The following figures (Figure 2.10-Figure 2.14) display the final processed bathymetry 

and SSS data. 

2.2.4.1. Huinay Bay 

An area of 0.43 km2 of Huinay Bay was surveyed by the AUV (Figure 2.10). Depths 

ranged from 24 m in the northwest to 293 m in the southwest. Generally, the 

bathymetric and SSS data was interpreted as a gently sloping seabed of 20˚ orientated 

to the southwest with complex topography to the northwest and southeast. The 

Llongcochaigua river delta and associated submarine channel features were identified 

as the dominant process influencing the geomorphology of the area (Boswarva et al., 

2020). 

The bathymetric data highlights three distinctive regions labelled Region 1-3 in Figure 

2.10: a north western region, characterised by sharp irregular surfaces and downslope 

processes, interpreted as rock outcrops and channels; a central plane of smooth, 

sloping seabed; and finally the south eastern region, dominated by a series of rough 

and irregular mounds. The north western region contains two prominent channels; the 

first extending northwest to southeast is 267 m long, 21 m wide, shoaling at 46 m and 

deepest at 109 m; the second, extending northeast to southwest is 178 m long and 17 m 

wide, shoaling at 66 m and deepest at 117 m. They join to form a single feature at 120 

m that extends over 0.8 km. The channels are sinuous, flat-bottomed, with an average 

depth 10 m below the surrounding seafloor. The strongest bathymetric expressions are 

present in the shallower depths. The central region displays few notable geomorphic 

features, other than a gently sloping seabed (20˚) and numerous (~20) channels 

between 60-150 m, ~15 m wide and extending ~200 m downslope. The regular, 

channel form and downslope expression suggests these were produced by downslope 

processes, possibly debris or turbidite flows originating from the river discharge 

upslope (Boswarva et al., 2020). Finally, the south eastern region is composed of up to 

four large (~300 m long and 80 m wide) sediment lobes bisected by subtle channels 

which are <10 m wide and 2–5 m deep. The terminus of two deeper lobes ends abruptly 

10-20 m above the seabed oriented to the west. The lobes are generally oriented east–

west suggesting they originate from the east. The largest lobe has overlain a channel in 

the central region, suggesting these features post-date the formation of the channels 

and indicating that they are geologically recent (Boswarva et al., 2020). 
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The SSS data highlights an overall complex seabed of varying high to low intensity 

backscatter, which corresponds well with the bathymetric interpretations above. Given 

the fjordic nature of this area, high intensity backscatter is assumed as non-

depositional rock and rock faces, mixed sediments, and sands, whilst low intensity is 

assumed as depositional areas of accumulated fine sediments. High intensity 

backscatter within the channels in the northwest region highlights the high-bedload 

transport of clastic sediments into deep-water. A field of narrow, horizontal bands of 

alternating high and low intensity backscatter are visible in water depths of 60–90 m 

and interpreted as submarine dunes (Boswarva et al., 2020). The central region 

presents an area of predominantly high intensity backscatter, suggestive of harder 

sediments (sand or mixed sediment), with bands of low intensity backscatter, 

interpreted as depositional areas of softer, fine sediments. The southeast region is 

interpreted as predominantly mixed sediment. A high concentration of boulder-sized 

material (up to 3 m in diameter) is interpreted in the shallower lobe. These lobe 

features are interpreted as submarine debris flows, possibly the result of a large 

landslide event documented by Vásquez, (2017) as occurring in 1957 (Boswarva et al., 

2020).



 

 
 

  

Figure 2.10. Bathymetry processed at 2 m resolution and side scan imagery processed at 0.25 m resolution of Huinay Bay situated within 

Comau Fjord, Huinay. The total area is 0.43 km2. The bathymetry highlights channels and rock outcrops in the northwest region, smooth 

sloping seabed in the central region, and complex sediment lobes in the southeast region with a depth range of 24 m to 293 m. The side 

scan sonar presents a spectrum of reflective signals indicative of soft and harder sediments. Large boulders and mixed sediment are 

identifiable in the southeast region. The loss of data along the southeast edge was due to the AUV failing to bottom track in a deep channel. 



 

53 
 

2.2.4.2. X- Huinay 

An area of 0.22 km2 of X-Huinay was surveyed by the AUV (Figure 2.11). Depths 

ranged from a bathymetric high at 143 m in the east, to 291 m offshore to the southeast 

of the survey area. Generally, the bathymetric and SSS data is interpreted as a steep 

slope of 60˚orientated southwest to northeast, bisected by numerous downslope 

channels. The submarine geomorphology is interpreted to be dominated by exposed 

bedrock with minor downslope channels. 

The bathymetric data is interpreted as an irregular and steep submarine slope with 

numerous channels and rock outcrops. The channels extend southwest to northeast 

and are generally 8 m wide and 5 m deep. The SSS highlights two distinctive regions 

evidenced by a complex seabed of high and low intensity backscatter. The northwest 

and southeast regions are dominated by rock and rock outcrops whilst the central 

region is dominated by three large sinuous bands of high intensity backscatter, 

interspersed with bands of low intensity backscatter. The light bands occur within the 

channel and are interpreted as harder sediments comprised of mixed and coarse 

material such as gravel, cobbles, and boulders whilst the darker bands outside the 

channels are interpreted as depositional fine grain sediments, such as mud and silt. 

These low intensity, softer sediment bands are also intermixed with high intensity 

backscatter assumed to be cobbles or boulders within the finer sediment. 



 

 
 

  

Figure 2.11. Bathymetry processed at 2 m resolution and side scan imagery processed at 0.25 m resolution of X-Huinay situated within 

Comau Fjord, Huinay. The total area is 0.22km2. The bathymetry comprises a steeply sloping wall from southeast to northwest with a 

depth range of 143 m to 291 m. The side scan sonar presents a spectrum of reflective signals indicative of softer and harder sediments. 

Loss of data in the northwest region was due to the AUV rising to avoid obstacles (rocks). 
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2.2.4.3. Abbots Isle 

An area of 0.18 km2, northwest of the island was surveyed by the AUV (Figure 2.12). 

Depths ranged from 21 m at a bathymetric high in the northeast to 37 m in the northerly 

basin. Generally, the bathymetric and SSS data are interpreted as a complex but flat 

seabed with an average slope of 6˚, comprised of one large basin and two small basins, 

all separated by bathymetric highs, Post-glacial depositional processes dominate the 

submarine geomorphology (Audsley et al., 2016) as narrows sills to the east and west 

of the survey area restrict tidal flow, depositing coarser sediments on the highs and 

finer sediments into the basins. 

The bathymetric data highlights two distinctive processes: three circular features 

characterised as basins, one deeper basin in the north (~37 m) and two shallower to 

the south and southwest (~34 m); and three bathymetric highs characterised by sharp 

irregular surfaces and rounded mounds sloping towards the basins. The deepest basin 

extends northeast to southwest with a depositional low to the north and a shoaling 

central band. This basin shoals adjacent to a shallower basin in the south. The two 

shallower basins both extend northwest to southeast and beyond the surveyed area. 

The SSS data highlights an overall complex seabed of high and low intensity 

backscatter, which corresponds well with the bathymetric interpretations. Given the 

loch was shaped through glacial erosion, high intensity backscatter is interpreted as 

non-depositional deepened bedrock surfaces in the centre and southern regions of the 

survey area, interspersed with mixed sediments and sands, whilst low intensity 

backscatter is assumed to be depositional areas of accumulated fine sediments. In the 

northwest region, a bathymetric high corresponding with a dark sonar signal is 

interpreted as an accumulated mound of soft sediment veneer overlying coarser 

material, identified as high intensity seabed features spanning to the southeast of the 

mound. Three circular features of low intensity backscatter are visible, corresponding 

with the bathymetric lows associated with the basins, these are interpreted as soft, fine 

depositional mud or silt.



 

 
 

 

  

Figure 2.12. Bathymetry processed at 2 m resolution and side scan imagery processed at 0.1 m resolution of Abbots Isle situated within Loch Etive, 

Scotland. Covering a total area of 0.18km2. The bathymetry highlights three basins with a depth range of 21 m to 37 m. The side scan sonar presents 

a spectrum of reflective signals indicative of softer and harder sediments 
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2.2.4.4. Airds Bay 

An area of 0.5 km2 parallel to the south shore was surveyed by the AUV (Figure 2.13). 

Overall, depths ranged from 39 m on the sides of basin, to 79 m in the deepest basin to 

the southeast. Generally, the bathymetric data are interpreted as a uniform seabed with 

an average slope of 6.2˚ orientated to the southeast. The bathymetric data reveals the 

presence of three basins: the first, to the north of the survey area is 65 m deep, gently 

sloping (~6˚) and oriented west to east; the second is 64 m deep, with a similar gentle 

slope (~6.5˚) but spans the length of the survey area, 627 m, from northwest to 

southeast. A sharp sinuous feature 1 m high and 627 m long spans the deepest part of 

the basin; the third, and deepest, 79 m basin lies to the south of the survey and slopes 

gently (10.5˚) northwest to southeast. These basins are separated by two sinuous 

shoaling highs at depths of 50 m and 53 m to the north and south of the central basin. 

The northerly shoal is most prominent, resembling a submarine ridge. 

The SSS displays a relatively uniform seabed of low intensity backscatter interpreted 

as soft, fine sediments. Two sinuous bands of higher intensity backscatter are identified 

as running across the survey area. These correspond with the features interpreted in 

the bathymetry as shoaling highs. The light sonar signals are interpreted as coarser 

grained sediments eroded by currents and deposited on top of moraines by strong tidal 

action. One long, thin, sinuous, high intensity feature oriented northwest to southeast 

is visible in the centre the survey area. This feature corresponds to the sharp, deep area 

along the central basin. It is interpreted as the product of localised bottom current 

winnowing during periodic deep-water overturning events (Howe et al., 2002).



 

 
 

   

Figure 2.13. Bathymetry processed at 2 m resolution and side scan imagery processed at 0.1 m resolution of Airds Bay situated within Loch Etive, 

Scotland. Covering a total area of 0.5km2. The bathymetry highlights three basins, oriented northwest to southeast with a depth range of 39 m to 79 

m. The side scan sonar presents a relatively uniform low reflective signals indicative of softer sediments. An anomaly of high intensity sonar is visible 

northwest of the survey. 
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2.2.4.5. Bonawe Deep 

An area of 0.14 km2 was surveyed by the AUV (Figure 2.14). Overall, depths ranged 

from 68 m in the west to 118 m in the northeast. Generally, the bathymetric data are 

interpreted as complex seabed, comprising a deep, sloping basin (~14˚) oriented 

southwest to northeast. The bathymetric data reveals one deep basin 525 m long, 

running parallel to the shore with steeply sloping rock outcrops  (slopes between 15 to 

32˚), shoaling to the southwest. A bathymetric high of 68 m to the southwest of the 

survey area, 300 m from Bonawe Narrows, is interpreted as a submarine ridge similar 

to that identified at Airds Bay. 

The SSS displays a complex seabed of varying high and low intensity sonar areas which 

broadly corresponds to the bathymetric interpretations above. The central area is 

composed of predominantly uniform low intensity signal indicative of softer, fine 

grained sediments deposited in the basin. Within this area are abundant (+50) 4-9 m 

long linear features oriented to the northeast. High intensity signals are evident to the 

northeast and southwest of the survey area signifying harder sediments. These are 

categorised as a series of lobes, interpreted as submarine bedrock overlain with fluvial 

sediments, debris flow of mixed sediment, including large boulders (~5 m) and cobbles 

predominantly to the north but also to the south, and alternating bands of light and 

dark intensity sonar south of the survey area interpreted as sediment outwash from a 

64 m wide channel between two rocky lobes.



 

 
 

 

  

  

Figure 2.14. Bathymetry processed at 2 m resolution and side scan imagery processed at 0.1 m resolution of the Bonawe Deep situated 300 m west of 

Bonawe Sill, in the upper basin of Loch Etive. Covering a total area of 0.14km2. The bathymetry highlights a steep sided, deep basin oriented from 

southwest to northeast with a depth range of 68 m to 118 m. The side scan sonar presents a spectrum of reflective signals indicative of softer and 

harder sediments. An anomaly of high intensity sonar is visible northwest of the survey.
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2.2.5.  Imagery processing 

All images were processed by a single analyst and in accordance with NE Atlantic 

Marine Biological Analytical Quality Control Scheme (NMBAQC) guidelines (Turner et 

al., 2016). Images were graded 0 to 5 based on their visual quality and entered into a 

database. Each grade was given a corresponding colour code (Table 2.1 and Figure 2.15) 

for ease of identification and subsequent analysis. 

Images are not automatically geo-referenced by the Gavia AUV. However, coordinates 

are recorded within the AUV track metadata along with a Unix timestamp. Timestamps 

are also recorded in the metadata for each image. Image times (A) were thus converted 

to elapsed survey times (T) in Microsoft Excel using the equation: 

 

𝑇 = (
𝐴

86400
) + 25569 

Where 25569 is the number of days between 01-01-1900 and the start of Unix time (01-

01-1970) 

 

Only images where the time on the image coincided with an AUV track time were used 

for further analysis, on average, one in four images matched. All images collected in 

Chile were analysed in order to produce a large dataset suitable for training machine 

learning algorithms and investigating the AUV’s effectiveness for obtaining high 

quality imagery of the seafloor. The image processing methodology was then refined 

and adapted for the data collected in Loch Etive. It was identified that some of the steps 

could be automated to maximise the time spent processing the seabed images. R-

scripts were created to select only the necessary geo-referenced image files and track 

data corresponding to an image file (see Appendix B: R Scripts), and all images with a 

geo-reference were enhanced using Adobe Photoshop Lightroom v5.7. The contrast, 

brightness, and vignette functions were applied as a batch process with further manual 

individual enhancing if required. For effective processing, and to limit analyst fatigue, 

images were processed in batches of 50 with a 10–20-minute break and no more than 

500 images were processed in a 24-hour period. Further processing was then 

conducted on all images where habitat and fauna were identifiable. 
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Table 2.1. Image quality classification 

 

 

 

Figure 2.15. AUV images (image quality grades 0-5) displaying examples of each quality 

classification criteria described in Table 2.1. 

0 No visibility, image is blank  

1 Seabed just visible, but little or no discernible features 

2 Able to identify some features and see that creatures are present  

3 Able to identify most of the feature or creature  

4 Can identify to family level, little blur- almost a clean and sharp image  

5 Identify to species level or as much as taxonomy allows, no blur, clean and sharp  
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A summary of the number of AUV images analysed for each site and the number of 

images in each quality score is displayed in Table 2.2 and Table 2.3. These results will 

be discussed further within Chapter 7. 

Table 2.2. Summary of AUV imagery 

Location No. of images 

taken 

No. of usable 

images* 

No. of images 

used^ 

% useable 

images 

% used 

images 

Huinay Bay 29,395 6,314 2,668 21 9 

X- Huinay 21,965 6,295 86 29 0.4 

Abbots Isle 15,241 2,085 1,222 14 8 

Airds Bay 17,052 2,426 2,214 14 13 

Bonawe 

Deep  

14,390 1,972 1,066 14 7 

*Usable images refers to the image having a geo-reference not the quality of the image. 

^ Refers to the number of images selected for sea-truthing habitat maps. 

 

Table 2.3. Quality scores for AUV imagery 

Location No. of images in each quality score 

0 1 2 3 4 5 

Huinay Bay 6854 924 3035 5123 1334 12115 

X- Huinay 21095 265 72 113 63 356 

Abbots Isle 861 455 248 347 153 21 

Airds Bay 212 794 969 343 87 21 

Bonawe Deep  907 272 319 240 162 73 

 

For each image, the adapted modified Folk ternary diagram and Wentworth scale, 

sediment and habitat type, fauna, and coverage were described. Species were 

quantified where possible and graded on abundance using the SACFOR scale (Hiscock, 

1996). Interesting seafloor features such as shell beds, bacterial mats, and 

anthropogenic debris and diagnostic taxa were also noted. Depth was attained from 

the metadata files. 
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2.2.6. Sediment classification 

A combination of the modified Folk sediment classification system and Wentworth 

scale were initially used to describe sediments. However, classifications within The 

Marine Habitat Classification for Britain and Ireland (MNCR) were used for mapping 

purposes. Sediments were classified based on visual examination of the AUV images 

and SSS. However, for Loch Etive, the results of several historical large-scale seabed 

surveys (Gage, 1974; Holt et al., 1991; Nickell et al., 2013; Audsley et al., 2016) were 

available to verify the sediment type. All sediments are described below and displayed 

on corresponding habitat maps in Chapter 3. 

2.2.6.1. Chilean Patagonia – Huinay Bay 

Four main sediment types were identified: a) rock, b) coarse sediment, c) mud, and d) 

mixed sediment (Figure 2.16). Where no images were available, four unverified (Uv) 

sediments were identified from the SSS mosaic; Uv boulder field, Uv cobble, Uv coarse 

sediment, Uv mixed sediment. 

 

Figure 2.16. AUV images of seabed sediments at Huinay Bay classified as a) rock, b) 

coarse sediment, c) mud, and d) mixed sediment. 
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2.2.6.2. Chilean Patagonia – X-Huinay 

Three main sediment types were identified: a) rock, b) mud, and c) mixed sediment 

(Figure 2.17). No images were available for a large area of the survey due to the AUV 

travelling too high, sediments in this area were classed as either softer or harder based 

on the intensity of the acoustic signal returns alone. 

 

Figure 2.17. AUV images of seabed sediments at X-Huinay classified as a) rock, b) mud, 

and c) mixed sediment. 

 

2.2.6.3. Loch Etive – Abbots Isle 

Three main sediment types were identified: a) rock, b) mud, and c) mixed sediment 

(Figure 2.18). Mud was the predominant sediment type but containing shell fragments 

and burrows. Mixed sediment comprised of mud, gravel, shells, and shell fragments, 

whilst rock was present as cobbles and stable boulders. 
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Figure 2.18. AUV images of seabed sediments at Abbots Isle classified as a) rock, b) 

mud, and c) mixed sediment. 

2.2.6.4. Loch Etive – Airds Bay 

One sediment type; mud, was identified in this site (Figure 2.19). The SSS revealed that 

this mud was potentially of different compositions throughout the site with two bands 

of slightly higher intensity sonar return visible, however there was no visible difference 

in seabed images from within the bands as all images suggested very fine, burrowed 

mud.  

 

Figure 2.19. AUV image of seabed sediment at Airds Bay classified as mud. 
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2.2.6.5. Loch Etive – Bonawe Deep 

Three main sediment types were identified: a) rock, b) mud, and c) mixed sediment 

(Figure 2.20). Harder and softer sediments were also interpreted from high and low 

intensity sonar, and rock was visibly identified. Mud was the predominant sediment 

type but containing shell fragments and burrows. Rock was present as large boulders 

and bedrock, whilst mixed sediment comprised of, mud, gravel, cobble, dense shells, 

and organic detritus (trees leaves and branches). Bacterial mat was identified on soft 

sediment with some burrows evident, this is discussed in greater detail within Chapter 

6. High detritus at this site is interpreted as emanating from the outflow of the River 

Awe, the main source of freshwater directly into Loch Etive. 

 

Figure 2.20. AUV image of seabed sediments at Bonawe Deep classified as a) rock, b) mud 

and c) mixed sediment. 

 

2.2.7. Fauna classification 

Benthic fauna were identified from seabed images to the best of the analyst’s ability. 

Numerous faunal identification guides were consulted. Where possible fauna were 

identified to species level, however, broader taxonomic levels often had to be used.  
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Summaries of the predominant fauna identified at each site are described below. The 

location of species are displayed on habitat maps (Figure 2.21-Figure 2.27 produced 

using the methods discussed in Chapter 3. 

2.2.7.1. Chilean Patagonia 

Overall, the composition of benthic fauna in Comau fjord was interpreted to be 

predominantly infaunal, evident by bioturbation and burrows. Megafaunal 

communities were sparse, consisting of highly mobile species: elasmobranchs, 

predominantly Schroederichthys chilensis (red spotted catshark) and Discopyge 

tschudii (apron ray); Crustacea including Lithodes santolla (spiny king crab); and 

Echinodermata Arbacia dufresnii (naked green sea urchin). Cnidaria (anemones) and 

Echinodermata (holothurians) were present and abundant on hard sediments 

(bedrock and boulders). 

2.2.7.2. Huinay Bay 

Images displayed various Cnidaria, Crustacea (crabs, including Pagurus sp.), and 

Echinodermata (holothurians). Osteichthyes and elasmobranchs respectively were 

identified on the SACFOR scale (Connor and Hiscock, 1996) as “common” and 

“occasional” throughout the survey area). 

2.2.7.3. X- Huinay  

Of the 68 seabed images, identifiable fauna were visible in 5.  Two images displayed 

species resembling stony corals however not in a density or resolution to classify 

further. Unidentifiable mixed encrusting fauna were visible on rock surfaces. A fish 

resembling the Chilean red fish (Sebastes capensis) was identified on a single image of 

rock habitat and recorded as possible Sebastes (Poss. Sebastes). Poss. Sebastes were 

also visible in high abundance from images taken within the water column. 
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Figure 2.21: Location of benthic fauna; Cnidaria (anemones), Crustacea (crabs including 

Pagurus sp.) and Holothurians visible on seabed images at Huinay Bay, Comau Fjord. 

Underlying Broad Scale Habitat and sediment maps were hand drawn by the analyst 

by interpreting a combination of MBES, SSS and seabed imagery from the GAVIA AUV.  

 

Figure 2.22: Location of fish; Osteichthyes and elasmobranchs visible on seabed images 

at Huinay Bay, Comau Fjord. Underlying Broad Scale Habitat and sediment maps were 

hand drawn by the analyst by interpreting a combination of MBES, SSS and seabed 

imagery from the GAVIA AUV. 
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Figure 2.23: Location of possible Sebastes sp. visible on seabed images at X-Huinay, 

Comau Fjord. Underlying Broad Scale Habitat and sediment maps were hand drawn by 

the analyst by interpreting a combination of MBES, SSS and seabed imagery from the 

GAVIA AUV. 

 

2.2.7.4. Loch Etive 

Overall, the composition of benthic fauna in Loch Etive was identified as 

predominantly infaunal and burrowing megafauna. Diagnostic taxa indicative of mud 

biotopes (sea pens: Virgularia mirabilis and Pennatula phosphorea; Cnidaria: 

Pachycerianthus multiplicatus; and Crustacea: Nephrops norvegicus), were 

identifiable and present at the three sites (Figure 2.24). All P. multiplicatus are classed 

as possible (Poss. P. multiplicatus) as characteristic features were used to ID this 

species in poor quality images. The diversity and abundance of mobile megafauna was 

low, consisting predominantly of Echinodermata; Ophiura sp., Asterias rubens and 

Crossaster papposus, and Crustacea including Pagurus sp. No diagnostic taxa was 

identifiable on mixed sediments. 
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Figure 2.24: Images displaying diagnostic burrowing megafauna; a) Pennatula 
phosphorea, b) abundant Virgularia mirabilis, c) Nephrops norvegicus, and d) Poss. 

Pachycerianthus multiplicatus. 

2.2.7.5. Abbots Isle 

Images displayed burrowing megafauna, predominantly sea pens, and P. 

multiplicatus. Sea pens were “Common”, across the mud sediments in the southwest 

and “Occasional” to the southeast with 360 individuals recorded on 125 images. Sea 

pen density per image ranged from 1 to 15 individuals in depths ranging from 23 m to 

29 m (Figure 2.25). No sea pens were identified in the mud sediments to the north of 

the survey area.  Poss. P. multiplicatus were identified throughout the survey area with 

145 individuals being recorded in 107 images and densities ranging from 1 to 4 

individuals per image at depths from 21 m to 31 m. Burrows were evident in 1,034 

(50%) images. Mobile megafauna consisted of Echinodermata; starfish including C. 

papposus, Chordata; Osteichthyes and elasmobranchs were present but sparse. 

Encrusting fauna and algae were visible on rock and mixed sediment surfaces but were 

not identifiable. 
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2.2.7.6. Airds Bay 

Sparse epibenthic fauna were evident from seabed images throughout Airds Bay.  

Burrowing megafauna were the predominant feature with burrows recorded in 2,231 

images (92%). Sea pens and poss. P. multiplicatus were recorded, however in low 

numbers; 5 and 6 individuals, respectively (Figure 2.26). Mobile megafauna was also 

sparse and predominantly Echinodermata; Ophiura sp., C. papposus, and A. rubens. 

 

2.2.7.7. Bonawe Deep 

The benthic fauna predominantly comprised of burrowing megafauna with sparse 

epibenthic communities of N. norvegicus and poss. P. multiplicatus (Figure 2.27). 

Burrows were evident in 973 images (50%). Sparse mobile megafauna included 

Ophiura sp. which were present in greater numbers in Bonawe Deep than all other 

sites, 17 unidentified starfish and 4 chordates.



 

 
 

Figure 2.25: Density and location of diagnostic burrowing megafauna; sea pens and poss. Pachycerianthus multiplicatus at Abbots Isle, Loch Etive. 
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Figure 2.26: Location of burrowing megafauna; sea pens and poss. Pachycerianthus 
multiplicatus at Airds Bay, Loch Etive. The underlying habitat map was produced in 

Chapter 3.



 

 
 

 

Figure 2.27: Location of diagnostic burrowing megafaunal species; Nephrops norvegicus and poss. Pachycerianthus multiplicatus, and benthic species 

Ophiura sp., at Bonawe Deep, Loch Etive. The underlying habitat map was produced in Chapter 3.
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2.2.8. Benthic habitat classifications 

Habitat classification codes from The Marine Habitat Classification for Britain and 

Ireland (MNCR) were assigned to each image based on the sediment type and recorded 

fauna. Images were classified to as high an order as possible, however all were classified 

to at least “habitat complex” (Level 3). The corresponding European Nature 

Information System (EUNIS) classification codes were also recorded. 

No official seabed classification scheme exists for Chilean Patagonia therefore a 

modified MNCR classification scheme was produced following the guidelines for 

assigning seabed habitats (Connor et al., 2004). 

Tidal energy, required for classifying rock habitats were estimated as “Low Energy” in 

Comau Fjord due to a combination of data obtained from local environmental 

conditions, limited literature, and tidal gauges.  At Abbots Isle and Bonawe Deep tidal 

energy was classified as “Medium Energy” due to the composition of faunal 

communities on rock surfaces (Parry, 2015), and verified from historical survey 

records (Nickell et al., 2013; Nørgaard-Pedersen et al., 2006; Holt et al., 1991). 

 

2.2.8.1. Comau Fjord 

Sixteen habitats ranging from Level 3-5 were identified and described, and EUNIS 

corresponding codes were displayed where suitable (Table 2.4 and Figure 2.28). All the 

habitats displayed below were identified at Huinay Bay, four of these habitats were also 

identified at X-Huinay. 
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Table 2.4. Habitat classification codes for Huinay Bay and X-Huinay 

Level Classification 

code* 

EUNIS Description 

3 CR.LCR^ A4.3 Low energy circalittoral rock 

3 SS.SCS.CCS A5.14 Circalittoral coarse sand  

3 SS.SMu.CMu A5.36 Circalittoral mud 

3 SS.SMx.CMx^ A5.44 Circalittoral mixed sediment 

3 CR.LCR.XEnf - Low energy circalittoral rock with mixed 

encrusting fauna 

3 CR.LCR.TfXEnf - Low energy circalittoral rock with turf 

and mixed encrusting fauna 

3 CR.LCR.Sf.Det - Low energy circalittoral soft rock with 

detritus 

4 CR.LCR.Sf.Det.Bio - Low energy circalittoral soft rock with 

detritus and bioturbation 

4 SS.SCS.CCS.Det - Circalittoral coarse sediment with 

detritus 

4 SS.SMu.CMu.Bio^ - Circalittoral mud with bioturbation 

4 SS.SMu.CMu.Det - Circalittoral mud with detritus 

5 SS.SMu.CMu.Det.Bio - Circalittoral mud with detritus and 

bioturbation 

4 SS.SMx.CMx.Bio^ - Circalittoral mixed sediment with 

bioturbation 

4 SS.SMx.CMx.XEnf - Circalittoral mixed sediment with mixed 

encrusting fauna 

4 SS.SMx.CMx.Det - Circalittoral mixed sediment with 

detritus 

5 SS.SMx.CMx.Det.Bio - Circalittoral mixed sediment with 

detritus and bioturbation 

* Adapted EUNIS/MNCR habitat classification scheme; ^ Habitats identified at 

Huinay and X-Huinay 
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2.2.8.1.1. Huinay 
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Figure 2.28: Images displaying the habitat classifications identified in Comau Fjord;     

a)CR.LCR, b)SS.SCS.CCS, c)SS.SMu.CMu, d)SS.SMx.CMx, e)CR.LCR.XEnf,              

f)CR.LCR.TfXEnf, g)CR.LCR.Sf.Det, h)CR.LCR.Sf.Det.Bio, i)SS.SCS.CCS.Det,           

j)SS.SMu.CMu.Bio, k)SS.SMu.CMu.Det, l)SS.SMu.CMu.Det.Bio, m)SS.SMx.CMx.Bio, 

n)SS.SMx.CMx.XEnf, o)SS.SMx.CMx.Det, p)SS.SMx.CMx.Det.Bio. 
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2.2.8.2. Loch Etive 

Nine MNCR habitats ranging from Level 3-5 were identified across the three sites and 

EUNIS corresponding codes were displayed where suitable (Table 2.5-Table 2.8 and 

Figure 2.29). Only mud habitats were classified to a higher order than Level 3 

according to the presence and depth of Pachycerianthus multiplicatus (fireworks 

anemone), Virgularia mirabilis and Pennatula phosphorea (sea pens), Ophiura sp. 

(brittlestars) and Nephrops norvegicus (Norway lobster). Four habitat classifications 

(SS.SMu. CMu.Meg, SS.SMu.CMu.SpnMeg, SS.SMu.CMu.Oph, and 

SS.SMu.CMu.OphMeg) were modified to best suit the identified habitat characteristics 

of the seafloor. 

Table 2.5. Habitat classifications for Loch Etive 

Leve

l 

Classification code EUNIS Description 

3 CR.MCR A4.2 Medium energy circalittoral rock 

3 SS.SMu.CMu A5.36 Circalittoral mud 

3 SS.SMx.CMx A5.4 Circalittoral mixed sediment 

5 SS.SMu.CMu.Meg* - Burrowing megafauna in 

circalittoral mud 

5 SS.SMu.CMu.SpnMeg* - Seapens and burrowing megafauna 

in circalittoral mud 

5 SS.SMu.CFiMu.SpnMeg A5.361 Seapens and burrowing megafauna 

in circalittoral fine mud 

5 SS.SMu.CMu.Oph* - Ophiura sp. in circalittoral mud 

5 SS.SMu.CMu.OphMeg* - Ophiura sp. And burrowing 

megafauna in circalittoral mud 

5 SS.SMu.CSaMu.VirOphPm

ax 

A5.354 Virgulria and Ophiura sp. with 

Pecten maximus on sandy or shelly 

mud 

*Adapted MNCR/ EUNIS habitat classification scheme 
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Figure 2.29: Images displaying the habitat classifications identified within Loch Etive;       

a)CR.MCR, b)SS.SMu.CMu, c)SS.SMx.CMx, d)SS.SMu.CMu.Meg, e)SS.SMu.CMu.Spn. 

Meg, f)SS.SMu.CFiMu.Spn.Meg, g)SS.SMu.CMu.Oph, h)SS.SMu.CMu.OphMeg, 

i)SS.SMu.CSaMu.VirOphPmax. 

 

 

Table 2.6. Habitat classifications for Abbots Isle 

Level Classification code EUNIS Description 

3 CR.MCR A4.2 Medium energy circalittoral rock 

3 SS.SMu.CMu A5.36 Circalittoral mud 

3 SS.SMx.CMx A5.4 Circalittoral mixed sediment 

5 SS.SMu.CMu.SpnMeg - Sea pens and burrowing 

megafauna in circalittoral mud 

5 SS.SMu.CFiMu.SpnMeg A5.361 Sea pens and burrowing 

megafauna in circalittoral fine 

mud 

5 SS.SMu.CSaMu.VirOphPmax A5.354 Virgularia and Ophiura sp. with 

Pecten maximus on sandy or 

shelly mud 
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Table 2.7. Habitat classifications for Airds Bay 

Leve

l 

Classification code EUNIS Description 

3 SS.SMu.CMu A4.2 Circalittoral mud 

5 SS.SMu.CMu.SpnMeg - Sea pens and burrowing megafauna 

in circalittoral mud 

5 SS.SMu.CFiMu.SpnMeg A5.361 Sea pens and burrowing megafauna 

in circalittoral fine mud 

5 SS.SMu.CMu.OphMeg - Ophiura sp. and burrowing 

megafauna in circalittoral mud 

 

Table 2.8. Habitat classifications for Bonawe Deep 

Level Classification code EUNIS Description 

3 CR.MCR A4.2 Medium energy circalittoral rock 

3 SS.SMu.CMu A5.36 Circalittoral mud 

3 SS.SMx.CMx A5.4 Circalittoral mixed sediment 

5 SS.SMu.CMu.Meg - Burrowing megafauna in circalittoral 

mud 

5 SS.SMu.CFiMu.SpnMeg A5.361 Sea pens and burrowing megafauna in 

circalittoral fine mud 

5 SS.SMu.CMu.Oph - Ophiura sp. in circalittoral mud 

5 SS.SMu.CMu.OphMeg - Ophiura sp. and burrowing megafauna 

in circalittoral mud 

 

2.2.9. Technical methodologies 

2.2.9.1. Field of view 

The field of view was calculated as per Figure 2.30 using data within Table 2.9. If the 

AUV was flying at a constant altitude of 2 m from the seabed, the resulting field of view 

in all images would be 1.46 x 1.18 m. However, on analysis of AUV metadata, the true 
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altitude varied and typically ranged from 0.47 -3.5 m therefore, the field of view ranged 

from 0.34 x 0.27 m - 2.54 x 2.07 m. 

 

Table 2.9. Field of view specifications 

Camera Lens 8mm 

Imaging chip 2/3” 

Field of view (air) 59 x 45 

Imaging mode 1280 x 1024 

Effective field of view (air) 54.6 x 44.5  

Effective field of view (water) 40 x 33 

 

 

 

𝐷 = 2 ∙ (𝐵 ∙ tan(𝐴 ◦)) 

Figure 2.30: Field of view diagram and equation, where A is half the effective field of view 

in water (in degrees) and B is the known distance that the AUV is flying from the seabed 

(in meters), and C is 90 – (A).
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Chapter 3. Habitat Mapping 
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3.1. Rationale 

The marine environment is under increasing pressure from wide-ranging, and often 

conflicting, anthropogenic activities, which can compete for space and natural 

resources (Halpern et al., 2008; Pomeroy et al., 2016; Andersen et al., 2018). Activities 

can result in a reduction of species diversity and wide–scale habitat degradation, 

potentially impairing the function of ecosystem services (Worm et al., 2006; Diaz et 

al., 2019). 

Baseline information on the seabed in the form of habitat maps are widely used to 

advise on the appropriate management of marine resources (Baker and Harris, 2012; 

Andersen et al., 2018). These include sediment and habitat types; the presence of 

seabed features; and can include the condition of habitats and species, particularly 

those of importance. Detailed habitat maps that display the spatial extent of habitats 

and species are integral to conservation and management, however the high costs and 

expertise required for wide-scale collection and analysis mean that for wide-scale 

application broad-scale mapping is more commonly conducted. Broad-scale habitat 

maps however are limited in their management application due to their reliance on 

physical characteristics as proxies of habitat. Further, traditional methods of data 

collection to produce detailed and broad-scale habitat maps can be difficult to conduct 

in remote and challenging conditions, creating a paucity in baseline information across 

the global oceans. 

Autonomous methods of data collection and processing are identified as a potential 

solution to current challenges (Lucieer and Forrest, 2016; Benoist et al., 2019). Data 

obtained from autonomous vehicles such as integrated and modular Autonomous 

Underwater Vehicles (AUVs) could reduce paucity and improve current baseline 

habitat maps, due to greater flexibility of survey capabilities facilitated by super–high 

resolution, multi-functional surveys and ease of transportation to, and deployment in 

globally remote and data poor locations. However, despite their popularity, the 

suitability of AUV data for producing benthic habitat maps that inform management 

at different scales is largely unknown and requires appropriate assessment. 

3.2. Chapter overview 

This chapter aims to identify the effectiveness and limitations of AUV derived data for 

producing digitised benthic habitat maps utilising AUV derived acoustic bathymetry 

and backscatter collected within Comau Fjord, Chilean Patagonia and Loch Etive, 

Scotland. 
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3.3. Introduction 

3.3.1. Benthic habitat maps 

Benthic habitat maps (herein called habitat maps) provide baseline information on the 

structure and composition of the seabed environment. They are a fundamental tool 

commonly used in marine management, useful for visually summarising seabed data 

into an engaging format that provides end users with an insight in to what cannot 

readily be seen (Coggan et al., 2009). 

In their simplest form, habitat maps can display baseline bathymetry and backscatter 

which enable the interpretation of seabed depth, complexity, and sediment texture 

such as hardness. This data is more readily combined with sea-truth data (seabed video 

and/or stills photography, SCUBA diver surveys and sediment grab samples) to 

identify relationships between physiographic and biological systems (Coggan et al., 

2009) and assign corresponding habitat classifications. 

Habitat maps that display data from a classification scheme are used to inform various 

aspects of marine planning and policy. This includes, sediment structure prior to the 

installation of  sub-sea infrastructure such as fish farm cages, oil and gas platforms, 

pipelines, and windfarms, and the presence and spatial extent of blue carbon habitats 

such as seagrass and kelp. Habitat maps are used by marine managers to map the 

occurrence and spatial extent of species and habitats, including those that are fragile 

or protected and are therefore an important tool for supporting effective decision 

making in the design, development, and long-term management of Marine Protected 

Areas (MPAs) (Coggan et al., 2009; Baker and Harris, 2012; Buhl-Mortensen et al., 

2015). They also form the basis for predictive habitat mapping and species distribution 

modelling. 

Two commonly accepted habitat classification schemes that are used widely by marine 

managers for habitat mapping  in UK  waters are, the European Nature Information 

System (EUNIS) (Davies et al., 2004), and the Marine Habitat Classification for Britain 

and Ireland (MNCR) (v15.03) (Connor et al., 2004). In Chilean Patagonia, marine 

management for the purpose of protection and conservation is a relatively recent 

practice (Cárcamo and Gaymer, 2013; Aguilera et al., 2018) therefore, there is 

currently no such standardised classification scheme in place. A biotope approach 

adapted from the MNCR was created by John et al., (2002) for describing intertidal 

and subtidal rock in the Laguna San Rafael National Park, southern Chile. However, 
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this approach is yet to be tested or adopted as a classification scheme or implemented 

elsewhere in Chile. 

3.3.2. Importance of defining spatial scale in benthic habitat 

mapping 

The general purpose of a habitat map defines the spatial scale and resolution of data 

that is required (Lecours et al., 2015). Habitat mapping is generally categorised as 

either broad-scale or fine-scale. Broad-scale habitat mapping is conducted by 

obtaining low resolution data across large (continental, national or regional) areas, to 

inform marine managers of wide-scale habitat extent, distribution, and condition, and 

physical seafloor damage. Examples include Natura 2000, national MPA, and Regional 

Seas Conventions (RSC) designation and management (Andersen et al., 2018). Broad-

scale mapping is popular as maps can be readily produced by non-experts, promoting 

wide scale deliverability and use (Davies et al., 2001; Connor et al., 2004; Coggan et 

al., 2007). However, due to the low resolution of broad-scale habitat maps the ability 

to identify positive relationships between benthic communities of interest and the 

seafloor habitat collectively referred to as a biotope, is limited (Lecours et al., 2015), 

Fine-scale habitat mapping is necessary when relationships between a target species 

and its environment, and species-specific management plans are required. A suite of 

suitable collection methods and expert knowledge is necessary to categorise seafloor 

characteristic data into biotopes and biotope complexes. An example of this application 

is the UK wide MPA network (available from www.emodnet-seabedhabitats.eu). 

Whilst fine-scale techniques produce the highest resolution and data, they are 

hampered by a lack of standardised procedure and experienced analysts (Lecours, 

2017). The collection and subsequent processing and production of fine-scale maps 

covering large areas of seabed is also time consuming and costly. The constraints of 

conducting high spatial resolution mapping across large areas are resolved by 

combining surveys of  varying resolutions to produce “nested surveys” of the seabed. 

This ensures that environmental and community wide considerations can be analysed 

for inclusion in habitat mapping (Hewitt and Thrush, 2007; Wynn et al., 2014). 

3.3.3. Conducting habitat mapping 

There is currently no unified method for habitat mapping (Diaz et al., 2004; Bekkby et 

al., 2017). Guidelines and best practice literature for the techniques used in habitat 

mapping within UK waters are available from the Joint Nature Conservation 
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Committee (JNCC) and the North East Atlantic Biological Analytical Quality Control 

Scheme (NMBAQC) (Davies et al., 2001; Turner et al., 2016). The Mapping European 

Seabed Habitat (MESH) programme was a Europe–wide habitat mapping project 

which ran from 2004 to 2010.  Following a review of the standards and protocols used 

in habitat mapping (Coggan et al., 2007), MESH identified a requirement for a more 

standardised approach to habitat mapping, and produced a series of recommended 

operating guidelines (available through https://www.emodnet-

seabedhabitats.eu/resources/recommended-operating-guidelines/). 

Habitat maps are most commonly produced by combining abiotic factors such as 

morphology and texture derived from acoustic data (bathymetry and backscatter) with 

seabed imaging or other ways of sampling the biota (Davies et al., 2001; Kostylev et al., 

2001; Lee et al., 2015; Turner et al., 2016). 

Seafloor morphology is obtained by analysing bathymetric data, whilst  the intensity of 

backscatter derived from acoustic sonar is used to determine the texture (Davies et al., 

2001). Morphological and textural changes in acoustic signatures are associated with 

boundaries between habitat types (Eastwood et al., 2006). Side Scan Sonar (SSS) is 

increasingly being utilised to produce backscatter, resulting in high resolution maps of 

the seafloor (Jordan et al., 2010; Burguera and Oliver, 2016; Fakiris et al., 2017; 

Pergent et al., 2017). The disadvantages of the previously described systems for 

collecting data for habitat mapping are that repeated passes are usually required over 

the area of interest.  The instrument usually needs to be recalibrated to produce the 

best quality topographic and backscatter data. The sound energy required for 

bathymetry produces poor backscatter and vice-versa, the amplitude required for good 

quality backscatter requires high amounts of energy, which produces a large amount 

of noise in the bathymetry. Therefore, to collect the best quality topographic and 

backscatter data where neither system is compromised, the two cannot be collected 

simultaneously. A recent advance has been interferometric sonar systems which can 

simultaneously collect bathymetry and side scan signals. The resulting mosaics 

differentiate acoustic facies and are therefore suitable for determining seabed type, and 

as consequence, are a valuable, an operationally efficient, tool for deriving broad-scale 

habitat classifications used in habitat mapping (Lazăr et al., 2015; Purser et al., 2019). 

Acoustic facies are validated by correlating them with independent seabed 

characteristic data such as imagery or grab samples (Kostylev et al., 2001; Lazăr et al., 

2015). 
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3.3.4. Seabed characteristics 

A complementary sampling strategy comprising of grab sampling, video, and camera 

stills is required to ascertain the true characteristics of the seafloor and the diversity of 

biological communities within it (Buhl-Mortensen et al., 2015). Whilst a single method 

can produce significant information on a habitat, a suite of sampling methods enables 

a full analysis of the seabed condition (Diaz et al., 2004; Buhl-Mortensen et al., 2015; 

Turner, et al., 2016). A detailed account of all methods currently used for obtaining 

seabed characteristics data used in habitat mapping is provided in the MESH review 

of standards and protocols for seabed mapping (Coggan et al., 2007). The methods 

used throughout this research are discussed in Chapter 2. 

3.3.5. Creating habitat maps 

There is no unified method for creating habitat maps. Methods and training are often 

provided in-house to ensure a standardised approach is maintained. Historically 

habitat maps were hand drawn and digitised in software packages such as CorelDRAW. 

However, technological advances in Geographic Information Systems (GIS) such as 

ESRI ArcGIS have revolutionised how map data is encapsulated into rasters of 

geospatially referenced information (Greene et al., 2005). A visible change in acoustic 

signal strength signifies a boundary separating two acoustic facies (Van Rein et al., 

2011; Lazăr et al., 2015). Boundaries are identified and traced by eye (Greene and 

Bizzarro, 2005; Rzhanov,et al., 2012) using polygon tools such as those available 

within ArcMap to manually trace around acoustic facies and classify habitats according 

to the available characteristic information of the seabed (Greene et al., 2005). Habitat 

mapping using AUVs. 

Literature regarding the deployment of AUVs as all-in-one tools for habitat mapping, 

or within confined environments such as sea lochs and fjords is not widely available. 

Whilst the reasons are not specifically stated, it is likely that conditions associated with 

seafloor mapping within confined environments have challenged this particular 

branch of research. Fjordic research has typically focussed on mapping glacial fronts 

(Lawson, et al., 2015; Howe et al., 2019). One survey was conducted for archaeological 

and biological purposes in Trondheim Fjord, Norway (Ludvigsen, et al., 2013) using a 

Hugin AUV and ROV to map wrecks and cold water corals. The AUV was deployed 

perpendicular to cold water coral reef and an ROV was utilised for sea-truthing. With 

the popularity of autonomous technology increasing and a growing demand on marine 
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resources and space there is pressing need to conduct research that identifies the 

effectiveness and limitations of AUVs as tools for producing benthic habitat maps, 

particularly in remote and potentially challenging locations where the greatest paucity 

in data exists.
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3.4. Methodologies 

3.4.1. Survey areas 

Habitat maps were produced for Huinay Bay and X-Huinay, Comau Fjord, Chilean 

Patagonia and Abbots Isle, Airds Bay, and Bonawe Deep in Loch Etive, Scotland. These 

sites are discussed in greater detail within Chapters 1 and 2 (See Figure 2.2). 

3.4.2. Habitat mapping  

All habitat maps were produced using ArcMap v.10.4. Data was imported to produce 

point shapefiles containing high order (Levels 3) and low order (Level 4-6) habitat 

classifications, faunal distribution and density, and sediment type. Bathymetry and 

Side Scan Sonar (SSS) mosaics were imported as TIFF files. The process of producing 

point shapefiles is displayed in the schematic, Figure 3.1. 

 

Figure 3.1: A schematic diagram highlighting the process for producing point shapefiles 

used in habitat mapping. 

The process for producing polygon shapefiles used to create the final maps of seafloor 

habitat and sediment are displayed in the schematic, Figure 3.2. 

All acoustic and point data were uploaded and visually analysed in ArcMap.  Manual 

digitisation was conducted by segmenting the data into polygons, drawn along the 

boundaries where the acoustic signal visibly changed, indicating a difference in 

sediment type, or where there were obvious areas of rock, boulders, and mixed 
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sediment visible in the SSS mosaics. Where classified point data was available, a 

polygon was defined with both a habitat and sediment type. Where polygon boundaries 

were identified and no images were available to verify the habitat type, sediments were 

classified as unverifiable. Historical data of Loch Etive was consulted following the 

production of the maps as to not bias the analyst’s interpretation of the seafloor 

features. 

 

Figure 3.2: A schematic diagram highlighting the process for conducting digitisation by 

hand. 

All modified MNCR habitat classification were displayed on the habitat maps of 

Huinay Bay and X-Huinay. Low order classifications (Level 4-6) for habitat maps of 

Loch Etive were displayed as point data to enabling further analysis without reducing 

the applicability and confidence in the habitat maps, as advised by Strong et al (2019). 

This was identified as the most appropriate way of displaying the results based on the 

qualitative and quantitative resolution of the available survey data (Strong et al., 2019). 
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3.5. Results 

3.5.1. Habitat maps-Comau Fjord 

Habitat maps are presented for Comau Fjord that feature hand drawn digitised broad-

scale and fine-scale habitat classifications (Figure 3.3 and Figure 3.4). Unverified 

sediments are interpreted from the acoustic data only. 

3.5.1.1. Huinay Bay 

Evident from the habitat map of Huinay Bay (Figure 3.3) is the presence of a 

depositional seabed, mainly comprised of mixed sediment (SS.SMx.CMx) and 

numerous thin channels of coarse (SS.SCS.CCS) and finer sediments (SS.SMu.CMu) 

with low bioturbation and higher detritus close to the river mouth, and increasing 

bioturbation and finer sediments away from the river mouth gradually turning into 

heavily bioturbated muddy habitat (SS.SMu.CMu.Bio). The peripheral areas of habitat 

map to the northwest and southeast are identified as mainly coarse and mixed 

sediment, bedrock, and boulders. The section of map missing to the west is the result 

of the AUV failing to track depth and maintain a true heading despite multiple re-

deployments. This was due to fast flowing water from the Llongcochaigua River 

moving across a deep, narrow channel visible on the ship’s echo sounder. 

3.5.1.2. X-Huinay 

At X-Huinay (Figure 3.4), three broad-scale habitat types are displayed: Rock, mixed 

sediment, and mud. The majority of the habitat map was assigned as hard or soft 

sediment, through analysis of the acoustic sonar data due to the limited coverage of 

AUV imagery. Where AUV imagery was available to sea-truth the acoustic 

interpretations, the habitats highlight the transition of rock surfaces (CR.LCR) 

interspaced with heavily bioturbated mud (SS.SMu.CMu.Bio) and mixed sediments 

indicative of an environment influenced heavily by down slope sediment processes. 

Distinctive bands of light and dark sonar were evident from the SSS, the light bands 

containing mixed hard substrate of boulders, cobbles, and gravel similar to the 

classified area of seabed~ SS.SMx.CMx. 



 

 

 

Figure 3.3: Habitat map of Huinay Bay. 



 

 

 

 Figure 3.4: Habitat map of X-Huinay. 
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3.5.2. Habitat maps-Loch Etive 

Habitat maps presented for Loch Etive (Figure 3.5-Figure 3.10) display manually 

digitised broad-scale habitats, and fine-scale habitat classifications displayed as point 

data. Three broadscale habitats were identified throughout the sites comprising of rock 

(CR.MCR), mud (SS.SMu.CMu), and mixed sediments (SS.SMx.CMx), along with 

unverified harder and softer sediments. 

3.5.2.1. Abbots Isle 

Evident in the broad-scale habitat map (Figure 3.5) is the predominance of mud 

(SS.SMu.CMu), large areas of mixed sediments (SS.SMx.CMx), and some rock 

(CR.MCR). The inclusion of low-order classification data (Figure 3.6) indicates that 

broad-scale mud habitat could be separated into muds (SS.SMu.SpnMeg), fine muds 

(SS.SMu.CFiMu.SpnMeg), and sandy muds (SS.SMu.CSaMu.VirOphPmax). 

Unverified harder and softer sediments are visible to the northwest and southeast of 

the surveyed area. 

3.5.2.2. Airds Bay 

Airds Bay consists of a homogenous broad-scale habitat (Figure 3.7) comprised of mud 

(SS.SMu.CMu). Two sediment features were observed in the acoustic data that were 

separated into harder and softer sediments. The inclusion of low-order classification 

data (Figure 3.8) highlighted differences in mud composition that separated mud 

(SS.SMu.CMu) into two mud biotopes (SS.SMu.CMu.SpnMeg and 

(SS.SMu.CMu.OphMeg), and a fine mud biotope (SS.SMu.CFiMu.SpnMeg). 

3.5.2.3. Bonawe Deep 

The broad-scale habitats at Bonawe Deep (Figure 3.9) consisted predominantly of mud 

(SS.SMu.CMu) in the central areas of the survey, with some mixed sediment 

(SS.SMx.CMx), and medium energy rock habitat (CR.MCR) present at the peripheries. 

The inclusion of low-order classification data (Figure 3.10) indicated that the 

predominant mud biotope was  SS.SMu.CMu.OphMeg. Unverified harder and softer 

sediments were also present. 
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Figure 3.5: Map of Abbots Isle displaying broad-scale habitat classifications. 
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Figure 3.6: Map of Abbots Isle displaying both broad-scale and fine-scale habitat 

classifications. 

 



 

 
 

 

Figure 3.7: Maps of Airds Bay displaying a) broad-scale habitat classifications, and b) interpretations of sediment hardness.   
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Figure 3.8: Map of Airds Bay displaying both broad-scale and fine-scale habitat 

classifications 

 



 

 

 

Figure 3.9- Map of Bonawe Deep displaying broad-scale habitat classifications. 



 

 

 

Figure 3.10: Map of Bonawe Deep displaying both broad-scale and fine-scale habitat classifications. 
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3.6. Discussion 

This study demonstrates that AUV derived data can be used to produce hand drawn 

habitat maps that provide an initial baseline interpretation of seabed habitats in areas 

where data is currently limited. The habitat maps produced at Huinay Bay and X- 

Huinay within Comau Fjord are the first graphical and digital interpretations of 

benthic habitats for that region. Habitat maps of Abbots Isle, Airds Bay and Bonawe 

Deep are the first digital representation of classified habitat within Loch Etive, that 

update habitat surveys conducted using SCUBA in 1994. It is hoped that these data will 

provide baseline information on habitats for marine managers to build upon. 

In general, all of the habitat maps corresponded well with geomorphological 

interpretations identified within the bathymetry and acoustic sonar (described in 

Chapter 2). The habitat map of Huinay Bay captures the dynamic nature and diversity 

of the site and how the complex geomorphology and riverine processes have influenced 

the seabed and formation of habitats. The terminus of Llongcochaigua River in the 

northwest region of the map is the source of high freshwater input, detritus and fluvial 

sediments washed down from the Andes. High terrigenous flow and freshwater input 

are linked to reduced species diversity due to the reduced availability and suitability of 

habitat i.e., increased detritus, turbidity and reduced salinity and subsequent food 

availability (Roy et al., 1998; Landaeta et al., 2012; Quiroga et al., 2016) . Therefore, 

the Llongcochaigua River is likely to influence the diversity and distribution of marine 

fauna at this site. The habitat map of X-Huinay displays the complex underwater 

topography and sediment structures of a steeply sloping wall, which has thus far 

received limited scientific research, due to the multitude of difficulties and limitations 

in obtaining data from vertical features. Within Loch Etive, the separation of low order 

mud classifications indicates how fine scale features of habitat are lost and map 

accuracy is potentially reduced due to the exclusion of biological information, 

particularly throughout the Abbots Isle habitat map. 

The maps were suitable for displaying the physical characteristics associated with 

habitats and can provide some indication to the communities of species that may be 

present at a sufficient resolution so that data paucity can be reduced. However, the lack 

of fine-scale data in these habitat maps reduces their usefulness for informing small-

scale marine management decisions. AUV derived habitat classifications are not 

enough to record the fine-scale biological associations particularly on coarse and mixed 

sediments. Nor can they provide the detail to display ecological association of 
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communities of species. For higher order maps to be effective it is identified that 

further ground truthing is required that are beyond the capabilities of an AUV, 

however, that does not mean that broad-scale habitat maps such as these do not have 

wide application. Andersen et al., (2018) identify rather thoroughly the practicalities 

and wide scale application of broad-scale marine habitat mapping defined as “marine 

landscape mapping” to support MPA assessments, and Strong et al., (2019) highlight 

that broader classifications have wider usability and promote greater end user 

application. Broader classification are more compatible when compared to other maps 

that have used a different classification system, therefore contributing further to 

national and international mapping efforts. Further, baseline maps such as these can 

be used to focus the efforts of dedicated, small-scale high-resolution surveys that tend 

to utilise equipment with expensive running costs such as Remote Operated Vehicles 

(ROVs) and Self-Contained Breathing Apparatus (SCUBA) divers. The sloping walls 

and overhanging features mapped at X-Huinay would benefit from fine-scale surveying 

to confirm the presence and extent of the cold-water coral Desmophyllum dianthus 

found throughout Comau Fjord. Whilst the deep waters within Loch Etive would 

benefit from further surveying to confirm the presence and abundance of the fireworks 

anemone (Pachycerianthus multiplicatus) across habitat classified as SS.SMu.CFi 

Mu.SpnMeg. 

The digitisation of historical maps and the inclusion of contemporary data is important 

for monitoring temporal change and improving the resolution of baseline habitat data. 

However, the production of digitised habitat maps by eye is subject to interpretation 

bias and yielded further difficulties when identifying discrete boundaries in the 

acoustic data, particularly on complex features. Overall, however, the maps produced 

here were highly comparable with data obtained from historical surveys of Loch Etive 

conducted by Gage, (1974); Holt et al., (1991) and Nickell et al., (2013), identifying that 

an AUV capable of collecting acoustic sonar and seabed imagery is a reliable tool for 

producing broad-scale habitat maps. 

3.7. Conclusions 

This study has identified the effective use and limitations of producing digitised, hand 

drawn habitat maps from AUV derived bathymetry and SSS. Specifically, this study has 

increased scientific understanding of marine habitats within Comau Fjord by 

producing baseline habitat maps and has improved the resolution of existing habitat 

data within Loch Etive. Overall, the data was at a sufficient resolution to be of use to 
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end users and could offer a solution to current challenges that prevent the global 

oceans and habitats from being mapped. AUVs such as this could therefore be deployed 

to effectively fill data gaps, by providing baseline data in remote global locations too 

hazardous for traditional mapping methods. 
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Chapter 4. Predictive Habitat Mapping 
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4.1. Rationale 

Chapter 3 demonstrated the capabilities of AUVs to successfully map seafloor habitats, 

which proved beneficial in conducting small-scale surveys in remote and challenging 

locations. However, globally, the marine environment is experiencing increased 

anthropogenic and natural pressures due to a changing climate and increased 

competition for natural resources and space (Halpern et al., 2008; Parravicini et al., 

2012). At the same time governments are setting targets to increase the area of marine 

protection for species and habitats, improve degraded seafloor habitats, and increase 

commercial fish stocks. This creates an urgent requirement for marine managers to 

produce full coverage seafloor habitat maps highlighting the extent and condition of 

all seabed habitats. 

Habitat mapping and the associated wide-scale ground truthing, conducted either by 

seabed imagery (as used here) or by traditional grab sampling methods 

(recommended), still accrues intensive costs in labour and time.  Predictive mapping 

is a relatively labour extensive automated classification technique for spatially 

extrapolating data to produce expansive broad-scale habitat information whilst 

utilising a low number of ground truth data points. The benefits of deploying AUV 

technology for mapping remote and challenging locations has been discussed 

extensively in Chapter 3, the next logical step is to identify the suitability of AUV 

derived data for producing predictive habitat maps. 

Whilst there are numerous predictive mapping methods available, this study will apply 

two popular techniques, which utilise both supervised and unsupervised methods of 

classification. The former is a ‘supervised predictive mapping’ method devised by 

Calvert et al., (2015). This method utilises the Maximum Likelihood Classification 

algorithm and Principal Component Analysis. The latter is an ‘unsupervised predictive 

mapping method’ devised by Le Bas, (2016). This method utilises a version of Object 

Based Image Analysis (OBIA) called Remote Sensor OBIA (RSOBIA). 

Both methods in this study utilise eleven variables, (bathymetry, side scan sonar, and 

nine bathymetric derivatives) obtained from the AUV data. Models are produced using 

the widely available geographic information system software ArcGIS (ESRI), enabling 

the straightforward creation of predictive habitat maps, potentially by non-expert 

stakeholders. This is beneficial for increasing the production of predictive maps in 

areas of need, improving current baseline knowledge, and understanding of the marine 



 

109 
 

environment, and for identifying target areas that require further fine-scale surveying 

and mapping. 

This chapter utilises the same broad-scale classification data from habitat maps 

produced in Chapter 3: 1) Huinay Bay and 2) X-Huinay, both in Comau Fjord, Chilean 

Patagonia, and 3) Abbots Isle and 4) Bonawe Deep, both in Loch Etive, Scotland. The 

outputs from this chapter include the first broad-scale predictive habitat maps for 

Chilean Patagonia and the first predictive habitat maps utilising a Teledyne Gavia 

Offshore Surveyor AUV. 

 

4.2. Introduction 

4.2.1. Predictive benthic habitat mapping 

Access to high-resolution seabed maps is fundamental to many aspects of marine 

management and marine based industries (Brown et al., 2011; Stephens and Diesing, 

2014; Porskamp et al., 2018), this is discussed in greater detail within Chapter 3. Large-

scale, full coverage mapping of the marine environment to its highest level is simply 

not feasible at present, due to the time and monetary costs required to conduct the data 

collection, or to process and produce the subsequent maps (Coggan et al., 2007; 

Andersen et al., 2018; Porskamp et al., 2018; Vassallo et al., 2018). This highlights the 

need for alternative and effective broad-scale mapping methods. Predictive benthic 

habitat mapping, hereafter referred to as predictive habitat mapping, is a widely used 

automated process of classifying benthic habitat. (Degraer et al., 2008; McGonigle et 

al., 2009; Brown et al., 2011; Stephens and Diesing, 2014; Calvert et al., 2015; 

Boswarva et al., 2018). The vast information from disparate arrays of marine biology, 

ecology, geology, hydrography, oceanography and geophysics is transformed into a 

simplified spatial representation of the seafloor in relation to its biological 

characteristics (Brown et al., 2011). Predictive habitat mapping is widely used by 

marine managers as it facilitates the large-scale collection of full coverage seabed data 

at relatively low cost, and relatively fast processing and production of seabed maps 

capable of categorising large areas of seabed to a high degree of accuracy (Davies et al., 

2001; NatureScot, 2014; Andersen et al., 2018). Predictive maps also provide a broad-

scale baseline from which further comprehensive investigations can be conducted, 

therefore maximising the time and cost effectiveness of survey effort (Van Rein et al., 

2009; Wynn et al., 2012; Boswarva et al., 2018). In recent years large scale predictive 
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habitat mapping projects such as MESH and EMODnet have been developed with the 

aim of reducing the data gap in our seafloor knowledge (Coggan et al., 2007; Calewaert 

et al., 2016), improving scientific understanding of baseline habitats (Coltman et al., 

2006; European Comission, 2015), and informing ecosystem-based management 

policies (Andersen et al., 2018). Improvements in classification techniques are further 

enabling the production of maps of higher quality and resolution, with studies 

identifying the capabilities of merging historical and contemporary datasets  (Degraer 

et al., 2008; McGonigle et al., 2009; Lecours et al., 2015; Boswarva et al., 2018). 

There are three broad categories of predictive habitat mapping: abiotic surrogate 

mapping, unsupervised classification and supervised classification (Brown et al., 

2011). 

4.2.1.1. Abiotic surrogate mapping 

Abiotic surrogate mapping uses abiotic variables to predict biological distributions. 

Typical abiotic factors include depth, mud fraction, sediment type, current velocity, 

distance from sources of freshwater, distance from ocean, fetch, sediment constituents, 

turbidity, salinity, and pH (Stevens and Connolly, 2004). Many abiotic variables are 

time varying e.g., currents, temperature, salinity, and pH, particularly in coastal 

habitats and can therefore be potentially difficult to deal with, whilst others such as 

sediment type are more temporarily fixed and may be easier to include in models. 

Abiotic similarity matrices are derived using Normalised Euclidean Distance. 

4.2.1.2. Unsupervised classification 

Unsupervised classification uses data clustering or pattern recognition. Habitat type is 

typically assigned based on the spatial co-occurrence of classified map pixels and 

ground-truth data. Unsupervised classification has traditionally been the most 

common method of producing benthic maps (Calvert et al., 2015).   The acoustic data 

are segmented before assigning a habitat type. The habitat is then assigned using data 

acquired from ground-truthing. This technique is also known as a “bottom up” 

approach (Eastwood et al., 2006) and often uses Iterative Self-Organising (ISO) cluster 

classifiers which are easy to implement using ISO Cluster algorithm in Arc GIS 10 

(Kostylev et al., 2001; Brown and Collier, 2008). Object Based Image Analysis (OBIA) 

is an alternative method, used for assigning classifications to high resolution data, 

whereby image regions (or shapes) are classified rather than individual pixels (Castilla 

and Hay, 2008). OBIA groups multiple pixels into meaningful shapes, which have the 

potential to define more complex spatial and hierarchical relationships between classes 
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than per-pixel based methods (Lang, 2008). The process involves two key steps, 

segmentation, and extraction/classification, with the accuracy of the latter highly 

dependent on the quality of the former (Su and Zhang, 2017). The segmentation 

process divides images into homogenous regions, but how this is conducted varies 

greatly in the literature (Hossain and Chen, 2019). Further, only a small percentage of 

these segmentation algorithms have been implemented or have tools/software 

available, and the majority target terrestrial features such as buildings, roads, and 

vegetation (Hossain and Chen, 2019). 

4.2.1.3. Remote Sensor Object Based Image Analysis 

Remote Sensor Object Based Image Analysis (RSOBIA) now renamed “Marine Tools” 

is an OBIA Toolbar compatible with ESRI ArcMap (https://www.oceanwise.eu/). It is 

designed for producing polygonised seafloor maps from raster imagery by integrating 

multiple, single-layered, high resolution acoustic data derived from backscatter/SSS, 

bathymetry and associated derivatives into a single multi-layered raster (Le Bas, 2016; 

Innangi, Tonielli, et al., 2019). The raster is then segmented into a series of 

polygons/classes using a k-means clustering algorithm and iterative elimination of 

outliers (Shepherd et al., 2019). Additional data can then be used to sea-truth the 

polygon classes. RSOBIA is beneficial for the fast analysis of multiple combined data 

layers, identifying acoustic facies and therefore removing the need for manual 

digitising.  RSOBIA has been used to support the production of habitat maps used to 

inform marine spatial planning within a number of MPAs (Blaschke, 2010; Angeletti 

et al., 2019; Innangi, Di Martino, et al., 2019; Innangi, Tonielli, et al., 2019). 

4.2.1.4. Supervised Classification  

Supervised Classification utilises acoustic data and their derivatives to produce class 

signatures, applying sea-truth data to identify or “train” similar regions in acoustic data 

where no sea-truthing data exists (Calvert et al., 2015), thus producing a full coverage 

and cost effective predictive habitat map (Che Hasan et al., 2014; Calvert et al., 2015). 

In this approach ground truth data are classified and then used to constrain the 

interpretation of the acoustic data (Calvert et al., 2015). This technique is also known 

as a “top down” approach (Eastwood et al., 2006). There are four main approaches to 

supervised classification identified in the literature: Quick, Unbiased, Efficient 

Statistical Tree (QUEST), Random Forest (RF), Support Vector Machine (SVM) and 

Maximum Likelihood Classification (MLC) (Che Hasan et al., 2012). 
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4.2.2. Supervised classification techniques 

Despite its wide uptake, literature comparing supervised classification techniques is 

limited. Che Hasan et al., (2014) classified angular backscatter collected from MBES 

and training data from underwater video to compare four of the main classifiers; Quick, 

Unbiased, Efficient Statistical Tree (QUEST), Random Forest (RF), Support Vector 

Machine (SVM) and Maximum Likelihood Classification (MLC). 

4.2.2.1. Quick, Unbiased, Efficient Statistical Tree 

A decision tree partitions data into subdivisions using tests defined at a branch or node 

in the tree (Friedl and Brodley, 1997). The QUEST method chooses unbiased variables, 

thus reducing over fitting experienced when using other common tree methods such 

as Classification and Regression Trees (CART) (Loh and Shin, 1997; Gray and Fan, 

2008). 

4.2.2.2. Random Forest 

Random Forest is an approach which uses multiple decision trees from a combination 

of tree predictors, where each depends on the value of a random and independently 

selected vector with the same distribution for all trees in the forest. Classes are 

predicted by the majority vote from multiple trees. This method can be applied in 

Matlab® (Breiman, 2001; Liaw and Wiener, 2002). 

4.2.2.3. Support Vector Machine 

SVM is a non-parametric theoretical approach. Training data are used to draw lines 

between two classes, known as a hyper plane. As many hyper planes may occur in high 

dimensional space, SVM searches for the optimal one (Vapnik, 1999). 

4.2.2.4. Maximum Likelihood Classification 

MLC is a widely applied pixel based parametric approach (Brown et al., 2005; Van 

Lancker and Foster-Smith, 2007; Ierodiaconou et al., 2011; Calvert et al., 2015; 

Boswarva et al., 2018) that calculates the probability that a given pixel belongs to a 

specific class and produces a grid of classes in the form of a raster thematic map 

(Ierodiaconou et al., 2011; Micallef, et al., 2012). The mean and covariance matrices 

for each class from training data are easy to implement using GIS packages (Calvert et 

al., 2015; Boswarva et al., 2018). The algorithm assumes a Gaussian distribution from 

the probability density function. Training data are used to estimate the probability of 

each class, and unknown samples are classified to the class that has the highest 

membership probability (Che Hasan et al., 2012). 
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4.2.3. Variable selection for Maximum Likelihood Classification 

Predictive habitat mapping utilising the MLC technique requires the selection of 

acoustically derived seabed data. A variety of acoustic sonar methods have been 

identified as suitable substitutes for direct-sampling over large spatial scales (Smith 

and McConnaughey, 2016). These include backscatter and bathymetric data from 

Multibeam echosounders (MBES), interferometric sonar (IS), single beam 

echosounders (ES) and side scan sonar (SSS).  Acoustic backscatter is widely regarded 

as a proxy for seafloor hardness and softness and is therefore used extensively in 

seafloor mapping studies (Brown et al., 2011). Advances in multi-spectral backscatter 

may further improve the habitat characterisation process, with Costa, (2019) 

identifying  that  multi-spectral backscatter can enhance the discrimination of both 

hard and soft seabed types by up to 17.4%. MBES is a preferable source of backscatter 

data as it provides high resolution, full coverage seafloor data of co-registered 

backscatter and bathymetry (Kenny et al., 2003; Le Bas and Huvenne, 2009). Moving 

from single beam to multi-beam backscatter has also been shown to improve the 

resolution of predictive habitat maps (Boswarva et al., 2018). SSS is considered to be a 

high resolution, high coverage and low cost habitat mapping option (Le Bas and 

Huvenne, 2009). Co-located and co-registered interferometric sonar systems produces 

high resolution side scan sonar and bathymetry, and can therefore be used to map 

depth and objects (Cochrane, 2008; Huff, 2008). This is advantageous for visually 

distinguishing substrate types in acoustic classes (Lazăr et al., 2015). Studies where 

bathymetry and backscatter are combined typically lead to more accurate habitat maps 

(Ierodiaconou et al., 2007; Brown and Blondel, 2009; Calvert et al., 2015). Calvert et 

al., (2015) compared predictive maps created from backscatter alone, backscatter 

combined with bathymetry and benthic derivatives, and bathymetry and derivatives 

alone. From their results it was evident that combining backscatter with bathymetry 

and bathymetric derivatives produced benthic maps with the greatest accuracy. 

4.2.4. Bathymetric Derivatives 

Surfaces derived from bathymetric data can be used to develop a broader picture of the 

topographic complexity and biological relevant units of the seabed (Brown et al., 2011; 

Costa and Battista, 2013). This includes, but is not restricted to, slope, orientation, 

curvature, terrain variability and complexity, and rugosity (Holmes et al., 2008; 

Mitchell, 2009; Brown et al., 2011; Ierodiaconou et al., 2011; Costa and Battista, 2013; 

Calvert et al., 2015). Derivatives such as aspect, slope, and rugosity can be used to 
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describe the seabed in terms of exposure to wave and current energy, sediment 

accretion, and seabed complexity respectively (Rattray et al., 2013).  While there are a 

multitude of covariates that can be obtained from bathymetric data, only the ones used 

in this study will be discussed further. 

4.2.4.1. Slope 

Slope is a first order derivative of bathymetry and relates to the angle at which the 

seafloor is sloping. Data typically translates as flat (0-1◦), sloping (1-30◦), steeply 

sloping (30-60◦), vertical (60-90◦), and overhanging (>90◦) (Greene and Bizzarro, 

2005). Slope is indicative of seabed morphology and is typically used as a habitat and 

species predictor (Galparsoro et al., 2009; Howell et al., 2011; Lauria et al., 2015). The 

resulting output shows the maximum rate of elevation change from each cell to the 

neighbouring cell (Lundblad et al., 2006; Micallef et al., 2012). 

4.2.4.2. Orientation (Aspect) 

Aspect identifies the direction of the steepest slope in degrees. This is data set specific 

so there is no standard threshold value for ‘steepness’. It is useful for describing the 

seabed in terms of exposure. Particularly in shallower sites, the position of the seabed 

in relation to swell and the extent to which sunlight is able to reach the seabed can 

influence biological communities (Lucieer et al., 2013).  Whilst in the deep sea, aspect 

was identified to be of least importance in predictive models conducted by Guinan et 

al., (2009) and Howell et al., (2011). Aspect can be used further to derive values of 

‘Direction’ in terms of Eastness and Northness as described below. 

4.2.4.3. Direction (Eastness and Northness) 

Eastness values reflect how much the aspect deviates from geographic 90◦ whilst 

northness values reflect how much the aspect deviates from magnetic North 0◦. Lucieer 

et al., (2013) recommend representing aspect as northness and eastness due to the 

difficulties GIS software has with calculating circular data. Direction converts the 

aspect data into a value between -1 and 1 where 1 represents perfect east or north and 

-1 represents perfect west or south (Calvert et al., 2015). The influence of small scale 

irregularities can then be reduced by running the data through a low pass filter (Wilson 

et al., 2007). 

4.2.4.4. Rugosity (Curvature and Profile Curvature) 

Rugosity is the roughness of the physical structure of the seafloor. It is a key element 

and indicator of benthic habitat complexity (Dunn and Halpin, 2009). Rugosity 
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involves using focal statistics to calculate the local variation of bathymetry value within 

a neighbourhood surrounding a central pixel (Wilson et al., 2007; Calvert et al., 2015). 

Calvert et al., (2015) derived curvature, profile curvature, Topographic Roughness 

Index (TRI) and Vector Ruggedness Measure (VRM) to represent rugosity. Curvature 

is a second order derivative of bathymetry i.e. the rate of change of the slope (Calvert 

et al., 2015).  The profile curvature is related to curvature but represents the change in 

slope gradient between adjacent cells (Micallef, et al., 2012), and measures the shape 

of the seabed in the steepest down slope direction (Wilson et al., 2007; Calvert et al., 

2015).  Measuring the profile curvature can help to highlight convex and concave slopes 

in bathymetry (Wilson et al., 2007; Holmes et al., 2008). 

4.2.4.5. Topographic Roughness Index 

Variations in seabed terrain are known to influence habitat and biological processes 

such as colonisation (Wilson et al., 2007). The Topographic Roughness Index (TRI), 

also know as the Terrain Ruggedness Index,  is a measure of surface complexity 

(Calvert et al., 2015) and local variation in seabed terrain around a central pixel. The 

value is calculated by comparing a central pixel with eight cells directly surrounding it, 

taking the absolute values of the differences and averaging the result (Riley et al., 1999; 

Valentine et al., 2005; Mitchell, 2009). 

4.2.4.6. Vector Ruggedness Measure 

The Vector Ruggedness Measure (VRM) is a physical measure of surface complexity 

which can influence benthic community compositions and biological interactions 

(Martín-García et al., 2013). VRM involves an integration of variation of slope and 

aspect to measure terrain ruggedness as the variation in three-dimensional orientation 

of grid cells within a neighbourhood (Calvert et al., 2015; Walbridge et al., 2018). It is 

often used in predictive mapping in addition to the roughness measurement as 

ruggedness is less correlated to slope than other measures since it is not derived from 

slope (Sappington et al., 2007; Calvert et al., 2015). This helps to provide a more 

unique variable for analysis compared to roughness alone (Calvert et al., 2015). 

4.2.4.7. Relative Position (Bathymetric Position Index) 

The Bathymetric Position Index (BPI) is a widely utilised second order derivative of 

bathymetry (Diesing et al., 2016) derived from the first order derivative slope and is 

based on the Topographic Position Index as defined in Weiss, (2001) (Lundblad et al., 

2006; Erdey-Heydorn, 2008). The index measures where a georeferenced location 

with a defined elevation is relative to the overall landscape (Van Lancker and Foster-
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Smith, 2007; Erdey-Heydorn, 2008; Angeletti et al., 2019). It evaluates elevation 

difference between the focal point and the mean elevation of surrounding cells within 

a user defined rectangle, annulus or circle (Erdey-Heydorn, 2008). A negative BPI 

value represents areas lower than the nearest neighbour suggesting a valley or trough. 

A ridge or crest is shown by a positive BPI value whilst flat areas have BPI values near 

zero (Erdey-Heydorn, 2008; Micallef et al., 2012). BPI has been identified as a useful 

proxy for differentiating rock from sediment which tends to have a flatter profile 

(Diesing et al., 2014). 

4.2.5. Principal Component Analysis 

Principal component analysis (PCA) is a commonly applied technique in predictive 

mapping (Amiri-Simkooei et al., 2011; Diesing et al., 2016). PCA reduces the number 

of dimensions used in data analysis by transforming a number of different, but 

potentially correlated, variables into a smaller number of uncorrelated variables called 

principal components (Amiri-Simkooei et al., 2011). In doing so, it condenses the 

information content in a stack of features into the first few bands.  This allows for 

simplification of analysis by removing highly correlated information (Van Lancker and 

Foster-Smith, 2007; Costa and Battista, 2013). The order of the principal components 

is based on the amount of variation of the data they represent (Amiri-Simkooei et al., 

2011). The first three principal components typically explain the greatest variation in 

the data. Using bathymetric data, derivatives and backscatter, the layers are used to 

create a multiband raster where the bands correspond to the principal components 

that uniquely describe the variance in the data (Calvert et al., 2015). The output 

produced has corresponding eigenvalues for quantification. The eigenvalue associated 

with each principal component give an indication of the amount of variation in the data 

that can be explained by that particular principal component.  The smallest eigenvalues 

correspond to the least variation and can be excluded from the analysis while losing 

little influential data (Amiri-Simkooei et al., 2011). 

PCA conducted in ArcGIS produces a compressed multiband raster containing over 

95% of the described variance, this speeds up computational time by eliminating 

redundancy whilst retaining accuracy (Richards and Richards, 1986; Campbell, 1987; 

Jensen and Lulla, 1987; Lillesand and Kiefer, 2015). The risk of using PCA however is 

that it may discard useful information and has the potential to distort data in unknown. 
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4.2.6. Sea-truthing 

Sea-truthing (also termed ground truthing) is the collection of habitat data using direct 

observation techniques. Such direct techniques may include the collection of seabed 

samples using grabs followed by taxonomic analysis, drop-down or towed still or 

moving videography, direct observations by divers or from submersibles etc. These 

data are required for the classification of signature files (training dataset) and model 

validation (testing of accuracy). In order to predict habitat, distinctive characteristics 

in the acoustic data need to be linked to characteristics from the sea-truth data (Clark 

et al., 2008; Brown et al., 2011). It is important that sea-truthing covers as wide a 

variety of habitats and biotopes in an area as possible in order that the habitats are 

mapped with a moderate to high degree of confidence (Mitchell, 2009). Classified data 

are typically separated in to training data to generate signature files, and validation 

data, to test the accuracy of the predicted map. 

4.2.7. Creating Signature Files 

A signature file is a subset of cells which represent a class or cluster. Classification 

signature files store multivariate statistics, including mean, variance and covariance 

(Micallef., et al., 2012).  In supervised classification signature files can be produced 

from a training dataset (sea-truthed habitat classifications) and a corresponding PCA 

raster (Droj, 2007). The signature file is essential in the clustering and classification of 

the remaining un sea-truthed cells. Signature development incorporates small buffers 

around sea-truth points, in doing it assumes that the associated habitat within that 

buffer is the same as classified data entry (Brown et al., 2005). Overlapping habitat 

classes caused by large buffers or close sea-truth points can be problematic. 

Heterogenous seabed and the boundaries between habitat classes are particularly 

difficult to classify (Brown et al., 2005). 

4.2.8. Habitat map accuracy statistics 

For users to have confidence in the outputs of predictive habitat mapping, the resulting 

habitat maps require validation to assess the accuracy of the predictions. Class 

accuracy is obtained by assessing the percentage of correct predictions in a correlation 

matrix comparing the prediction with independent direct observations. Typically, a 

proportion of the data are withheld from the training dataset used to create the 

signature files. However, there is no advised standard as to the amount of data that 
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belongs in each category, with studies retaining 10-30% of classified data for validation  

(Kostylev et al., 2001; Che Hasan et al., 2012; Copeland et al., 2013; Calvert et al., 2015; 

Boswarva et al., 2018). Ideally, random stratified sampling should be used to ensure 

all classifications are evenly represented in both the training and validation (Calvert et 

al., 2015) and every class has an equal chance of selection (Durden et al., 2016). Of the 

four supervised classification methods compared by Che Hasan et al., (2012), SVM and 

RF displayed highest accuracies, followed by QUEST and MLC respectively. 

Cohen’s Kappa (Cohen, 1960) is a widely applied discrete multivariate technique for 

assessing the accuracy of habitat mapping predictions (Foody, 2004; Smith and 

McConnaughey, 2016; Porskamp et al., 2018). Cohen’s Kappa  measures the degree of 

agreement between variables above that expected by chance alone (Lucieer et al., 2013)  

Taken over the whole predictive map, the value is interpreted to identify the level of 

agreement and percentage of reliable data, the differences in interpretation of Cohens 

Kappa are displayed together in Table 4.1. Despite its common application, drawbacks 

of reporting accuracy assessments in purely numeric terms has been identified (Foody, 

2004; Calvert et al., 2015), particularly when using the statistic to compare habitat 

maps, or identify where error is occurring (Diesing et al., 2016). Where two or more 

maps are compared, Pontius and Millones, (2011) recommend that two measures of 

disagreement; quantity disagreement and allocation disagreement are used. They 

further advise that the summary statistics computed for map comparison are based on 

an unbiased estimate of the population matrix. 

Table 4.1. Interpretation of Cohen’s Kappa using different agreement classifications from 

Altman, 1991*; McHugh, 2012** 

Value of Kappa Level of 

agreement** 

Agreement * % data that are 

reliable** 

0-.20 None Poor 0-4% 

.20-39 Minimal Fair 4-15% 

.40-.59 Weak Moderate 15-35% 

.60-.79 Moderate Good 35-63% 

.80-.90 Strong Very good 64-81% 

Above .90 Almost Perfect Very good 82-100% 
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4.2.9. Robotics and predictive mapping 

AUVs have been repeatedly proposed as a key tool in the future of benthic habitat 

mapping (Wynn et al., 2012, 2014; Monk et al., 2018). AUVs can be deployed at water 

depths ranging from 30-6000 m, can operate for extensive mission lengths ranging 

from hours to days, and can collect high resolution full coverage acoustic sonar and 

georeferenced imagery, due to operating meters from the seabed (Mayer, 2006; 

Williams et al., 2010b). However, research developing their application and instances 

where the technology has been taken up by marine managers as complete tools for 

habitat mapping are limited in literature. Pizarro et al., (2013) identified some of the 

benefits and challenges associated with AUV derived benthic monitoring during a 3-

year benthic observing program. The benefits included extensive data collection for 

semi-automated analysis, clustering, and classification, whilst pixel land patch level 

detection was challenging for observing changes in habitat over time. 

Even when AUVs have been used to collect acoustic data, most studies have retained 

traditional sea-truthing methods, even though AUV based photography can produce 

robust data for ecological research (Benoist et al., 2019). Pierdomenico et al., (2015) 

utilised an AUV with a mounted MBES in order to produce benthic habitat maps, 

however, sediment ground truthing was conducted using separate towed video arrays. 

Lucieer et al., (2011) and Ierodiaconou et al., (2018) coupled historical MBES with 

AUV imagery in order to predict substrate types. Raineault et al., (2012) mounted a 

900kHz SSS and 500kHz Geoswath on to a Teledyne Gavia AUV and classified the 

seafloor based on acoustic characterises and biological ground-truth samples obtained 

from ROV and grab samples. This is particularly true with difficult to assign biotopes 

such as mixed habitats unclassified by standard classification systems (Benoist et al., 

2019). 

The suitability of AUVs  as all-round mapping tools remains debatable, Galparsoro et 

al., (2012) questioned the suitability of visual based classifications and the sampling 

units used for photographic assessment. Also, vessel mounted sonar equipment is 

advantageous for obtaining real-time data, meaning ineffective transects are 

immediately identified and repeated, whilst the output of remote sensing data is 

unknown until the vessel is recovered and the data downloaded at the end of a mission. 

This chapter aims to provide further evidence on the effectiveness of AUVs as an all-

round mapping tool and to reduce the paucity in literature. This will be achieved by 



 

120 
 

utilising AUV derived acoustic sonar and benthic imagery for sea-truthing and the 

production of predictive habitat maps. 

 

4.3. Methodologies 

4.3.1. Survey areas  

Predictive mapping was conducted at four sites; Huinay Bay and X-Huinay in Comau 

Fjord, Chilean Patagonia, and Abbots Isle and Bonawe Deep in Loch Etive, Scotland 

(Section 2.2). All data acquisition processing and interpretation were conducted and 

discussed within Chapter 2. Huinay Bay is used as a representative example to display 

all intermediate outputs of the predictive mapping process. 

4.4. Method 1: Supervised Classification 

The supervised classification technique; Maximum Likelihood Classification (MLC) 

(Calvert et al., 2015; Boswarva et al., 2018) was used to produce predictive habitat 

maps in Arc GIS version 10.4 with the Spatial Analyst and Benthic Terrain Modeller 

extensions. This method required four main steps; 1. Obtain bathymetric derivatives; 

2. Conduct Principal Component Analysis (PCA); 3. Obtain classified habitat data and 

create signature files; 4. Combine data and run MLC. Initially, 90% of the data was 

used to produce the predictive maps and 10% was used to validate the output map. 

Further models were run separating the data into 80:20% and 70:30% training: 

validation to explore how reducing the training dataset and increasing the validation 

data  affected prediction accuracy. 

Bathymetry and SSS data were exported from Caris HIPS and SIPS v9.1 as BAG and 

TIFF files respectively and imported into ArcMap for further processing. BAG files 

were firstly converted to TIFF using Arc Catalogue. The resolution of the SSS was 

reduced to 2 m using the “Resample “ tool in Spatial Analyst.  
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Eight bathymetric derivatives as used by Calvert et al., (2015) were extracted from the 

bathymetry data. The bathymetry, side scan sonar and bathymetric derivatives were 

standardised, and stretch transformed. Standardisation transforms variables into 

more analytically useful forms in order to prevent misinterpretation, whilst stretching 

improves the appearance of the data by spreading the pixel values along a histogram 

from the minimum to the maximum values. The methodologies are displayed in the 

following schematic diagrams along with an example output. 
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4.4.1. Slope 

 

 

4.4.2. Orientation 
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4.4.3. Direction 

 

 

 

 

A “low pass filter” was selected in order to smooth directional data and improve the 

quality of a raster image by removing overlapping neighbourhood statistics. This 

reduces local variation and removes noise by calculating the mean value for each 3x3 

neighbourhood, thus reducing extreme data values. 
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4.4.4. Curvature and Profile curvature 

 

 

 

 

Rugosity (Topographic Roughness Index) 
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The difference is calculated using the following equation in the “map Algebra” function 

of “Raster Calculator” squareroot(Abs((Square”MAX”)-Square(“MIN”))). This 

equation produces a raster displaying the TRI,  which is the local variation in seabed 

terrain around the central pixel of eight neighbouring cells. 

 

 

 

 

The “Benthic Terrain Modeller” extension was used to calculate the relative position 

and ruggedness derivatives. 
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4.4.5. Relative position (Bathymetric Position Index) 

 

A fine scale BPI was chosen in order to identify smaller benthic terrain features. The 

radius was set to inner 1 and outer 5 in order to produce a neighbourhood size with a 

BPI scale factor of 10. 

 

4.4.6. Ruggedness (Vector Ruggedness Measure) 

 

The neighbourhood size was set to 5 m in order to create a neighbourhood scale of 10. 
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The “Geomorphometry and gradients metrics” toolbox version 2.0 was used to perform 

standardize and stretch transformations. 

4.4.7. Standardise data 

 

 

4.4.8. Stretch transformation  
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4.4.9. Principle Component Analysis 

 

All bathymetric derivatives, bathymetry and SSS shapefiles were selected as input 

bands for the PCA.  The resulting output produced a multiband raster of the first three 

principal components and a statistics text file, containing the covariance matrix, 

correlation matrix, eigenvalues and the percent of accumulative eigenvalues. An 

example output for Huinay Bay is displayed in Table 4.2. 

Table 4.2: The percent and accumulative eigenvalues for Huinay Bay   

 

 

The table indicates that 79.1% of the variance in the data is associated with the first 

three principal component layers. 

 

4.4.10. Habitat classification data 

A random stratified sampling was conducted to partition the broad-scale sea-truth data 

from each survey area produced in Chapter 3 in to training and validation datasets. 

Each dataset was converted from point data into rasters with a 1 m (all survey areas) 
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and 5 m buffer size (Bonawe Deep only). Converting point data to rasters, as conducted 

by Calvert et al., (2015) and Andrews, (2003) enables greater control over the 

assignment of cell values when more than one feature is present in an output cell, with 

the output cell size exhibiting the size of each pixel within an output dataset. 

 

4.4.11. Signature Files 

Signature files were created from the sea-truthing raster and the PCA multiband raster.
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4.4.12. Maximum Likelihood 

Maximum Likelihood Classification was conducted by combining the multiband PCA 

raster with the signature file. 

 

 

Figure 4.1: Predictive habitat map of Huinay Bay. 

4.4.13. Map accuracy assessments 

The output from the MLC and the validation raster were combined to produce a 

confusion matrix. 
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The resulting confusion matrix calculated for Huinay Bay is displayed in Table 4.3: 

Confusion matrix for Huinay Bay 

Table 4.3: Confusion matrix for Huinay Bay 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.LCR SS.SCS.CCS SS.SMu.CMu SS.SMx.CMx 

SS.SCS.CCS 0.5 5.5 16.5 77.5 

SS.SMu.CMu 3.5 0.5 55.5 40.5 

SS.SMx.CMx 0.5 0.5 26.5 73.5 

 

The confusion matrix highlights that 5.5 % of circalittoral coarse sediment, 55.5 % of 

circalittoral mud, and 73.5 % of circalittoral mixed sediment were predicted correctly. 

Coarse sediments were most commonly misclassified in the model as mixed sediments. 

 

4.4.14. Cohen’s Kappa 

Cohen’s Kappa was calculated from the confusion matrix in order to summarise the 

map agreement. 

κ =
Pr(𝑎) − Pr(𝑒)

1 − Pr(𝑒)
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Where Pr(a) represents the actual observed agreement, and Pr(e) represents chance 

agreement. Chance agreement is how much agreement is expected by chance alone. It 

is calculated by summing the total % due to chance. The probability of a classification 

selected due to chance was calculated by dividing the total %age by the sum of %ages 

and multiplying by the sum of 100 divided by the sum of %ages. 

The resulting Cohen’s Kappa scores calculated for Huinay Bay are displayed in Table 

4.4. 

Table 4.4. Cohens Kappa and subsequent interpretations for Huinay Bay 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that are 

reliable 

Huinay Bay 0.37   Minimal   Fair 4-15% 

 

4.5. Data and Results of all surveyed areas 

The following displays the resulting MLC output maps, confusion matrices and Cohen’s 

Kappa scores for each of the surveyed areas in turn. 
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4.5.1. X-Huinay 

 

Figure 4.2: Predictive habitat map of X-Huinay. 
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The model has predicted the occurrence of three habitats, predominantly circalittoral 

mud (SS.SMu.CMu). Visible in the model output is the influence of along-track 

features from the SSS which has influenced in particular the prediction of low energy 

rock habitat (Cr.LCR). 

 

Table 4.5: Confusion matrix for X-Huinay 

 %age of Broadscale Habitat Predicted 

Broadscale Habitat CR.LCR SS.SMu.CMu 

CR.LCR 100 0 

SS.SMu.CMu 0 100 

 

Table 4.6: Cohens Kappa and subsequent interpretations for each confusion matrix 

Site Cohen’s 

Kappa 

  Level of 

agreement 

(McHugh) 

  Agreement 

(Altman) 

% data 

that are 

reliable 

X-Huinay 1   Almost Perfect   Very good 82-100% 

 

The confusion matrix and Cohen’s Kappa highlights that 100% of circalittoral low 

energy rock and circalittoral mud were predicted correctly.  However not enough sea-

truth data was available to validate pixels classified as mixed sediment. Therefore, 

caution should be taken with accuracy assessments made on this model as they are 

based on an overall low number of validation points. 



 

 
 

4.5.2. Abbots Isle 

 

Figure 4.3: Predictive habitat map of Abbots Isle. 
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The model has predicted the occurrence of three habitats, predominantly circalittoral 

mud (SS.SMu.CMu) and circalittoral mixed (SS.SMx.CMx). Visible in the model output 

is the influence of along-track features from the SSS which has influenced in particular 

the prediction of circalittoral mixed sediment. 

 

Table 4.7: Confusion Matrix for Abbots Isle 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.MCR SS.SMu.CMu SS.SMx.CMx 

SS.SMu.CMu 0 93.5 6.5 

SS.SMx.CMx 4.5 75.5 20.5 

 

The confusion matrix highlights that 93.5% of circalittoral mud and 20.5% of 

circalittoral mixed sediment were predicted correctly. 

Table 4.8: Cohens Kappa and subsequent interpretations for Abbots Isle 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that are 

reliable 

Abbots Isle 0.43   Weak   Moderate 15-35% 

 

4.5.3. Bonawe Deep 

Several iterative MLC predictive maps were produced of Bonawe Deep to identify how 

a change in inputs can impact the final outputs including the confidence matrices and 

Cohen’s Kappa scores. Firstly, maps were produced using the SSS in it’s original format 

(Version 1), then the SSS was further processed to reduce the impact of an acoustic 

anomaly in the southwest portion of the survey (Version 2), and then the MLC was run 

without the SSS data layer included in the PCA (Version 3). 
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4.5.3.1. Version 1 

 

Figure 4.4: Predictive habitat map of Bonawe Deep incorporating SSS. version 1 

 

The model has predicted the occurrence of two habitats, comprised predominantly of 

circalittoral mud (SS.SMu.CMu). Visually there is apparent along-track features 

influencing the model output, particularly the classification of mud habitat. 

Table 4.9: Confusion Matrix 1 for Bonawe Deep 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.MCR SS.SMu.CMu SS.SMx.CMx 

SS.SMu.CMu 0.5 92.5 7.5 

SS.SMx.CMx 7.5 28.5 64.5 

 

92.5% of circalittoral mud and 64.5% of circalittoral mixed sediment were predicted 

correctly. All identified rock habitat was incorrectly classified as mixed sediment. 
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4.5.3.2. Version 2 

 

 Figure 4.5: Predictive habitat map of Bonawe Deep incorporating SSS version 2. 

 

Again, the model has predicted the occurrence of two habitats, comprised 

predominantly of circalittoral mud (SS.SMu.CMu). Along track features associated 

with the SSS are notably reduced in this model output. 

 

Table 4.10: Confusion Matrix 2 for Bonawe Deep 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.MCR SS.SMu.CMu SS.SMx.CMx 

SS.SMu.CMu 0.5 91.5 8.5 

SS.SMx.CMx 4.5 54.5 40.5 

 

91.5 % of circalittoral mud, and 40.5 % of circalittoral mixed sediment were predicted 

correctly. All identified rock habitat was incorrectly classified as mixed sediment. 
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4.5.3.3. Version 3 

 

Figure 4.6: Predictive habitat map of Bonawe Deep omitting SSS. 

 

This model output is notably free from along track features associated with the SSS. 

 

Table 4.11: Confusion Matrix 3 for Bonawe Deep 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.MCR SS.SMu.CMu SS.SMx.CMx 

SS.SMu.CMu 0.5 93.5 6.5 

SS.SMx.CMx 7.5 45.5 50.5 

 

93.5 % of circalittoral mud and 50.5 % of circalittoral mixed sediment were predicted 

correctly. 
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Table 4.12. Cohens Kappa and subsequent interpretations for each confusion matrix 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that 

are 

reliable 

Bonawe Deep 1 0.71   Moderate   Good 35-63% 

Bonawe Deep 2 0.55   Weak   Moderate 15-35% 

Bonawe Deep 3 0.63   Moderate   Good 35-63% 

 

A comparision of the confusion matrices and Cohen’s Kappa scores for the three 

models indicates that Bonawe Deep Version 1 is the most accurate model. All versions 

of the model displayed similar %ages of correctly classified mud habitat, ranging from 

91.5%-93.5%. However there was a larger disparity in the %age of correctly classified 

mixed sediment habitat (40.5-64.5%) and none of the models were capable of correctly 

predicting rock habitat. Visually, the omission of SSS in Bonawe Deep Version 3 has 

reduced the prevalence of along track influence in the model output. 

 

4.5.3.4. Buffer size manipulation 

In order to identity how the training dataset could manipulate the model output, a 

predictive habitat map (Figure 4.19) was produced using the results from Table 4.12  to 

select the version with the highest Cohen’s Kappa score (Bonawe Deep Version 1). The 

buffer size of the training data was increased from 1 m to 5 m and all overlapping data 

points were removed. The results are displayed in Figure 4.7. And tables 4.13 and 4.14. 
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Figure 4.7: Predictive habitat map of Bonawe Deep version 1 incorporating a buffer size 

of 5 m. 

The model has predicted the occurrence of three habitats, comprised predominantly of 

circalittoral mud (SS.SMu.CMu). The increase in buffer size had a notable impact on 

the inclusion of rock habitat.  

Table 4.13: Confusion Matrix 3.1 for Bonawe Deep with a 5 m buffer around training data 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.MCR SS.SMu.CMu SS.SMx.CMx 

CR.MCR 100 0 0 

SS.SMu.CMu 0 89.5 10.5 

SS.SMx.CMx 3.5 54.5 41.5 

 

Increasing the buffer size from 1 m to 5 m increased the % age of correctly classified 

rock habitat whilst reducing the % age of correctly classified mud and mixed sediments 

from 93.5 % to 89.5% and 50.5% to 41.5%. 
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Table 4.14. Cohens Kappa and subsequent interpretations for confusion matrix 3.1 for 

Bonawe Deep with a 5 m buffer around training data 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that are 

reliable 

Bonawe Deep 

1.1 
0.74   Moderate   Good 35-63% 

 

The Cohens Kappa statistic increased slightly from 0.71 to 0.74 but remains at a 

moderate /good level of agreement. 

Two further models were run from Bonawe Deep version 1, to identify how a reduction 

in available training data may affect the model output. Mud classifications were 

reduced in the first model run and rock classifications were then removed in the second 

model run. 

4.5.3.5. Reduction in mud classifications 

 

Figure 4.8: Predictive habitat map of Bonawe Deep version 1 incorporating a reduction 

in mud classification data. 
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Table 4.15: Confusion Matrix 3.2 for Bonawe Deep with reduced mud classifications 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

SS.SMu.CMu SS.SMx.CMx CR.MCR  

SS.SMx.CMx 11.5 82.5 5.5 

SS.SMu.CMu  90.5 9.5 0 

 

90.5% of circalittoral mud, 82.5% of circalittoral mixed sediment were predicted 

correctly. 

Table 4.16. Cohens Kappa and subsequent interpretations for confusion Matrix 3.2 for 

Bonawe Deep with reduced mud classifications 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that are 

reliable 

Bonawe 

Deep 1.2 
0.82   Strong   Very good 64-81% 

 

Reducing the amount of mud training and validation data points reduced the %age 

of correctly classified mud habitat from 92.5% to 90.5% and increased the %age of 

correctly classified mixed sediments from 64.5% to 82.5%. The Cohen’s Kappa 

statistic increased from moderate/good (0.71) to strong/very good (0.82). 
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4.5.3.6. Removal of rock 

 

Figure 4.9: Predictive habitat map of Bonawe Deep version 1 incorporating a reduction in 

mud classification and removal of  rock classifications. 

 

Table 4.17: Confusion Matrix 3.3 for Bonawe Deep with reduced mud and no rock 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

SS.SMu.CMu SS.SMx.CMx 

SS.SMu.CMu 90.5 9.5 

SS.SMx.CMx 17.5 82.5 

 

90.5% of circalittoral mud and 82.5% of circalittoral mixed sediment were predicted 

correctly. 
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Table 4.18: Cohen’s Kappa 3 for Bonawe Deep 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that are 

reliable 

Bonawe Deep 

1.2 
0.82   Strong   Very good 64-81% 

Bonawe Deep 

1.3 
0.82   Strong   Very good 64-81% 

 

The inclusion and removal of rock classifications appeared to have no influence on the 

model output, with the Cohens Kappa score maintaining a strong/very good level of 

agreement. 

4.5.3.7. Training and validation manipulation 

Finally. two models were run to identify how the ratio of training and validation points 

may affect the model output. A stratified random sample of 80:20 and 70:30 was 

conducted, and the outputs are displayed in Figure 4.10 and Figure 4.11 respectively. 

 

Figure 4.10: Predictive habitat map of Bonawe Deep 1.4 incorporating a 80:20 ratio of 

data points. 
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Table 4.19: Confusion Matrix 3.3 for Bonawe Deep 1.4 with 80:20 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

SS.SMu.CMu SS.SMx.CMx 

SS.SMu.CMu 96.5 3.5 

SS.SMx.CMx 42.5 57.5 

 

96.5% of circalittoral mud and 57.5% of circalittoral mixed sediment were predicted 

correctly. 

 

Figure 4.11: Predictive habitat map of Bonawe Deep 1.5 incorporating a 70:30 ratio of data 

points. 
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Table 4.20: Confusion Matrix 3.3 for Bonawe Deep 1.5 with 70:30 

 %age of Broadscale Habitat Predicted 

Broadscale 

Habitat 

CR.MCR SS.SMu.CMu SS.SMx.CMx 

CR.MCR 0 0 0 

SS.SMu.CMu 0.5 96.5 3.5 

SS.SMx.CMx 1.5 43.5 54.5 

 

96.5% of circalittoral mud and 54.5% of circalittoral mixed sediment were predicted 

correctly. 

Table 4.21. Cohen’s Kappa 3 for and Confusion Matrix 3.3 for Bonawe Deep 1.4 and 1.5 

Site 
Cohen’s 

Kappa 
  

Level of 

agreement 

(McHugh) 

  
Agreement 

(Altman) 

% data 

that are 

reliable 

Bonawe Deep 

1.4 
0.69   Moderate   Good 35-63% 

Bonawe Deep 

1.5 
0.67   Moderate   Good 35-63% 

 

Reducing the amount of training data and increasing the amount of validation data had 

an overall negative impact on the model outputs. Model accuracy was reduced from 

0.71 to 0.67. The %age of correctly predicted mud habitat increased from 92.5% to 

96.5% however the %age of correctly classified mixed sediments reduced from 64.5% 

to 57.5%. 



 

 

4.5.4. . Comparison between predictive maps and habitat maps 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: A predictive habitat map of Abbots Isle (A) compared with the habitat map produced in Chapter 3 (B)

56◦27’30” N 

56◦27’30”N 

A 
B 
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Figure 4.13: A predictive habitat map of Bonawe Deep (A) compared with the habitat map 

produced in Chapter 3 (B). 

In both cases the predictive maps capture the distinctive topographic features of the 

hand drawn habitat maps. However, a greater level of detail is evidently captured in 

the hand drawn maps in particular the expanse of rock habitats but also, the 

distribution of mixed sediment habitat is greatly reduced in both predictive maps. 

A 

B 

56◦27’0”N 
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Along-track features are also evident in the predictive maps where the acoustic nadir 

of the SSS is apparent, particularly throughout the Abbots Isle predictive map. 

4.6. Discussion 

The resulting maps demonstrate the degree to which AUV collected data can be used 

on its own for producing broad-scale predictive habitat maps of the seafloor, utilising 

the Maximum Likelihood supervised classification algorithm and the MNCR habitat 

classification scheme in ArcGIS. The maps all display varying degrees of accuracy as 

indicated in the confusion matrices and resulting Cohen’s Kappa results. Map 

agreement according to Altman, (1991) ranged from “Weak” (Abbots Isle and Bonawe 

Deep version 2) to “Strong” (Bonawe Deep version 1.2 and 1.3). Despite their seemingly 

varied reliability of between 37-82%, it is not uncommon in predictive mapping 

literature to observe Kappa scores similar to those displayed here (Lucieer et al., 2013; 

Diesing et al., 2014; Stephens and Diesing, 2014; Smith and McConnaughey, 2016). It 

is worth highlighting that these are stand-alone maps and Cohen’s Kappa scores are 

not comparable with each other, other than Bonawe Deep where multiple runs were 

conducted on the same derivatives. The aim of this research was not to produce maps 

of the highest quality, but to identify if, and how, broad-scale predictive maps could be 

produced from AUV data using known methods that are readily available to marine 

managers. For all maps produced in Loch Etive, the percentage of circalittoral mud 

(SS.SMu.CMu) correctly classified was high (90.5% to 96.5%), whilst the percentage of 

circalittoral mixed sediment (SS.SMx.CMx) was much lower (20.5% to 82.5%). The 

majority of miss-classified mixed sediment was classified as mud. The difficulties 

associated with correctly classifying mixed sediment habitats are well known 

(Galparsoro, David W Connor, et al., 2012; Calvert et al., 2015; Benoist et al., 2019; 

Strong et al., 2019). Circalittoral mixed sediment covers a wide range of strata; well 

mixed muddy gravel, poorly sorted shell mosaics, cobbles and pebbles lying on mud 

and sand, therefore visually, are classified as mixed sediments whilst displaying very 

differing acoustic signatures (Calvert et al., 2015). However, three further possibilities 

for the misclassification of mixed sediment were identified. 1. The effect of buffer size 

on the training set. 2. The ratio of mud to mixed sediment sea-truth data points in the 

training set, and 3. The percentage of data used in the accuracy assessment. These 

hypotheses were tested on Bonawe Deep version 3 data as the variables used in this 

predictive map displayed the greatest accuracy and are discussed further below. 
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Placing a buffer around a data point creates a representative area of habitat type, with 

habitat classified based on the average cell values rather than on a single point (Davies, 

1999; Foster-Smith, 1999) and therefore the size of the buffer set around each the data 

point has the potential to influence the outcome of the final classified map (Brown et 

al., 2005). This study initially used a 1 m linear distance buffer due to the abundance 

of classified sea-truth data points, and to limit overlap (Brown et al., 2005). However, 

Boswarva et al., (2018) adopted a 10 m linear buffer around each training data point 

due to a sparsity of sea-truth points. In order to test whether the buffer size of 1 m was 

affecting the resulting map accuracy the MLC was re-run with a buffer size of 5 m 

around each training data point. All subsequent overlapping data points were removed. 

The resulting map displayed a Cohen’s Kappa of 0.74, a slight improvement from the 

original map. The percentage of correctly classified circalittoral mud and mixed 

sediment decreased from 93.5% to 89.5% and 50.5% to 41.5% respectively with more 

mixed sediment incorrectly classified as mud (from 28.5% to 54.5%) and vice versa 

(from 7.5% to 10.5 %). However, moderate energy circalittoral rock increased from 

0.5% to 100% (from 7.5% to 11.5%).  This suggests that a larger buffer size improved 

the accuracy of predicting rock habitat but was not responsible for the misclassification 

of mixed sediments. It also suggests that when few ground truth points exist for a 

particular habitat (in this case rock), then a larger buffer size may capture more 

information and therefore increase the predictive power of the model. 

A large number of training data points were used in this analysis (954) with the 

majority classified as Circalittoral Mud (809), then Circalittoral mixed sediment (143) 

and moderate energy rock (2). A sizeable quantitative dataset such as this is only 

possible due to the spatial scale of imagery produced from remote sensing surveys and 

would not be cost or time effective to sample the same number of sites using traditional 

methods (Holmes et al., 2008; Clements et al., 2010; Calvert et al., 2015). However, 

the ratio of classification points given the size of the dataset may have had an effect on 

the miss identification of mixed sediment as mud. Therefore, as a trial, a random 

stratified sample of 143 classified mud data points was selected to be used in the 

training set, with the trials both including and omitting the 2 rock classifications. In 

both instances, the percentage of correctly classified mud reduced from 92.5% to 

90.5% and mixed sediments increased from 64.5% to 82.5%, displaying improved 

Cohen’s Kappa scores of 0.82. These results highlight that both removing and reducing 

training data can improve model accuracy and increase the reliability of data. It 

suggests that a more balanced sea-truth dataset may improve prediction accuracy. It 
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was also apparent that the inclusion (and subsequent omission) of the two rock 

classifications made no impact to the overall accuracy of the model, 5.5% of mixed 

sediment incorrectly classified as rock was subsequently misclassified as mud when 

the rock classifications were omitted. This suggests that there is a lower limit of data 

required to impact the predictive power of a model either positively or negatively. 

Initially 10% of the classified sea-truth data was reserved to conduct accuracy 

assessments and the remaining 90% was used to train the MLC. Following the 

examples of Calvert et al., (2015) and Che Hasan et al., (2014), further MLC maps were 

produced from 80% and 70% of the data with 20% and 30% respectively being used to 

conduct accuracy assessments. Both maps displayed lower accuracy than the original 

map (Kappa of 0.69 and 0.67). Of the two maps, the 80% training set produced the 

best results, with the percentage of correct mud classifications increasing to 96.5%, 

whilst mixed sediment decreased to 57.5%. 

The results of the three tests indicate a fundamental flaw with the data which largely 

limits the capacity of the MLC process to correctly predict mixed sediment. A 

comparison of the Bonawe Deep maps suggested that despite an obvious anomaly in 

the SSS, habitat predictions and overall map accuracy was improved by its inclusion in 

its original form. It signifies that backscatter is a key variable used in seabed mapping 

and predictive mapping (McGonigle and Collier, 2014; Calvert et al., 2015) and the 

quality of the data should be improved further if possible. One approach would be to 

reprocess the data omitting the lines containing the anomalies. In this instance the 

anomaly was present over several lines and would have meant a substantial loss of 

overall survey data therefore the decision was taken to leave the anomaly in place. 

Another approach would be to repeat the SSS survey and rerun the MLC with the 

inclusion of high quality SSS in the PCA raster. However, this is disadvantageous, and 

may not be a feasible option both in time and monetary cost. Furthermore, this does 

not explain the similar mis-classification of mixed sediment within the other predictive 

maps in this study where high quality SSS was collected and suggests that these 

misclassifications are an inherent and widely known limitation (Galparsoro, David W 

Connor, et al., 2012; Calvert et al., 2015; Benoist et al., 2019; Strong et al., 2019) of 

correctly classifying mixed sediments, that requires further investigation. The 

implication is that until the classification of mixed sediments using acoustic methods 

is improved, the accuracy of predictive maps using acoustic data will remain 

compromised. 
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The Abbots Isle and Bonawe Deep habitat maps produced from the combined analysis 

of bathymetry, SSS and classified imagery (Chapter 3) compared well with historical 

records and are therefore useful for comparing with the predictive maps. This 

comparison highlights substantial differences between the two maps. Primarily, that 

rock classifications were under-represented in the predictive map of Bonawe Deep. 

Bonawe Deep version 1 predictive map was the most comparable to its corresponding 

habitat map, this suggests that the low number of classified rock data in the training 

and accuracy data were partly responsible for the low percentage of correctly classified 

data points. It is unsurprising that the AUV imagery of rock habitat was limited, as the 

AUV was purposefully programmed to survey away from high risk of collision areas 

with sudden changes in bathymetry, typically rock features. The predictive map of 

Abbots Isle was fairly comparable to the corresponding habitat map, with some 

differences in areas where no imagery was collected. 

Based on these observations, it is recommended that a traditional grab sampling survey 

is conducted to validate the AUV derived sediment classifications and determine 

whether the low percentage of correctly classified mixed sediment is due to 

misinterpretation or limited seabed imagery across particular areas and seabed 

features. 

These results highlight some of the general limitations associated with predictive 

mapping and are not exclusive to AUV based habitat mapping (Che Hasan et al., 2014; 

Calvert et al., 2015). Habitat classification schemes impose numerous constraints and 

limitations (Strong et al., 2019).  Validation assessments are only as good as the data 

and classification scheme used to sea-truth the data (Che Hasan et al., 2014). If remote 

sensing is to become the future method of data collection, it must be considered 

whether MNCR is the appropriate standard classification scheme. Chapter 3 discussed 

the limitations of using MNCR to classify AUV imagery. Despite its extensive 

application for habitat mapping (Andersen et al., 2018) and the need for a standardised 

method,  Galparsoro et al., (2012) identified complications associated with assigning 

MNCR classifications, including and importantly for this study, the disjunction 

between geomorphologically displayed (backscatter) data and observed biological 

presence (sea-truthing). Alternative classification schemes such as The Potential 

Habitat Characterisation Scheme (PHCS) (Greene et al., 1999, 2005, 2007) may 

therefore be more suitable. PHCS is identified as a classification scheme most suited 

for remote sensing data (Strong et al., 2019), as it primarily defines classes by 

geological character whilst biological classes are kept coarse and epifauna exclusive. 
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Benoist et al., (2019) discuss the benefits of AUV imagery as a broadly applicable and 

cost-effective sampling technique for recording biotopes. This method promotes the 

recording of complex mosaic habitats into simplified summary habitats and epibenthic 

and demersal species into lowest taxonomic groupings, enabling the explicit recording 

of legislative and designated species and habitats for conservation in complex marine 

habitats. Like Benoist et al., (2019), this study also obtained AUV imagery of habitat 

types which closely matched the acoustic data. It would be of benefit to test this 

methodology further and compare the outputs with the traditional classification 

methods used within this study. 

The accuracy of the Bonawe Deep predictive map was compromised by a lack of image 

data from rock features. Surveying complex bathymetry places greater risk on 

equipment due to increased potential for collision. These surveys were designed to 

obtain high quality imagery whilst minimising the risk of collision, the survey 

methodologies are discussed within Chapter 2. Therefore, improvements to the 

predictive power could be made by programming the AUV to image a wider range of 

seabed features, however this should be conducted with caution due to the increase 

risk to the equipment. 

 

4.7. Method 2: Unsupervised Classification 

4.7.1. Remote Sensing Object Based Image Analysis 

The unsupervised classification technique; Object Based Image Analysis (OBIA) was 

used to produce predictive habitat maps in Arc GIS. It utilised the Marine Tools OBIA 

Toolbar for ESRI, and followed the methods of Le Bas (2016). The workflow followed 

a systemic process of layering, segmentation, and classification, the steps of which are 

captured in detail within Figure 4.14. Bathymetry and SSS at 2 m resolution were 

combined to produce a multi-layered raster image for automatic segmentation. The 

number of clusters and object size were initially set to 6 and 1000 respectively. These 

values were modified through the process of trial and error until the optimum data 

segmentation was achieved. 



 

155 
 

 

 

Figure 4.14: A schematic diagram highlighting the process of conducting automatic 

segmentation using RSOBIA in ArcMap. 

 

4.8. Data and Results 

The optimal data segmentation for each site is displayed in Figure 4.15-Figure 4.19  

The optimal map of Huinay Bay was segmented into three clusters (Figure 4.15). 

Cluster 3 was strongly influenced by horizontal anomalies in the SSS running 

northwest to southeast, however it also depicts areas of higher intensity sonar 

interpreted on the SSS as bedrock and boulders to the southeast region and mixed 

sediments in the northwest and central regions (see Chapter 2 Figure 2.10). 
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Figure 4.15: Optimal segmentation of Huinay Bay bathymetry and SSS, with 3 clusters 

and a minimum object size of 10. 

 

The optimal map of X-Huinay was segmented into three clusters (Figure 4.16). Clusters 

1 and 2 were influenced by a steep change in bathymetry, whilst Cluster 3 depicts 

sinuous bands associated with high intensity backscatter (see Chapter 2 Figure 2.11). 
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Figure 4.16: Optimal segmentation of X-Huinay bathymetry and SSS, with 3 clusters 

and a minimum object size of 5. 

 

The optimal map of Abbots Isle was segmented into two clusters (Figure 4.17). Cluster 

1 depicts three basins whilst Cluster 2 depicts bathymetric highs. Cluster 2 also displays 

the influence of vertical anomalies in the SSS running northeast to southwest of the 

survey (see Chapter 2 Figure 2.12). 
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Figure 4.17: Optimal segmentation of Abbots Isle bathymetry and SSS, with 2 clusters 

and a minimum object size of 10. 

 

The optimal map of Airds Bay was segmented into two clusters (Figure 4.18). Cluster 1 

depicts two basins whilst Cluster 2 depicts bathymetric highs. The shoaling high visible 

in the bathymetry separating Basin 2 and Basin 3 (See Chapter 2 Figure 2.13) was not 

detected. 
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Figure 4.18: Optimal segmentation of Airds Bay bathymetry and SSS, with 2 clusters 

and a minimum object size of 20. 

 

The optimal maps of Bonawe Deep were segmented into three clusters (Figure 4.19). 

Cluster 2 depicts the basin, whilst Cluster 3 was strongly influenced by anomalies in 

both versions of the SSS in the southwest region of the survey. 
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Figure 4.19: Optimal segmentation of Bonawe Deep bathymetry and two versions 

of SSS A&B) both with 3 clusters and a minimum object size of 20. 
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4.9. Discussion 

Overall, the RSOBIA segmentations highted key features relating to changes in the 

broadscale habitats at each site and were able to define clear boundaries. As previously 

discussed within Chapter 3, GIS platforms can be utilised to produce habitat maps by 

manually tracing around acoustic facies and classifying habitats according to the 

available characteristic information of the seabed (Greene et al., 2005). However, 

manual interpretation can be slow, resource intensive and subjective (Le Bas, 2016). 

Object Based Image Analysis (OBIA) is a relatively new automated method of 

segmentation and classification, identified as a advancement in marine spatial 

planning and monitoring programmes (Blaschke, 2010). OBIA mimics human 

interpretation of imagery and reduces the processing time of map creation (Le Bas, 

2016). In general, the outputs were similar to manually digitised habitat maps 

produced in Chapter 3.  However, it was observed during the cluster selection stage 

that most segmentations were influenced by the quality of the SSS data, resulting in a 

maximum number of three clusters used to best visualise the difference in habitat 

types. It is recommended that the models are rerun following further processing of the  

SSS data to reduce the nadir effect and smooth the acoustic signatures. 

Further improvements to the segmentation process may also be made by including 

additional layers derived from the bathymetry. The toolbar offers several automated 

functions; slope, terrain ruggedness, northness, eastness and curvature which could be 

incorporated into the segmentation process alongside the bathymetry and SSS. 

 

4.10. Conclusions and future work 

The work presented in this chapter has demonstrated the potential application of AUV 

data for producing broad-scale predictive habitat maps. Predictive maps of varying 

accuracy were created from AUV derived data using the Maximum Likelihood 

supervised classification algorithm (Method 1) and the Remote Sensor Object based 

Image Analysis, unsupervised classification (Method 2) in ArcGIS. These are identified 

as preliminary results for assessing the effectiveness and suitability of AUV derived 

data, to which further work is required. Method 1 proved reliable for predicting mud 

habitat, moderate for predicting mixed habitat and poor at predicting rock habitat. It 

is advised that AUV derived imagery should be sea-truthed with grab samples to 

ascertain how effective remote sensed imagery is as a sea-truth method, and that 

survey methods are developed which enable the inclusion of all observed 
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geomorphological features. It would be beneficial to conduct AUV surveys in the Firth 

of Lorn, to directly compare the resulting maps with those produced by Boswarva et 

al., (2018), and subsequently the justification for using the applied bathymetric 

variables and the MLC algorithm. This analysis of which was intended but not possible 

during the duration of this study. 

Method 2 identified that automatic methods of segmenting data can be used to 

significantly reduce the time spent manually digitising boundaries (Le Bas, 2016). 

RSOBIA conducted on this data highlighted that the tool was capable of detecting 

boundaries between broad-scale habitat features that were comparable to manually 

drawn maps. However, the tool was limited in its ability to produce clusters that 

displayed further fine-scale features interpreted in the bathymetry and SSS. The 

resulting clusters were further influenced by anomalies in the datasets, suggesting that 

segmentation could be improved with further enhancement of the data, particularly 

the SSS. 

Finally it would be beneficial to test emerging methodologies produced specifically for 

AUV derived data in particular the methods of Benoist et al., (2019) and compare the 

outputs with more traditional methods to assess their applicability for predictive 

mapping and suitability for marine management. 
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Chapter 5. Monitoring Mobile Species
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5.1. Rationale 

The monitoring of mobile marine species can be time and cost intensive; therefore, 

reviewing survey methodologies ensures it is optimised, helping to implement effective 

management within an MPA. An increased recognition that marine species and 

habitats require protection has subsequently resulted in a global increase in MPA 

designations that benefit mobile species (O’Leary et al., 2018). Whilst a positive step 

forward, this will place greater pressures on governments and marine planners to 

conduct effective long-term monitoring, this is also true for commercially important 

species to ensure the long-term sustainability of wild stocks. 

Monitoring is a key element of assessing the effectiveness of marine management; 

however, the monitoring of mobile marine species can be particularly challenging and 

often requires bringing the study species to the surface, removing them from their 

natural environment. This results in poor associated habitat data and can be severely 

detrimental to the animal. 

Robotics such as AUVs and ROVs have been identified as a solution to this issue, their 

use for marine surveying and monitoring purposes is steadily increasing in both the 

commercial and research sectors. They have the potential to compliment and improve 

current monitoring methods by collecting in-situ and non-invasive data on mobile 

species over extensive areas, thus reducing the time and costs associated with 

traditional monitoring surveys. However, due to their initial high costs, it is crucial to 

identify the capabilities and limitations of the technology and assess their long-term 

practicality as tools for marine managers. 

The mobile marine species selected for this chapter include; king scallops (Pecten 

maximus) and high latitude chondrichthyan elasmobranchs (sharks, skates, rays and 

chimaera). These species were selected due to the commercial importance and current 

conservation concerns effecting their sustainability. 

 

5.2. Chapter overview 

This chapter is divided into three case studies encompassing two key areas of research 

in order to identify how emerging technology can complement current methods of 

scientific data collection. Firstly, the in-situ monitoring of mobile species (focus on 

chondrichthyans) (Case study 1 and 2) and secondly the monitoring of a commercially 
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exploited species (focus on king scallops) using Structure from Motion (SfM) models 

(Case study 3). 

 

5.3. Survey Areas 

The data for this chapter was collected from surveys conducted in Chilean Patagonia 

and the west coast of Scotland. These locations and key features have been discussed 

in more detail within Chapter 1. 

The mobile fauna of Chilean Patagonia has been extensively catalogued in recent years; 

however, data is limited (Häussermann and Försterra, 2009; IUCN, 2012; Boswarva 

et al., 2020). The distribution and abundance of elasmobranchs is poorly represented 

due to the remote nature of the region. An increase in anthropogenic activity such as 

fishing, and aquaculture have the potential to exert negative pressures on unknown 

populations and distributions (Buschmann, 1996; Buschmann et al., 2009; Wiff et al., 

2016). 

The mobile fauna on the west coast of Scotland is historically well catalogued. Long-

term monitoring is conducted on the common skate (Dipturus cf. intermedius) within 

the Loch Sunart to Sound of Jura Nature Conservation MPA (LSttSoJNCMPA) to 

assess the spatial distribution and population dynamics of the species (Thorburn et al., 

2018). However, the wide scale distribution of elasmobranchs on the west coast is still 

largely unknown. The area is also a historically productive fishing ground for king 

scallops (Pecten maximus). 

Loch Etive was chosen for developing mobile acoustic telemetry and range testing. This 

was due to the presence of acoustically tagged spurdog (Squalus acanthias) and a suite 

of fixed acoustic arrays within the loch. Similarly, acoustic fieldwork was designed for 

the Loch Sunart to the Sound of Jura MPA due to the presence of tagged common skate 

(D. cf. intermedius) and an existing array of acoustic receivers.
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5.4. Introduction 

5.4.1. Monitoring the marine environment 

Marine monitoring is conducted to measure the components, condition of, and 

response to marine activities of ecosystems, and to assess compliance with marine 

legislations (Danovaro et al., 2016). Periodic monitoring is necessary for 

understanding the impact of any pressures and changes caused by natural and 

anthropogenic activities (Bean et al., 2017) and to ensure that marine policies are 

relevant and efficient (UNICEF, 2008). This includes, but is not limited to; fisheries, 

pollution, oil and gas, structures, recreational use, commercial shipping, marine noise, 

operations, litter and mariculture (UKMMAS, 2010). 

 

5.4.2. Monitoring Marine Protected Areas 

MPAs are designated to reduce the impact of pressures on sensitive species or habitats. 

Once an MPA has been designated and a management plan developed, it must undergo 

long-term monitoring to ensure that the management is effective, adaptive and 

upholds the legislative requirements (Pomeroy et al., 2005; Parry et al., 2012). 

However, this monitoring process can be resource intensive and is often under-funded 

(Parry et al., 2012). Gill et al., (2017) identified that, globally, the ecological effects were 

2.9 times greater in MPAs where staff and budget capacity to undertake monitoring 

were adequate. Due to this, in order to increase the ecological effects of existing MPAs, 

continued evaluation and development of new and innovative low intensity and low-

cost methods of monitoring is required (Day, 2008).  The Joint Nature Conservancy 

Committee have developed good practice guidelines to assist UK marine planners in 

conducting effective MPA monitoring surveys (Parry et al., 2012). Nine monitoring 

elements were identified (Table 5.1) and a modified version of the SWOT (Strengths, 

Weaknesses, Opportunities, Threats) framework, called SCA (Strengths, Challenges, 

Applicability) was developed for evaluating monitoring plans. 
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Table 5.1: JNCC Good Practice Guidelines for Monitoring MPAs (Parry et al., 2012) 

Element Description 

Costs How costs are considered in the planning process 

Objectives How they were developed, what they cover 

Management use How results of monitoring inform management 

Assessment and 

analysis 

Format and frequency of data analyses 

Survey design Monitoring stations, sampling intensity and frequency 

design 

Parameters Biological/abiotic parameters, seabed habitats 

Survey techniques Methods used, who conducted the monitoring 

Dissemination and 

reporting 

Reporting of monitoring results, communication 

strategy 

Data Management Data storage, accessibility, quality assessment and 

control 

 

Improved monitoring of MPAs is also important as poor monitoring and a lack of 

formal monitoring systems (Pomeroy et al., 2007; Day, 2008) can cause negative 

social, economic, and political issues, especially in relation to local communities who 

rely heavily on the areas for food and to generate income (Agardy et al., 2003; Hind et 

al., 2010). This has led to conflicts between marine planners and community groups 

and questioned whether the current MPA approach to conservation management and 

policy is suitable (Agardy et al., 2003; Hind et al., 2010; Hopkins et al., 2020). 

5.4.3. Mobile marine species 

Mobile species are not fixed to a particular location or feature (sessile). Whilst the 

range of mobility varies greatly (Runge et al., 2014), in marine species the term most 

commonly refers to large ranging marine megafauna (seabirds, pinnipeds, cetaceans, 

bony fish, and elasmobranchs). These groups are potentially at high risk from hazards 

associated with their mobility and wide-scale movement throughout the oceans, which 
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results in impacts from multiple marine users. Some mobile species are commercially 

targeted (scallops and bony fish) whilst others can be caught as bycatch during fishing 

practices (elasmobranchs and seabirds). 

 

5.4.4. Monitoring of mobile marine species 

Mobile species are important for maintaining good ecosystem function (regulating 

prey abundance for example) (Runge et al., 2014). Monitoring is important for 

assessing temporal and geographical distribution of species, the population size, and 

how these change over time (Evans and Hammond, 2004), it can also indicate 

environmental and physical impacts causing changes (both positive and negative). To 

effectively monitor mobile marine species, knowledge is required of their density and 

distribution overlaid with potential threats (Pikesley et al., 2018). There are numerous 

challenges associated with surveying species that are wide-ranging and spend the 

majority of time underwater.  Historically, monitoring is predominantly sightings-

based, therefore biased to weather that promotes suitable surface conditions (Evans 

and Hammond, 2004) and is only suitable for species that come to the surface of the 

water. Other methods include; underwater video and photography, ship-based 

acoustics, Passive Acoustic Monitoring (PAMs), and research trawls. These methods 

provide an indication of the animal at a given moment of time but often omit 

environmental information and lack spatial context and movement information. 

Spatial data can be obtained by repeat sampling, capture-mark-recapture and remote 

tracking (Neat et al., 2014). Animals can be caught, tagged then released. Tagging a 

mobile species can provide a wealth of information across varying time scales, however 

it requires catching an animal and performing invasive procedures. 

5.4.5. Monitoring commercial marine species 

Mobile species such as fish and shellfish are of commercial value and require periodic 

monitoring to ensure stocks are fished sustainably. These stock assessments are 

conducted using various methods including; drop down cameras, landers, baited 

remote underwater video systems (BRUVS), fisheries-independent scientific trawl 

surveys often equipped with remote cameras, and by consulting landings data (ICES, 

2007, 2015; Bean et al., 2017). The data is used primarily to obtain maximum 

sustainable yields (MSYs) for all commercial fish and shellfish. It can also be used 
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indirectly to inform effective management for the longevity or recovery of species 

(Bean et al., 2017). 

Difficulties are experienced when translating count data to abundance estimates 

(ICES, 2007) and in the costs and resourcing issues associated with conducting 

fisheries-independent surveys (ICES, 2015). 

5.4.6. Marine Protected Areas for mobile species 

There are few nature conservation MPAs designated for mobile species due to the 

difficulties in implementing and regulating protection for species with wide spatial 

ranges (Breen et al., 2015; Briscoe et al., 2017). Challenges associated with observing 

mobile marine fauna makes assigning protection boundaries difficult (Bailey et al., 

2010; Pikesley et al., 2018). The movement patterns of a species can vary greatly often 

being subject to gender, ontogenetic, and even individual variation (Chapman et al., 

2012; Neat et al., 2014), hindering efforts to  evaluate and assign conservation value to 

a single location (Martin et al., 2007; Iwamura et al., 2013). Highly mobile species 

often require an ecologically coherent habitat network to provide full protection to all 

life stages (Webster et al., 2002). As this is often not feasible, effective management 

decisions are required to identify which life stages are a priority for optimised 

conservation success (Neat et al., 2014). Effective management can only be 

implemented with sufficient and suitable species knowledge, this presents a problem 

for species that occupy deep, inaccessible areas, and unseen environments (Nock et al., 

2011). MPAs can also support mobile species indirectly by reducing pressures 

associated with over-fishing and bycatch and increasing the extent of viable habitat 

(Howarth et al., 2011). This has significant benefits to the ecosystem and fisheries 

managers where MPAs exclude the use of towed demersal fishing gear (Sweeting and 

Polunin, 2005; Zhou et al., 2010; Howarth et al., 2011; Pryor et al., 2019). However, 

the benefits of MPAs to sustainable fisheries, especially within temperate seas is poorly 

studied (Sweeting and Polunin, 2005). 

Fisheries MPAs are spatially defined areas designated to protect a commercial species 

or to restore an over-exploited fishery (Gell and Roberts, 2003). This can include 

permanent (no take zones) or seasonal closure of areas to fishing activities (Clarke et 

al., 2015; Scottish Government, 2019) and can be applicable to all or specific catch 

species or type of fishing gear (Castilla, 2010; Elvidge et al., 2018). This practice can 

provide food security and conservation benefits to higher and lower mobility species 

(Cabral et al., 2019) as well as promoting a spill-over effect of target species from closed 
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areas into open fishing areas (Beukers-Stewart et al., 2005; Sweeting and Polunin, 

2005). The spill-over effect is the increased dispersal of a species from an area of 

protection into adjacent unprotected areas through increased egg and larval 

production (Di Lorenzo et al., 2020; Lenihan et al., 2021). Several studies have 

identified the long-term sustainability and economic importance that these marine 

protected areas provide, including an increase in commercial populations and overall 

biodiversity, and big increases in long-term total catch records in immediately adjacent 

areas (Moland et al., 2013; Di Lorenzo et al., 2020; Stewart et al., 2020; Lenihan et al., 

2021). Despite the mounting evidence as to their long-term benefits, generally no take 

zones remain rare, particularly in UK waters (Stewart et al., 2020).   

 

5.4.7. The use of robotics for monitoring mobile marine species 

Advances in autonomous and semi-autonomous robots have allowed them to be 

increasingly utilised as tools for monitoring mobile marine species, helping to fill in 

data gaps on natural foraging and migratory behaviour (Kukulya et al., 2015). Robots 

can be used to monitor: 

1) The individual. Woods Hole Oceanographic Institution (WHOI) developed 

“SharkCam”, from a modified Remote Environmental Monitoring UnitS 

(REMUS), an AUV equipped with cameras and receivers, capable of tracking, 

following (at depth), and imaging the predatory behaviour of white sharks 

(Carcharodon carcharias) near Guadalupe Island (Skomal et al., 2015). 

SharkCam was recently deployed in the Inner Hebrides of Scotland to track 

tagged basking sharks (Ceterhinus maximus) and recorded previously unseen 

underwater behaviours. This in-situ behavioural information will be used in 

conjunction with sightings-based and tagging data to inform marine managers 

during the consultation of the proposed Sea of Hebrides MPA to protect basking 

sharks. 

2) A population. Methods for monitoring commercial scallop stocks using AUV 

imagery were developed by Rasmussen et al., (2017), they developed a vision-

based counting platform to detect and count live scallops. Population health was 

measured by comparing counts from pre and post dredge imagery. Fisheries 

managers have also identified the potential benefits of conducting Nephrops 

stock assessments using AUVs, however the significant investment costs and 

increased data volume are identified as potential draw backs (ICES, 2007). 
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5.5. Case study 1: In-situ monitoring of 

chondrichthyans 

5.5.1. Rationale 

Chondrichthyans (sharks, skates, rays and chimaera) are widely regarded as a 

vulnerable species group of high conservation concern, with 206 species recorded on 

the IUCN Red List (IUCN, 2012). Fishing pressure is considered the greatest threat to 

populations; however, habitat degradation and loss are also key issues (Chin et al., 

2012). The recovery of elasmobranch populations is challenging and requires a 

combination of strong and dedicated management (Ward-Paige et al., 2012). 

Elasmobranchs (sharks, skates and rays) are considered keystone species crucial for 

maintaining good ecosystem health (Navia, et al., 2010). Elasmobranchs are often 

highly mobile; however, they have been shown to display site fidelity at specific life 

stages (Neat et al., 2015; Bass et al., 2017; Thorburn et al., 2019). Understanding their 

ecology is essential to inform management, thus they require extensive monitoring. In 

high-latitude seas this is likely to be inherently more challenging due to the 

environment than in tropical regions, being typically colder, and darker, with 

changeable weather.  As a result, research and monitoring varies greatly, with many 

temperate species identified as ‘Data Deficient’ by IUCN.  Current monitoring methods 

are often focused around survey trawls which are expensive, time consuming, invasive, 

and can result in mortalities. These methods also omit environmental and data and can 

fail to identify natural behaviours. Innovative monitoring methods aimed at 

complimenting current methods would therefore be highly beneficial to 

chondrichthyan researchers. AUVs have the capacity to survey large areas of seabed 

whilst simultaneously obtaining acoustic and georeferenced imagery data. Surveys 

conducted in close proximity to the seabed are potentially beneficial for obtaining 

imagery of chondrichthyans in-situ; Recording otherwise unknown data relating to 

habitat and behaviour whilst concurrently collecting environmental and physical data 

with minimal disturbance. Holistically obtained data has the potential to advance 

scientific understanding of chondrichthyan populations. This is particularly important 

in geographic areas where species data is currently deficient or unavailable. 
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The data from this case study was collected incidentally during data collection for 

habitat and predictive habitat mapping (Chapter 3 and Chapter 4 respectively), 

highlighting the multi-functioning capabilities of the AUV, and positively reinforces 

the time and cost benefits of using AUV technology for mapping and monitoring 

purposes.  

5.5.2. Introduction 

5.5.2.1. Chondrichthyans 

Chondrichthyes are cartilaginous fish divided into two subclasses Elasmobranchii 

(sharks skates and rays) and Holocephali (chimaeras), which diverged 400 million 

years ago. Most chondrichthyes exhibit K- selected life history traits (Hutchings, 2002; 

Espinoza et al., 2018); slower growth rates, late sexual maturity, longer lifespan, and 

low fecundity (Hutchings, 2002). These traits mean that species are inherently less 

resilient to population declines (García et al., 2008; Pardo et al., 2016; Espinoza et al., 

2018) and are therefore at a greater extinction risk (García et al., 2008). 

5.5.2.1.1. Elasmobranchs 

Elasmobranchs have adapted a wide range of morphological and mechanical features 

that enable them to inhabit the world’s oceans from coastal to deep water (200 - 3000 

m), and freshwater systems (Dulvy et al., 2017). There are over 1000 known species, 

which continues to increase due to improved taxonomic resolution and increased 

exploration of remote and deeper waters (White and Last, 2012; Weigmann, 2016; 

White et al., 2019). It is widely accepted that globally, most elasmobranch populations 

are heavily threatened by fisheries, either as target species, bycatch or illegal trade 

(Simpfendorfer and Kyne, 2009; Defra, 2011; Dulvy et al., 2017; Broadhurst and Cullis, 

2020). Stock assessments are often data limited, therefore many species are protected 

by national and international legislations (OSPAR, 2008; ICES, 2018b) and are listed 

as prohibited species (CITES, 2016; ICES, 2018b). Elasmobranchs are considered 

highly migratory meaning that management is complex and often difficult to enforce. 

5.5.2.1.2. Chimaera 

Chimaera are a group of deep-water chondrichthyans (>200 m) also known as ratfish 

and ghostfish. Little is known of their life history, ecology and behaviour (Holt et al., 

2013) due to low targeted sampling efforts, and poor taxonomic resolution of historical 

data (Holt et al., 2013). They exhibit higher age at maturity and longevity and lower 

growth completion rates than shallow water chondrichthyan species (Rigby and 
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Simpfendorfer, 2015). These traits signify low intrinsic biological productivity, 

meaning a low annual reproductive output of <1 female pup per year (Simpfendorfer 

and Kyne, 2009). Chimaera are caught as target species in deep water fisheries for meat 

and oil (García et al., 2008; Holt et al., 2013) and as bycatch which is generally 

discarded due to its low commercial value. Fisheries risk exploiting and locally 

extirpating whole populations, therefore spatial data of Chimaera species is highly 

sought for identifying conservation management strategies and to recognize if there 

are suitable species for a sustainable commercial fishery (Holt et al., 2013).  

5.5.2.2. Spatial ecology of chondrichthyans 

Identifying and monitoring the spatial distribution of Chondrichthyan species 

throughout the world’s oceans remains a great challenge. Unlike other mobile species, 

these animals are rarely observed at the sea surface and their spatial extent is known 

to shift temporally and ontogenetically (Ebert et al., 2017; Heupel et al., 2019; 

Thorburn et al., 2019). Knowledge of habitat preference and use during different life 

stages is important for improving scientific understanding of a species’ ecology and the 

ecological drivers which determine patterns of use.  This has significant implications 

for conservation, management, and sustainable fisheries(Ebert, Bigman and Lawson, 

2017a; Barnett et al., 2019) (Ebert et al., 2017b; Barnett et al., 2019). Spatial 

information is traditionally obtained through tagging, or stock assessments using 

fisheries data or independent research trawls, these methods are also used to estimate 

species abundance and monitor individuals (ICES, 2010, 2018b; Andrzejaczek et al., 

2019; Kanive et al., 2019). These methods are however invasive, remove species from 

their natural environment, and cause mortalities (Kohler and Turner, 2001), signifying 

a loss of vital habitat information. Spatial data which includes habitat information is 

vital for maximising the effectiveness of marine management decisions (Lennox et al., 

2019). Habitat type is identified as a key driver for chondrichthyan diversity, relative 

abundance, and community composition (Osgood, 2019), with 90% of global 

chondrichthyan species (primarily skates, squaloids and Chimaeras) known to inhabit 

benthic and benthopelagic habitat (Ebert et al., 2017). Despite that, little research has 

been conducted which combines in-situ natural observations of chondrichthyans with 

environmental data such as seafloor habitat maps. 
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5.5.2.3. Spatial ecology of chondrichthyans in high latitude seas 

Chondrichthyan studies are typically biased towards lower latitude seas. High latitude 

seas (Figure 5.1) typically impose greater research challenges due to being less 

hospitable and inaccessible (colder, deeper, less light penetration) (Ebert et al., 2010), 

meaning reduced opportunities for data collection. As a result, it is likely that species 

diversity is underestimated in higher latitude seas due to poor knowledge of species 

complexes and taxonomy (Ebert, et al., 2010). Population assessments required to 

sustainably manage chondrichthyan fisheries in high latitude seas are hampered by a 

lack of species-specific catch and biological data. Data sources are typically from 

species of commercial interest, however most chondrichthyan catches occur from 

indirect fishing efforts.  

 

Figure 5.1: World map with high latitude seas highlighted in grey.  Figure from (Erbst 

and Winton, 2010). 

5.5.2.4. Novel use of AUVs in high latitude chondrichthyan research 

To date no scientific literature exists that explores the benefits of combining habitat 

maps with in-situ georeferenced imagery in order to observe and record high latitude 

chondrichthyan species. Literature associated with AUV imagery and seafloor mapping 

is discussed in detail within Chapter 2 and 3. Using AUV technology it is possible to 

travel across significant areas of seabed, mapping the distribution and abundance of 

chondrichthyan species encountered while also obtaining accurate depth and habitat 

information with minimum disturbance, helping to fill data gaps.  This data could 

complement movement and distribution models obtained from telemetry studies, 

survey trawls and fisheries data, helping to improve the resolution of species 

distribution models. 
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5.5.2.5. Study site 

The waters surrounding the complex Chilean Patagonia coastline are a prime example 

of inhospitable high latitude seas where, while 101 species of elasmobranch  and 5 

Chimeras have been identified as being resident  (Bustamante  et al., 2014),  the basic 

biology and taxonomy of chondrichthyan species is still poorly known (Bustamante et 

al., 2014). With the exception of target species, capture records are rarely reported 

(Lamilla et al., 2010; Bustamante et al., 2014) and the taxonomic composition of 

bycatch is often omitted (Bustamante et al., 2014). Data poor areas require spatial data 

in order to provide baseline data and fill knowledge gaps such as species diversity, 

population size and extent, and habitat preference. This information is important for 

the sustainability and longevity of chondrichthyan species under increasing pressure 

from environmental and anthropogenic sources. 

 

5.5.3. Survey areas 

 

Figure 5.2: Displaying A: a map of Chile with a red box highlighting Comau Fjord (B), and 

B the four survey areas in Comau Fjord where AUV imagery was collected; X Huinay, 

Huinay Bay, Estero Quintupu, and Liliguapi.  

Huinay Bay 

Estero Quintupeu 

Comau Fjord 

Liluapue

X Huinay 

B 
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5.5.4. Methodology 

5.5.4.1. Image acquisition and processing 

Seabed images collected during the surveys in Chilean Patagonia, (Figure 5.2) were 

assessed for the presence of chondrichthyans. Images were processed by eye and an 

initial classification conducted based on chondrichthyan presences. Each image with 

chondrichthyan presence was further classified as a shark, skate, ray, or chimaera, and 

individuals were counted. Images were enhanced using Lightroom© version 5.1 to 

attempt species level classification (Häussermann and Försterra, 2009). 

Georeferencing of images was obtained by matching image timestamps with the AUV 

track-line timestamps. Image depth information was obtained from the AUV metadata 

where possible, in instances where depth data was absent from the AUV track (Mission 

7 on 01-03-17 due to a malfunction in the AUV GPS module), the bathymetric maps 

produced in Chapter 3 were used to provide depth values.  Habitat information for each 

image was obtained using the location of the image and the habitat maps produced in 

Chapter 3. Interesting behavioural observations were also recorded. 

 



 

 
 

5.5.5. Data 

Table 5.2. Chondrichthyans identified from seabed images in Chilean Patagonia 

Mission Date Site Species Total 

individuals 

Total 

Images 

Depth (m) 

3 22-02-17 X Huinay Chimaera* 1 2 205 

7 01-03-17 Huinay Bay Red spotted catshark (Schroederichthys chilensis) 7 18 210-240 

   Apron ray (Discopyge tschudii) 1 2 35-45 

   Catsharks* 3 7 210-240 

   Ray* 1 2 45 

9 02-03-17 Huinay Bay Red spotted catshark (Schroederichthys chilensis) 8 25 155-207 

   Catsharks* 10 34 169-192 

10 02-03-17 Estero 

Quintupu 

Chimaera* 3 7 113-125 

   Catsharks* 2 7 116-123 

   Skate* 1 2 121 

11 04-03-17 Liluapui Patagonian skate (Bathyraja macloviana) 1 3 70 

   Skate* 1 3 72 

* Unable to identify to species level 
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5.5.6. Results 

In total 30,810 images across 5 sites were analysed. All major species groups (sharks, 

skates, rays and chimaera) were identified based on differences observed in the body 

morphologies, identification was aided by the camera capturing up to four images of 

each individual. Chondrichthyans were identified in 112 of these (Table 5.2). The most 

commonly observed species were catsharks, with 32 individuals identified across two 

sites.  Chimaera and skate were identified at two sites whilst rays were identified at a 

single site. Species level identification was limited by the quality of the image and by 

the availability of species keys for distinguishing body patterns and morphology. 

5.5.6.1. Distribution of chondrichthyans 

Chondrichthyan distributions in relation to depth and habitat type (where possible) 

are identified within the following maps of Comau Fjord (Figure 5.3-Figure 5.8). No 

depth or habitat data was available for Estero Quintupeu (Figure 5.8) due to a GPS 

malfunction with the AUV. 

 

 

Figure 5.3: Bathymetry of X-Huinay displaying chondrichthyan distribution. One 

chimaera was observed at a depth of 205 m to the southeast of the survey area. 
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Figure 5.4: Distribution of chondrichthyans at X-Huinay in relation to sediment type and 

Level 3 MNCR Habitat Classification. 

 

Figure 5.5: Bathymetry of Huinay Bay displaying chondrichthyan distribution. 
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Figure 5.6: Distribution of chondrichthyans at Huinay Bay in relation to sediment 

type and Level 3 MNCR Habitat Classification. 

 

A single Chimaera observed at XHuinay is displayed on a bathymetric (Figure 5.3) 

and habitat map (Figure 5.4). The maps show that the individual was located at 

205 m on Circalittoral mud (SS.SMu.CMu). 

A total of 30 individuals comprising of sharks and rays were identified in images 

throughout Huinay Bay. The bathymetric maps (Figure xx) show the individuals to 

be situated predominantly in the central and northwest areas of the site, clustered 

in two depth bands, shallower waters (34-45 m) and deeper waters (210-240 m) 

(Figure 5.5). The habitat map (Figure 5.6) highlights that individuals were located 

on Circalittoral mud (SS.SMu.CMu) and Circalittoral mixed sediments 

(SS.SMx.CMx).  
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Figure 5.7: Bathymetry of waters off Liluapue displaying chondrichthyan 

distribution. 

 

Two individual skates, with one identified to species level  were observed at 

Liluapue, in the central and northwest areas of the site.  The bathymetric map 

(Figure xx) shows that the individuals were located at 70 m and 72 m. Whilst no 

habitat maps were produced of this area, it is possible from the seabed images to 

identify that the skate were on both Circalittoral coarse (SS.SCS.CCS) and 

Circalittoral mixed sediments (CC.SMx.CMx). 
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Figure 5.8: Distribution of chondrichthyans at Estero Quintupeu. 

 

A total of 6 individuals comprising of sharks, skates and chimaera were identified 

in images throughout Estero Quintupeu. Unfortunately, no bathymetric or habitat 

maps were produced at this site, however by plotting the image locations it is 

possible to see their distribution across the fjord. The map (Figure xx) shows the 

individuals to be situated predominantly in the centre of the channel at depths of 

113-125 m. The images also indicate that the individuals were located on 

Circalittoral mud (SS.SMu.CMu) and Circalittoral coarse sediments (SS.SCS.CCS).  

 

 

5.5.6.2. In-situ observations 

It was possible to ID the four key groupings, namely sharks, skates, rays, and chimaera 

based on distinctive morphological characteristics. Further it was also possible in 

respect to the sharks, skates and rays to identify further to species level in three 

instances based on patterns. The following figure (Figure 5.9) displays a sample of 

images captured of each grouping and species.  
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Figure 5.9: Four groupings and associated species identified from the imagery as; a) 

Holocephali (Chimaera), b) Apron ray (Discopyge tschudii), c) Red spotted catshark 

(Schroederichthys chilensis), and d) Patagonian skate (Bathyraja macloviana). 

 

5.5.6.3. Environmental observations 

Images of 32 individual chondrichthyans were identified in association with broad-

scale habitats classified in Chapter 2. This information is captured in the following bar 

plot (Figure 5.10). It indicates that the majority of sharks were located on circalittoral 

mud (SS.SMu.CMu) whilst circalittoral mixed sediment (SS.SMx.CMx) displayed the 

greatest diversity of chondrichthyans. Rays and chimaera were only observed on mixed 

and mud sediment habitat respectively. Rock habitat was the least diverse and 

populated however this could be due to a lack of images displaying rock habitat rather 

than observed habitat preference. 
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Figure 5.10: Association of chondrichthyans with Level 3 broad-scale habitat types. 

 

Whilst most images display the chondrichthyans resting on the seabed (Figure 5.9) the 

following figure shows mobile elasmobranchs moving across rock (CR.LCR) and mud 

(SS.SMu.CMu) habitats (Figure 5.11). 

 

Figure 5.11: Displays a) Red spotted catshark swimming over bedrock, b) and c) a skate 

foraging in mixed sediment in successive images taken at Liluapui. 

5.5.6.4. Behavioural response 

It was identified across the imagery that the behavioural response of chondrichthyans 

to the AUV was different to that of teleost fish. Teleosts typically darted across the 
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images as the AUV passed overhead whilst the majority of chondrichthyans remained 

stationary with a small number seen moving slowly across the imagery (Figure 5.12). 

 

 

Figure 5.12: Both images display the difference in behavioural response of red spotted 

catsharks and bony fish to the overhead presence of an AUV flying at 2 m altitude from 

the seabed. No cartilaginous fish exhibited fast movements across the seabed in 

response to the AUV presence. 

 

5.5.7. Discussion 

This preliminary study demonstrates how an AUV can be used as a novel monitoring 

approach for observing chondrichthyans in high latitude seas, highlighting the wider 

application of AUVs for obtaining data on some of the worlds least known cartilaginous 

fish species. 

All the chondrichthyan species identified are on the IUCN Red List. This is not 

surprising considering  that 354 high latitude species were listed on the IUCN Red List 

in 2010, with over 50% identified as “Data Deficient” or “Not Evaluated” (Ebert, et al., 

2010). Apron rays (Discopyge tschudii) and Patagonian skate (Bathyraja macloviana) 

are both listed as “Near Threatened”, and the red spotted catshark (Schroederichthys 

chilensis) is listed as “Data Deficient” despite being the most commonly encountered 

species in this study, and found on the majority of broad-scale habitats identified. It 

was not possible to identify chimaera to species level; however, two families of 

chimaera were identified ~ Callorhinchidae and Chimaeridae. These were 

distinguishable by differences in body morphologies and skin patterns. Bustamante et 

al., (2014) list five species of chimaera (Callorhinchus callorynchus, Hydrolagus 

macrophthalmus, Hydrolagus melanophasma, Hydrolagus trolli and 
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Rhinochimaera pacifica) as occurring in Chilean waters, the IUCN list only one species 

(Hydrolagus macrophthalmus) (IUCN, 2012). Apron rays and red spotted catshark 

have been recorded in Chilean waters previously (Häussermann and Försterra, 2009), 

however, the previous maximum depth reported for red spotted catshark was 80 m, 

this study increases this to 207 m. The presence of apron rays in shallow (~<200 m) 

mud habitat conforms with known information on this species (Mabragaña et al., 2011) 

Apron rays are known to feed on polychaete worms in mud sediment (Mabragaña et 

al., 2005), they occur in water depths of 38 – 110 m,  at temperatures ranging from 7.1-

16.5 ◦C ,  migrating in winter from the offshore shelf to inshore coastal system (Cortés 

et al., 2011) These surveys were conducted in March (Autumn) and identify apron rays 

in the shallow coastal waters of Huinay Bay (23-60 m) on habitats classified as mud. 

The Patagonian skate is readily identified by the white spots the covering the disc, with 

two larger and clearer spots visible to the front and outward of the anterior. Whilst 

thought to be common, little is known about this species on the Chilean coast of 

Patagonia, with most research conducted in Argentinian waters (Mabragaña et al., 

2005) where it is at risk of over exploitation from commercial fisheries and as bycatch 

(Mabragaña et al., 2005). The data shows the habitat preference of this species to be 

on mixed and coarse sediment, however this is based on the presence of three 

individuals imaged in areas where bathymetry and side scan sonar was limited, 

therefore more data is required. 

The collection of high-resolution bathymetry and habitat data offers a new dimension 

to spatial ecology studies of chondrichthyans. By obtaining data on habitat association, 

it may be possible to identify the distribution, localised abundance and critical habitats 

for benthic chondrichthyans, helping to ensure that MPAs and fisheries restrictions are 

suitably placed and managed. Usually environmental information is obtained from 

satellite imagery which may not be relevant for benthic species. Habitat information 

can also be assigned post capture by using previously collected data. However, none of 

these methods collect real time interaction data such as that collected in this study.  

Other methods to collect such images might typically involve a Baited Remote 

Underwater Video systems (BRUVS), however, these methods involve baiting in order 

attract species to the monitoring equipment in order to record species presence.  This 

can result in biased data on habitat association. 

The AUV travelled  2 m above the seabed collecting four images per second, illuminated 

by flashing strobe lighting. This allowed for multiple imaging of the same individual, 

allowing behavioural response to the AUV to be assessed. No chondrichthyans 
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appeared disturbed by the AUV and were largely resting on the seabed. One catshark 

and one skate appeared to present natural foraging behaviour, identified as slow 

swimming movement across the terrain. However, some teleosts did, on occasion, 

show evasive behaviour to the presence of the AUV. Further investigations into the 

impact of the AUV should be conducted to understand its impacts on different species 

to understand its effectiveness as a monitoring tool, it is worth noting that deep-sea 

chimaera have been observed reacting strongly to manned submersible presence 

(Lorance et al., 2000). 

The apparent suitability of the AUV for benthic chondrichthyans suggests that this 

monitoring tool has global application for monitoring high latitude benthic and 

benthopelagic chondrichthyans. As AUVs are capable of surveying depths up to 6000 

m, this also suggests they would be suitable for monitoring deep-water 

chondrichthyans. Both high latitude seas and deep-water areas are systems where few 

methods exist for monitoring natural behaviour. 

This method therefore has great potential for the conservation and fisheries 

management of chondrichthyans. Identifying species and essential habitat is 

imperative to  conservation and management (Webster et al., 2002; Barnett et al., 

2019). In particular, within remote high-latitude areas, such as Chile, where MPA 

designation and management is in its infancy and data quantity is poor (Ebert et al., 

2010). This in-situ, holistic method of monitoring would also reduce the risks 

associated with current mark- recapture methods and would reduce the requirement 

for specialist personnel meaning the application could be more widely adopted by 

marine and fisheries managers. 

However, it should be noted AUV surveys are also data intensive, requiring significant 

analysing time, this means they may not always be suitable. However, habitat 

association data obtained opportunistically can help direct other surveys by identifying 

habitat types to focus survey efforts. 

This data was collected opportunistically for another survey and highlights how 

versatile AUV data collection can be. Seabed images were captured in monochrome 

due to the nature of the survey work being conducted. This limited the observer’s ability 

to identify lesser known or unrecorded species meaning higher classifications had to 

be used, however it was beneficial for identifying spot patterns on species such as the 

Patagonian skate.  In order to improve the diagnostic capabilities of imagery, it is 

advised that colour imagery is trialled for future surveys. Identification may also be 
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limited by the capabilities of the observer to differentiate between cartilaginous and 

bony fish, however the basic morphologies of the different chondrichthyan species 

groups and the difference in behaviour exhibited was clear within this survey. 

 

5.5.8. Conclusions 

Chondrichthyans are typically wide ranging, migratory species which makes 

conservation and fisheries management difficult to enforce and monitor. Many high 

latitude chondrichthyan species are poorly studied and data deficient. In order to 

combat these challenges, this study has combined accurate chondrichthyan location 

information, with detailed seafloor habitat maps, and bathymetry, producing habitat 

association data, helping to  fill data gaps on lesser known species and display a method 

of conducting research which has global application for high latitude seas. This 

preliminary study highlights the benefits of conducting holistic research methods for 

studying the spatial ecology of chondrichthyans and highlights how AUV data can be 

utilised for multiple purposes. Limitations included the identification capabilities of 

monochrome imagery and the quantity of data produced by the AUV, further 

investigations into annotation software and machine learning algorithms would be 

beneficial for reducing analysis time. 

5.5.9. Future work 

The management, conservation and sustainable fisheries of sharks is a global issue, the 

United Kingdom has 65 resident chondrichthyan species of which could benefit from 

data obtained using this method. Therefore, the aims of future work would be to 

conduct the same method of survey in high latitude seas around the UK as a series of 

dedicated and opportunistic surveys. To identify the quality and quantity of data 

obtained from both. The Loch Sunart to the Sound of Jura MPA would be an obvious 

choice due to the long-term skate monitoring work that is conducted. This area has 

extensive high resolution ~2 m bathymetry and acoustic sonar available for producing 

habitat maps. Monitoring currently involves a combination of catch and release, 

acoustic telemetry, and citizen science photo identification. This is mostly conducted 

onboard dedicated angling vessels, biasing sampling locations. Surveys are expensive, 

time consuming, and rely heavily on suitable weather conditions and the availability of 

vessels. Angling boats tend to remain in one location for many hours, whilst acoustic 

arrays are concentrated towards “hotspots” of skate activity.  This would enable 
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comparisons with data collected by acoustic and satellite telemetry. The AUV could be 

regularly deployed within the MPA to collect images of skate, complimenting these 

other monitoring activities and provide additional long-term datasets across large 

areas of seabed. These images could further be categorised for photo identification 

studies (Benjamins et al., 2018), to produce a high-resolution dataset of skate 

movement and habitat preference within the MPA. Further sites of interest would 

include the Wester Ross area of Scotland where the spatial ecology of chondrichthyan 

species is poorly understood, with recent surges in bycatch (alive and dead), and in-

situ reports by SCUBA divers recorded. Further work is required to analyse imagery 

obtained from historical AUV surveys. The inclusion of environmental data derived 

from the bathymetry (Chapter 4) may also be beneficial to identifying habitat 

preference and therefore add additional dimensions to the data resolution. Finally, 

annotation software would be utilised to reduce analysis time by creating machine 

learning algorithms that would be capable of automatically sorting the images into the 

main species groups. 

 

5.6. Case study 2: Mobile acoustic telemetry 

5.6.1. Rationale 

Acoustic telemetry is a popular method used to study the spatial ecology of mobile 

marine species (Neat et al., 2015). It is used to inform marine managers on the long -

term quantitative spatial and temporal fine scale habitat use and habitat preference of 

target species. It is particularly useful as a long-term monitoring tool in designated 

MPAs to assess their effectiveness and to assess the condition of designated features. 

Many variables can alter the effective detection range of acoustic receivers, with results 

often differing from manufacturers estimates. Therefore, in order to maximise 

effectiveness in subsequent data analysis it is important to conduct site and equipment 

specific range testing. However, current range testing methods are expensive, time 

consuming, and are compounded by the collection of two-dimensional data for 

interpreting a three- dimensional area. 

Novel technologies such as AUVs have potential capability as a three- dimensional 

range testing platform, however no research has currently explored this ability. AUVs 

are capable of carrying additional payloads and are capable of conducting multiple 

transects whilst maintaining pre- programmed depth ranges. Thus, identifying the 



 

190 
 

optimum detection range throughout the water column. This research identifies the 

first instance of a propelled autonomous vehicle being used as an acoustic range testing 

device. 

This study initially utilises an active acoustic array in Loch Etive. The target species, 

Spurdog (Squalus acanthias) is a bentho-pelagic species known to utilise the full water 

column. However, this study also aims to utilise the method with the Loch Sunart to 

the Sound of Jura MPA, designated to protect the common skate (Dipturus cf. 

intermedius). The MPA is an expansive area covering 741 km2 with a maximum depth 

of 290 m. A suite of 10 stationary acoustic receivers are positioned in “hotspots” 

throughout the area. The size of the MPA in relation to the number of stationary 

acoustic receivers is a key limiting factor for gaining long -term quantitative spatial and 

temporal data of fine scale habitat use and habitat preference of tagged skate. 

Finally, the benefits of utilising an AUV as a mobile acoustic receiver have not been 

widely studied. There is potential application of the AUV to monitor areas not covered 

by the detection range of the existing array. 

This study will therefore identify how effective an AUV is as a; 1) Mobile range testing 

platform, 2) Mobile acoustic monitoring tool. In order to identify their suitability and 

limitations for future management application. This will be achieved by conducting 

mobile range testing and monitoring within Loch Etive and developing range testing 

and monitoring surveys within the LSttSoJNCMPA. 

 

5.6.2. Introduction 

5.6.2.1. Acoustic telemetry 

Acoustic telemetry is a widely adopted method for monitoring mobile species 

underwater, it is readily used to study the movements of elasmobranchs (sharks, skates 

and rays) (Neat et al., 2015; Thorburn et al., 2015; Jakobs and Braccini, 2019; Soria et 

al., 2019) and bony fish (Leclercq et al., 2018; Larocque et al., 2020).  From acoustic 

data it is possible to identify patterns in spatial and temporal movement across 

expansive areas and discover corridors of migration (Kohler and Turner, 2001; Neat et 

al., 2015; Briscoe et al., 2017; Thorburn et al., 2019). This provides data necessary for 

conservation and sustainable fisheries management (Kohler and Turner, 2001; Greene 

et al., 2009; Pinto et al., 2016; Potts et al., 2018; Sousa et al., 2019; Thorburn et al., 

2019). There are three main approaches to conducting underwater acoustic telemetry; 
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active, passive, and mobile acoustic telemetry. Only passive and mobile methods will 

be discussed further within this study. Passive acoustic telemetry is the transmission 

of acoustic information from a transmitter in the form of a tag attached to the study 

animal to an acoustic receiver in the water column that has been attached to a static 

mooring. Data is reliant on the tagged animal passing close enough to a receiver 

(typically <1 km) for it to be detected (Kessel et al., 2014; Huveneers et al., 2016; 

Gennari et al., 2018; Babin et al., 2019). Each tag transmits a unique ID code, and a 

detection event comprises of the ID code of the tag being recorded by the receiver along 

with a date/time stamp. Receivers can listen to multiple transmitters at any one time, 

allowing for multiple animals to be tracked by each receiver. The greater the array of 

receivers, the more potential detections and the greater the resolution of spatial 

information obtained (Steckenreuter et al., 2017). Stationary receivers can be left for 

extended periods, promoting the collection of large spatial-temporal data sets (Kohler 

and Turner, 2001; Bass et al., 2017; Mourier et al., 2017).  However, these studies are 

expensive, requiring regular monitoring to change batteries and remove biofouling 

(Heupel et al., 2008; Collette, 2020). The inefficient placement of receivers may also 

result in low detection rates and equipment loss (Gennari et al., 2018; Winton et al., 

2018; Babin et al., 2019). In mobile acoustic telemetry the receiver is attached to a 

moving platform, giving greater spatial coverage, but with less temporal coverage in 

each area. They can cover large areas, filling in area gaps therefore reducing the 

limitations associated with stationary arrays (Oliver et al., 2017). This method is 

limited by expense and time of vessel operations and the energy capacity of the 

platforms (Oliver et al., 2017). Whilst both methods are readily used in the marine 

environment, the significance of the results whether passive or mobile is reliant on the 

accuracy and reliability of the information received (Gennari et al., 2018). 

 

5.6.2.2. Range testing 

The efficiency of a stationary acoustic array is assessed through range testing. Range 

testing identifies the maximum detection range specific to an assigned array and is 

important for increasing confidence in the reporting and interpretation of data 

(Huveneers et al., 2016; Selby et al., 2016; Babin et al., 2019). A standard method used 

for range testing an acoustic array is ‘drift testing’, a method for testing the range of 

receiver units from the surface. Active transmitters are either suspended in the water 

column from a vessel or a surface float at a fixed depth, normally near the surface. The 

transmitter is usually deployed upstream/tide from the receiver location and is allowed 
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to drift past the receiver while being GPS tracked. The transmitter detections recorded 

by the receiver are compared to the transmitter location in order to determine the 

maximum detection range, while the number of transmissions recorded allows 

inference of detection probability (Kessel et al., 2014; Babin et al., 2019). The signal 

strength between transmitters and receivers, known as the signal strength-to-distance 

relationship (Gennari et al., 2018) is a key factor for maximising detections. The 

greater distance a transmitter is from the receiver the lower the signal strength and the 

greater chance of detection loss. The detection range is therefore the maximum 

distance a transmitter can transmit information to a receiver. Detection range is not 

constant, range is dependent on the depth and orientation of the receiver, deployment 

time, substrate type, and environmental conditions (Heupel et al., 2008; Huveneers et 

al., 2016; Babin et al., 2019). Detection efficiency can also be assessed by calculating 

the detection probability (Cimino et al., 2018; Babin et al., 2019; Reubens et al., 2019). 

This method considers both the detected and undetected transmissions from 

transmitters following a time-division multiplexing transmission scheme with a 

consistent delay time. Range testing methods that record two-dimensional parameters 

of distance and depth are however limited in their ability to evaluate the complex three-

dimensional area within a receivers range (Brownscombe et al., 2020). Suggesting that 

there is a clear need for a three-dimensional range testing method (Figure 5.13). 

 

Figure 5.13: Displays the concept of 3D range testing, whereby a vessel-based transmitter 

obtains one range value and an AUV obtains a series of range values. Highlighting the 

change in detection range at depth within a three- dimensional environment. 
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5.6.2.3. Novel use of autonomous vehicles for mobile acoustic 

telemetry 

Recent studies have utilised autonomous vehicles such as Slocum gliders (Haulsee et 

al., 2015; Oliver et al., 2017; Lembke et al., 2018), wave gliders (Masmitja et al., 2019; 

Oliver et al., 2017; Cimino et al., 2018) and AUVs (Grothues et al., 2010) for 

underwater mobile acoustic telemetry. However, none factor in changes in detection 

range with depth and few studies utilise propelled AUVs meaning that the effectiveness 

of autonomous vehicles as a three-dimensional range testing platform and their 

efficiency across differing environmental conditions and depths, has yet to be widely 

reviewed (Oliver et al., 2017; Babin et al., 2019). 

 

5.6.3. Project Background 

Loch Etive is located on the west coast of Scotland (Fig.1). This sea loch is 

approximately 30 km long and has a mean width of 2 km. It is separated into two 

bathymetric basins, an upper inland basin (47.5 km2), with a maximum depth of 145 

m, and a lower, seaward basin (35.5 km2), with a maximum depth of 70 m; these basins 

are separated by a 13 m sill. A second sill, approximately 5 m deep, separates the lower 

basin from the ocean (Hsieh et al. 2013) (Fig.2). Spurdog have been reported as being 

seasonally resident in the loch (Thorburn et al., 2015), but the extent of this residential 

behaviour is unknown. To investigate this, a passive acoustic array of 10 receivers was 

installed in Loch Etive 14th June 2016 and removed 21st July 2017 (see inset Figure 

5.2.1). Moorings were ballasted with 70 kg chain links and Bruce anchors; 15 mm rope 

connected the ballast to a surface float. Receivers were attached to the main mooring 

line, approximately mid-water, pointing upwards. Depths of receivers varied 

depending on location and the site max depth; ETV 1, 3, 5, 6, 7 were placed at ~60 m 

deep, ETV 2 was at ~5 m depth, ETV 9 and 10 ~20 m deep and ETV 4 and 8 at ~35 m. 

Fifty-one spurdog were tagged with acoustic transmitters at three sites within Loch 

Etive. In order to understand the data returned by the passive acoustic array, the  

detection range of the receivers must be understood. Initial surface drift ranges testing 

was undertaken, with 2 transmitters attached at 5 m water depth on a weighted line 

which was attached to a buoy. The buoy was dropped on the site of each receiver and 

allowed to drift ~1.5 km away from it. This was repeated several times for each mooring 

with the exception of ETV2. In order to test how suitable surface range testing is, a 
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comparable AUV range test survey was carried out to see if a 3D range testing method 

is more suitable than surface drift tests. 

5.6.4. Survey areas 

Five acoustic range testing surveys were conducted in Loch Etive; two in the lower 

basin (Figure 5.14), and three in the upper basin (Figure 5.15) between 1st - 3rd 

November 2016 from RV Seol Mara. 

A series of trial AUV range testing (A and B) and monitoring surveys (C) were designed 

for the Loch Sunart to the Sound of Jura MPA (Figure 5.16). 

The following  maps display both survey areas along with the existing acoustic arrays 

and AUV transects. 

 

Figure 5.14: Mobile acoustic range testing surveys A and B in the lower basin of Loch 

Etive encapsulating three stationary receivers (ETV4, ETV8 and ETV9). The full array 

is visible in the inset. 
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Figure 5.15: Mobile acoustic range testing surveys C, D, and E in the upper basin of 

Loch Etive encapsulating five stationary receivers (ETV1, ETV3, and ETV5-7). 
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Figure 5.16: Mobile acoustic monitoring surveys were chosen in an area west of the 

island of Kerrera (red box) on bathymetry between 120-140 m depth. The bathymetry is 

trimmed to fit the boundaries of the MPA. 



 

197 
 

5.6.5. Methodologies 

5.6.5.1. Mobile acoustic range testing and species detection 

A Gavia Offshore Surveyor AUV was retrofitted with a VEMCO VR2W- 69 kHz acoustic 

receiver and four transmitters (Table 5.3) and secured with cable ties and duct tape. 

The receiver was positioned on the underside of the vehicle aft of the midpoint between 

the strobe  module and the Geoswath module, whilst the transmitters were secured 

onto the sides of the vehicle. Prior to deployment an initial ballast check was conducted 

in a test tank at the Marine Robotics Facility (MRF). 

The AUV was programmed as per methods of Chapter 2, vessel speed was set to 700 

RPM for all missions. The AUV was used to range test all receivers apart from ETV 2 

and ETV 10. ETV 2 was not included in the survey as there was no comparable surface 

range testing data and ETV 10 was not surveyed due to its close proximity to the Falls 

of Lora, creating high currents that would have put the AUV at risk. 

A series of linear transects were conducted at depth intervals between 20- 80m 

depending on the basin depth, in order to obtain the most suitable signal strength-to-

distance relationship between the moored receivers and the mobile transmitters 

(Figure 5.17). The AUV transmitters followed a time-division multiplexing 

transmission scheme with randomly selected delays between consecutive acoustic 

transmissions between amin = 30 sec and amax = 90 sec, with a nominal mean delay 

of aavgf = 60 sec to reduce close proximity detection interference (CPID) (Kessel et al., 

2015). Geographic position, depth, and distance at the time of transmission was 

obtained from AUV track metadata files, with data recorded to the nearest second. 

Table 5.3: The receiver and transmitters utilised for the study 

Type Sensor Type ID 

VR2W - 69 kHz Receiver 108160 

VEMCO V13 DST Transmitter 41296 

Thelma Biotel MP-13 Transmitter 167007 

Thelma Biotel MP-13 Transmitter 169538 

Thelma Biotel MP-13 Transmitter 169563 
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Figure 5.17: Diagram displaying the concept of mobile acoustic monitoring and range 

testing at different depths using an AUV. The white boxes signify the transmitters 

whilst the black boxes signify the receiver units on both the stationary (moorings) and 

mobile platforms (AUV). 

 

5.6.5.2. Data analysis methods 

AUV and surface drift range testing data were analysed and compared using a 

combination of scatter plots, histograms and descriptive statistics. Two-way ANOVA 

and Tukey Honest Significant Differences tests were conducted on comparable AUV 

and surface detection data. 

The two-way analysis of variance (ANOVA) test was used to investigate if there was a 

significant difference in the range of test detections between surface and AUV testing.   

This was validated using a Tukey Honest Significant Differences function (Miller, 1981) 

comparing the range of test detections between surface and UAV tests for each receiver 

separately at a 95% family-wise confidence level. 

5.6.5.3. AUV range testing routes and acoustic monitoring routes 

In order to demonstrate the wider applicability of AUVs for range testing passive 

acoustic telemetry arrays, a range testing survey was designed around the current 10 

receiver array in the Loch Sunart to the Sound of Jura MPA. 
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AUV surveys were developed in Teledyne CARIS control centre software version 2014-

08-28-1417, utilising stationary acoustic receiver data from University of St Andrews 

and bathymetric data supplied by INIS Hydro (Figure 5.16). 

The shallowest and deepest stationary receiver sites (receiver 5 and 8 respectively) 

were chosen for mobile range testing (Figure 5.16(A and B)). For each site, 4 km 

transects were placed 2 km either side of the stationary receivers and programmed at 

varying depths to encompass the total water column. 

Further to this, a trial monitoring area was chosen to the west of the Isle of Kerrera 

(Figure 5.2.4 (C)) and a survey designed to use the AUV as a monitoring tool for tagged 

skate whereby the AUV would have a receiver attached to it and undertake a survey to 

detect the presence of tagged skate. This site was chosen as a suitable test area due its 

bathymetric profile which is highly comparable to the preferred depth range of 

Dipturus intermedius~140 m (Thorburn et al., 2018), suggesting a high liklihood of 

skate presence. Three transects were placed to maximise detections across this 

prefered depth range in areas not covered by the detection range of the current acoustic 

array. 

AUV surveys were developed in Teledyne CARIS control centre software version 2014-

08-28-1417, utilising stationary acoustic receiver data from University of St Andrews 

and bathymetric data supplied by INNIS Hydro (Figure 5.2.4). 

5.6.6. Results 

Comprehensive data tables are available from Marine Scotland. These have been 

summarised in Table 5.4. 

5.6.6.1. Range testing 

Comprehensive data tables are available from Marine Scotland. These have been 

summarised in Table 5.4. 

Overall, there were 361 detections across 9 receivers with the shallowest and deepest 

detections received at 0 m (ETV3) and 89.2 m (ETV1) respectively. Detectable distance 

ranged from 4.9 m (ETV6) to 766.5 m (ETV3). The average depth and distance detected 

across all receivers was 31.8 m and 189.7 m (Figure 5.18). The greatest detections were 

obtained at 0- 10 m (111 detections) and least at 50-60 m (13 detections) (Figure 5.21). 

Generally, the deeper the AUV was flown in the water column the greater the distance 

it was detected, with the deepest depth band (70-80 m) correlating with the furthest 

AUV detected distance (766.5 m). Surface range testing detections were greatest within 
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the first 10 m of the water column and most commonly detected <400 m distance, 

whilst AUV acoustic detections were evenly dispersed throughout the water column 

(Figure 5.18). 

 

Figure 5.18: Scatter plot displaying the distance in relation to depth for all AUV (red) 

and surface (blue) detections. 

Range testing data was further divided into receiver-scale analysis (Figure 5.19 and 

Figure 5.20). 
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Figure 5.19: Scatter plots displaying the general bias of the surface testing to 

the top 10 m of the water column whereas the AUV mobile detections were 

evenly dispersed throughout. ETV 10 was not included in the AUV survey and 

ETV 2 had no surface drift or AUV data. 

 

 

Figure 5.20: Displays the maximum range of receivers across all surveys. 
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Figure 5.21: Histogram of counts per depth group for AUV and surface drift detections. 

Table 5.4: Summary of AUV mobile range testing results from each stationary receiver 

Statio
n ID 

Range 
test type 

No. 
detection

s 

Detectable 
depth (m)* 

Avg. 
dept
h (m) 

Avg. 
distance 

(m) 

Min 
detection 

distance (m) 

Max 
detection 

distance (m) 

ETV1 AUV 50 0.3 – 79.2 34.8 149.4 37.9 471.2 

SURFACE 20 5 - 89.2 - 125.4 20.3 382.8 

ETV3 AUV 29 0 – 79.5 40.8 246.4 85.1 766.9 

SURFACE - - - - - - 

ETV4 AUV 35 5 – 62.1 36.4 158.1 26.3 410.6 

SURFACE 9 5 - 132.1 101.2 175.5 

ETV5 AUV 42 7.9 – 79.5 47.7 261.7 109.4 443.1 

SURFACE 32 5 - 204.8 103.7 400.1 

ETV6 AUV 37 0.8 – 64.5 37.5 190.8 14.4 537.9 

SURFACE - - - - - - 

ETV7 AUV 30 0.5 – 79.6 47.4 245.8 49.4 415.7 

SURFACE 1 5 – 9.9 - - 305 305.6 

ETV8 AUV 24 22.5 – 52.2 33.8 124.5 24 328.2 

SURFACE 2 5 - 223.0 158.2 287.8 

ETV9 AUV 13 0 – 19.5 10.8 110.2 34.3 177.1 

SURFACE  14 5 – 47 - 419.2 84.9 708.4 

ETV 10 AUV - - - - - - 

SURFACE 16 5 - 270.4 61.7 360.2 

*True depth was obtained using Pythagoras theorem 

 

Depth (m) 

Count 
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Only stations ETV1 and ETV9 had enough data in the same depth range to statistically 

compare the distance range. Initial box plots (Figure 5.22) highlight that at ETV1 both 

methods produce similar results, whilst at ETV9 surface tests obtain a greater distance 

range than AUV tests. 

 

Figure 5.22: Box plots of comparable range test areas ETV1 and ETV9. 

 

Table 5.5: Results of Two-way ANOVA test 

Variable Df Sum Sq mean F value P r(>F) 

Range Test 1 84952 84952 7.705 0.00954 

Station ID 1 39426 39426 3.576 0.06865 

Range Test: Station ID 29 59133 59133 5.363 0.02784 
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Figure 5.23: Results of Tukey multiple pairwise- comparisons. 

 

Results of the Two-way ANOVA (Table 5.2.4) show a significant difference in detection 

distances between AUV and surface range testing methods [F(1)=7.71, p=0.00954] and 

no significant difference between stations [F(1)=3.58, p=0.06].This is validated by the 

Tukey HSD Test (Figure 5.2.11), a significant difference is evident between mean levels 

for surface range testing at ETV9 and AUV range testing at ETV1, surface range testing 

at ETV9 and surface range testing at ETV1, and Surface range testing at ETV9 and AUV 

range testing at ETV9 at a 95% confidence level. 

The depth bands from AUV range testing stations were statistically compared against 

distance range (Figure 5.24). The boxplots show that similar distance range was 

attained throughout all depth bands using an AUV, the 70m depth band displayed the 

largest difference. 
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Figure 5.24: Boxplots of AUV range testing detections split by depth bands. 

 

Table 5.6: One-way ANOVA comparing AUV depth groupings 

Variable Df Sum Sq. mean F value P r(>F) 

Depth group 8 234836 29355 1.887 0.0625 

 

Results of the one-way ANOVA show no significant difference between the AUV depth 

bands [F(8)=1.89, p=0.06] in relation to distance at the p<0.05 confidence level. This 

was largely validated by the Tukey HSD Test (Figure 5.25). A significant difference was 

evident between 70 and 40 m depth bands (p=0.04) however, no further depth bands 

were identified as significant. 
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Figure 5.25: Results of Tukey multiple pairwise- comparisons of depth bands. 
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5.6.6.2. Spurdog detections 

A total of 83 detections for 16 individual spurdog were obtained from a VEMCO VR2W 

- 69 kHz receiver attached to the AUV (Table 5.2.6). No AUV data is available for 12 

detections, these include all detections (n=6) for spurdog A69-1105-11 and A69-1601-

41273. The remaining 71 detections are displayed in Figure 5.2.14 Eight detections of 

one individual were acquired in the lower basin (Figure 5.2.15) whilst the remaining 

63 were acquired in the upper basin (Figure 5.2.16). One spurdog (A69-1105-07) was 

detected in both the lower and upper basin, and was the only individual detected in the 

lower basin. Four spurdog including A69-1105-07 were detected on multiple days 

(Figure 5.2.17). Day 3 (03-11-16) is already displayed in Figure 5.2.15 (lower basin map) 

as only A69-1105-07 was detected across all three days. 

Table 5.7: Spurdog detections from the AUV mounted receiver 

Transmitter ID No. of 

detections 

Transmitter ID No. of 

detections 

A69-1105-11 2 A69-1601-41280 5 

A69-1105-7 28 A69-1601-41281 3 

A69-1601-41271 4 A69-1601-41283 8 

A69-1601-41272 1 A69-1601-41285 2 

A69-1601-41273 4 A69-1601-41286 7 

A69-1601-41277 3 A69-1601-41287 7 

A69-1601-41278 3 A69-1601-41288 1 

A69-1601-41279 3 A69-1601-41290 2 

 



 

 
 

 

Figure 5.26: The 71 acoustic transmissions from 14 acoustically tagged  Spurdog within Loch Etive. Location points identify the AUVs position at the 

time of transmission not the location of the tagged spurdog. Detections for spurdog A69-1105-11 and A69-1601-41273 are not included as no AUV 

locational data were available for the detections of these spurdog.  
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The following maps Figure (Figure 5.27-Figure 5.29) display a suite of AUV survey 

plans created in Control Centre for conducting range testing and monitoring within the 

MPA. 

5.6.6.3. Mobile range testing routes in the MPA 

 

Figure 5.27: displays the shallow (40-165 m) AUV range testing route. This 

survey consists of five, 2 km transects, with an estimated survey time of 2 hours 

52 min and 40 sec (based on the AUV travelling at 700 RPM). 

 

Figure 5.28: displays the deep (220-290 m)  AUV range testing route. The survey 

consists of six, 2 km transects, with an estimated survey time of 3 hours 33 min 

and 30 sec (based on the AUV travelling at 700 RPM). 
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5.6.6.4. Mobile monitoring routes in the MPA 

 

Figure 5.29: displays the trial mobile monitoring survey for detecting tagged D. 

intermedius within the MPA. This survey consists of three transects with an estimated 

survey time of 2 hours 6 min and 8 sec. Three transects were chosen that promote wide 

coverage of the skate’s preferred summer depth range (120-140 m) in an area not covered 

by the stationary array. 

5.6.7. Discussion 

This study demonstrates the potential for an AUV to be used as both a mobile range 

testing platform and a mobile acoustic monitoring tool. 

5.6.7.1. Range testing 

VEMCO estimate a maximum range of 500-700 m for the tags used in this study, 

depending on environmental conditions. A key limitation of acoustic monitoring is the 

range in which a receiver can detect a transmitter (Gennari et al., 2018). The majority 

of detections from both the AUV and the surface drift test were within 500m, with a 

maximum range of 767 (AUV) and 708 (Surface). The surface range testing had a 

greater maximum distance then the AUV in the top 10 m and 50 m. However, the 

maximum range of detection was greater across all other depths for the AUV than it 

was for the surface test. The receiver units also consistently received more 

transmissions across the depth range from the AUV than from the surface testing, the 

distance range and the number of detections were homogeneous amongst depth ranges 

for the AUV, while the range and number of detections for the surface testing was 

heavily skewed towards transmissions in the top 5 m. 
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At receivers ETV 1 and 9, it was possible to compare the detection range of both the 

AUV and the surface test in the same depth range. The detection distance ranges was 

similar for both the AUV and the surface test at ETV 1, this suggests that the 

background transmission noise from the AUV did not create close proximity detection 

interference (CPID) (Kessel et al., 2015) with the tags on the AUV. This has often been 

assumed in the past and has limited the number of studies that have used mobile 

technology to test the 3D range of an acoustic array. Further evidence of the AUVs lack 

of interference in the transmission signal from tags was the fact that greatest detection 

distance was recorded by the AUV (767 m). However, the surface testing did have 

significantly greater detection distances at ETV 9, but this receiver had the lowest 

number of AUV detections overall, suggesting that the AUV transect at this site wasn’t 

effective or the environment around ETV 9 was not suitable for AUV transmissions, 

this should be further investigated. It is worth noting however that the at the AUV 

range test at ETV 9 did not test both sides of the receiver which may account for the 

low number of detections. 

These results show that the AUV can more reliably be used to test the range of a receiver 

throughout the water column than the surface testing can, effectively identifying the 

three-dimensional capacity of each receiver. Identifying the 3D range of a receiver 

array is of great importance as it will increase the effectiveness of any spatial analysis 

of acoustic telemetry,  especially for species which utilise the whole water column, 

(Kessel et al., 2014) such as spurdog. 

There are a number of considerations and limitations in this study that will require 

further testing; 

Range testing surveys are typically conducted with tags transmitting at a fixed ping rate 

in order to calculate the probability of detection (Cimino et al., 2018; Babin et al., 2019; 

Reubens et al., 2019). While we attempted to overcome the random transmission of 

the tags used in this study by placing a receiver on the AUV in close proximity to the 

tags in an effort to detect every transmission, it was clear some transmissions were not 

detected by the AUV receiver. Due to the uncertainty around this data, we did not 

include it in this case study. While randomised ping rates did mitigate for CPID, it 

would provide a more robust study if the AUV were to be fitted with fixed transmission 

rate tags. This would also allow the probability of detection at range to be estimated 

rather than just maximum distance. 



 

212 
 

Due to varying environmental conditions creating unique noise environments, which 

have the potential to impact the detection range, it would be beneficial to repeat these 

surveys during different tidal cycles springs, neaps, high water and low water. In order 

to understand the true detection capabilities of an acoustic array, testing in a variety of 

conditions would allow this to be estimated. 

It is unknown how the AUV would cope conducting these surveys whilst under the 

influence of challenging underwater conditions such as highly tidal environments 

where the AUV may be pulled off-course during a transect or whilst getting back on a 

line following a turn. These challenges put extra energy demands on the vehicle and 

may reduce the survey length. 

Kessel et al., (2014) and Huvenne et al., (2016) highlight that range testing is not 

transferable between survey areas and each site requires suitable range testing in order 

to establish the detecting capabilities of the array it is important to undertake range 

testing on each array, and, if possible, each receiver. This study has demonstrated the 

advantage of testing the detection distance of a receiver over a depth range, as there is 

a current acoustic study in the LSSOJ MPA, this array would benefit from 3D range 

testing as provided by the AUV. Increasing the length of the AUV range testing 

transects would provide further information on the maximum distance of detection 

which is why in the MPA study these transect lengths have been extended out 2 km in 

either direction from the stationary receivers. This is especially relevant as different 

tags are currently being used in the MPA which have a louder output. Also, as the MPA 

array is in place to detect tags attached to skate species, optimising the range testing to 

deeper water would be of benefit. Due to the complex seascape in the MPA and the 

variety of seabed substrates, it would be of interest to determine how these variables 

effect the detection range of the receivers. Due to the AUVs survey length capacity, it 

could be used to test this where surface test may not be able to. 

 

5.6.7.2. Acoustic Monitoring 

The AUV receiver detected 16 (27%) of the 59 tagged spurdog during these short 

deployments, this highlights its potential application as a mobile acoustic receiver. The 

acoustic array in the Loch Sunart to the Sound of Jura MPA covers approximately 4% 

of the total area (MPA =720 km2, 10 receivers with a 767 m detection radius (1.85 km2 

per unit) = 31.4 km2 total receiver coverage without overlap), signifying a need to fill in 

the gaps. The number of receivers required to achieve this would be approximately 390 
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(based on a detection radius of 1.85 km2).  This is a large number of receivers, and it is 

unlikely an array with full MPA coverage could be deployed. Furthermore, beyond the 

MPA, receiver moorings are vulnerable to mobile fishing gear. The surveys created here 

for the MPA show that the AUV is capable of covering a distance of up to 24 km in a 

single deployment~ per day (if conducting only transects), with a detection range of 

767 m, each 24 km transect would cover approximately 37 km2. This means the entire 

MPA could be surveyed in ~20 days. While relying solely on AUV transects to 

continually monitor sites not feasible, notably as the AUV can only be in one place at 

any single time point, using an AUV in addition to a static array to determine tagged 

animal presence in areas beyond the detection range of an array, including areas 

outside management boundaries where receivers are at risk is a viable alternative to a 

high number of receivers. In the case of the Loch Sunart to the Sound of Jura MPA, 

AUV transects could allow for more effective testing of the MPA boundaries, 

contributing significantly to the monitoring of the site. 

 

5.6.8. Conclusions and future work 

This preliminary case study highlights potential advantages of using an AUV as both a 

mobile range testing platform and a mobile acoustic monitoring tool. The next step 

would be to run the range testing and monitoring surveys in the MPA. If successful, it 

would be advantageous to range test the remaining eight receivers and combine 

acoustic monitoring with seabed imagery for the purpose of photo identification, 

effectively combining the methods of case study 2 with case study 1 in order to identify 

non tagged individuals and juveniles. Finally, the addition of capture and release, and 

photo identification location points could further refine the scale of habitat use and 

preference within the MPA by using the AUV to target “hotspots” of skate activity to 

identify key areas used at different life stages such as egg laying and nurseries. 

This study was conducted in collaboration with researcher’s Dr James Thorburn and 

Dr Lea-Anne Henry, and funded by Sharks, skates and rays In the Offshore Region and 

Coastal Zones of Scotland (SIORC) community project. 
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5.7. Case study 3: In-situ monitoring of commercially 

exploited species 

5.7.1. Rationale 

Scotland’s inshore fisheries, which includes finfish and shellfish, are important for the 

nation’s economy and commerce, providing a valuable global food source, as well as 

employment and income for rural coastal communities (Davies et al., 2019). Scottish 

shellfish fisheries (Nephrops and scallops) were valued at £180 million in 2017.  

Scallops are the second most valuable shellfish stock landed by the Scottish fleet (after 

Nephrops) and represent 22% of the total shellfish value (The Scottish Government, 

2017). Management of scallop stocks is a difficult process, as the fishery is not 

restricted by catch limits. Scallop abundance data is a requirement of fisheries 

management to ensure stocks are managed effectively and are not over-exploited. 

Abundance data is currently collected during yearly dredge surveys conducted 

throughout Scotland.  This is both time consuming and expensive to assess such 

expansive areas. Mechanical dredging is also identified as negatively affecting marine 

habitats and species through increased sedimentation and seabed damage. Seabed 

imagery is a non-destructive method of collecting both quantitative and qualitative 

data on species. However, the collection and processing of such data remains time and 

cost intensive. The industry therefore requires a quick and effective in-situ method for 

monitoring wild scallop stocks. 

Imaging techniques such as Structure from Motion (SfM) are used extensively 

underwater by Self Contained Breathing Apparatus (SCUBA) divers to monitor the size 

and condition of coral reefs and associated communities. Applying a similar 

methodology to the seabed within scallop harvesting grounds could enable the 

measuring of scallop size and abundance whilst limiting disturbance. However, scallop 

habitat can be deeper than safe diving depths, therefore, a suitable alternative to 

SCUBA SfM surveys is required. Deploying Remote Operated Vehicles (ROVs) would 

significantly reduce the difficulties associated with surveying large, deep water (>30 

m) areas. However, preliminary testing is required to identify whether the data 

collected by these vehicles is appropriate. 

This study aims to (i) identify the effectiveness of semi- autonomous vehicles for 

producing SfM models of the seafloor by comparing SfM models produced by SCUBA 
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divers and ROVs, (ii) evaluate the effectiveness of enumerating Pecten maximus from 

such models. 

 

5.7.2. Introduction 

5.7.2.1. Scallop fishery 

The king scallop (Pecten maximus) is a common bivalve mollusc recorded throughout 

Britain and Ireland, predominantly found in sandy seabed at depths of 10-110 m. P. 

maximus are a commercially important species, in 2015 total landings were in excess 

of 10,000 tonnes with a value of £23 million (Dobby et al., 2017). Scallops are fished 

by dredge/trawl or hand dived. The sustainability of the scallop dredge fishery is 

dependent on the methods by which scallops are collected; the major issues are 

identified as the by-catch of commercial and non- commercial fish, and the mortality 

of discarded scallops (Beukers-Stewart et al., 2005; Shelmerdine, 2010; Stewart and 

Howarth, 2016). Scallops are aged by observing annual growth rings, the rate of height 

growth can be highly variable ranging from 51 mm to 105 mm at Age 3 (ICES, 2015). 

Scallops are returned if they are below the minimum landings size. The current 

minimum landing size in Scotland is 110 mm shell length with two exceptions allowing 

for landings of 100 mm (Shetland) and 105 mm (Irish Sea, south of 55◦N) (Scottish 

Government, 2017).  Dredging and diving fishing activity can also cause wider 

environmental impacts which are discussed in greater detail within Chapter 6. 

Scallop dredge fisheries operate in unrestricted waters and, less commonly, in 

managed marine reserves where areas within them are closed to fishing. It is identified 

that closures reduce scallop mortalities, increase juvenile growth rate and exploitable 

biomass (Beukers-Stewart et al., 2005). Two examples where closed fisheries 

demonstrate pronounced benefits to scallop stocks in fished areas are; Lamlash Bay, 

Isle of Arran, and Port Erin, Isle of Man (Beukers-Stewart et al., 2005; Howarth et al., 

2011; Stewart and Howarth, 2016). 

Despite the potential benefits of integrating marine and fisheries management (Gell 

and Roberts, 2003; Howarth et al., 2011; Stewart and Howarth, 2016; Brooker et al., 

2018), MPAs established for conservation purposes are rarely assessed for their 

benefits to fisheries, therefore reducing their benefit to ecosystem services. This can 

impact support of MPAs from fisheries stakeholders (Brooker et al., 2018). 
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5.7.2.2. Monitoring of the scallop fishery 

Scallop fisheries require regular monitoring in order to obtain evidence on the 

sustainability of the stock. Monitoring aims to establish density and abundance in 

order to calculate maximum sustainable yields (MSY), they also improve scientific 

knowledge and understanding of scallop ecosystems. This includes the identification 

of larval sources and populations which provide important larval supply (Andersens, 

2018b). 

Stock assessments are traditionally conducted by camera drop surveys, video transects 

and dredge surveys. Fisheries managers have identified that a common approach for 

assessing scallop stocks is required as gear type and configuration vary by country and 

agency. In the UK, towed dredge surveys are the common method used, whereby a 5 

km2 cell within an 80 km2 block of a fishing ground is randomly selected. Age and shell 

length data is collected from the samples, a method which is heavily relied on despite 

no common methodologies or protocols. Mortalities, damage, and by-catch species are 

also recorded. 2018 was the first time all UK scallop stocks were assessed using an 

independent fisheries survey, however the longevity of conducting independent 

surveys is compromised by the uncertainties and limitations of funding sources 

(Andersens, 2018b). 

Dredge surveys are potentially flawed in their ability to estimate the true population 

size of scallop beds. Abundance estimates risk being over or underestimated which 

makes it difficult to turn relative estimates of scallop stock into absolute estimates 

(Dobby et al., 2012, 2017; Stokesbury et al., 2016; Andersens, 2018). Dredge surveys 

also present the same ecological and physical impacts as scallop fishing vessels, albeit 

over a smaller area. Improvements have been made to examine dredge performance, 

efficiency and to assess seabed disturbance by complimenting existing surveys with the 

addition of cameras, bringing the UK in line with similar standards conducted in 

Canada, Iceland and USA  (Andersens., 2018). 

5.7.2.3. Enumerating scallops in-situ 

A potential alternative to dredge surveys is to monitor scallop stocks in-situ. Fisheries 

agencies in America are using seabed imagery of scallop beds as a non-invasive 

technique for collecting voluminous data in order to improve abundance estimates 

(Richards et al., 2019). The School for Marine Science and Technology (SMAST) 

Scallop Video Survey and the Woods Hole HabCam Survey collect fisheries dependant 

and independent imagery data respectively. SMAST covers the entire US scallop 
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resource (Stokesbury et al., 2016), whilst yearly HabCam surveys sample 185 

km/259,200 m2 area of seabed per 24 hours which equates to almost 2.5 times the area 

covered by a survey dredge (Stokesbury et al., 2016). The data obtained benefited the 

US scallop fishery by almost doubling estimates of scallop densities (Stokesbury et al., 

2016). 

Constraints of largescale image surveys include high data volume, manual processing 

time, and the costs of fisheries independent surveys (Richards et al., 2019). The 

development of automated image analysis tools such as Video and Image Analytics for 

a Marine Environment (VIAME) and CoralNet aim to reduce manual processing time. 

However, the algorithms for automated scallop detection require large training 

datasets. Imagery is also limited in its capacity to obtain accurate length 

measurements, distinguish live scallops, and record physical attributes (Cryer, 2015). 

Towed camera systems are restricted by the capabilities of vessels and physical 

constraints such as weather and currents (Sheehan et al., 2016). AUV image surveys 

can reduce the physical limitations associated with towed systems and minimise the 

ecological impacts associated with dredge surveys (Walker et al., 2016; Rasmussen et 

al., 2017). Preliminary surveys conducted by Walker et al, (2016) identified that scallop 

densities and shell heights could be reliably estimated from AUV imagery. However, 

the technology is rarely used routinely (Bean et al., 2017), and the expense of 

purchasing and maintaining equipment, and time associated with an increased data 

volume currently limits their uptake as a global fisheries management tool (Fernandes 

et al., 2003; Walker et al., 2016). 

ROVs also present as a potential in-situ monitoring tool (Sward et al., 2019). However, 

literature on their effectiveness for monitoring scallop fisheries is limited to occasional 

surveys used to establish count data (Forbes and Lyle, 2016; Lysenko et al., 2017). 

ROVs are highly manoeuvrable with deep water capabilities and hard-wired tethering 

which enable real time assessment of stocks without the battery life constraints 

associated with AUVs. The inherent limitations of AUVs and ROVs have been discussed 

in greater detail within Chapter 1. Compared to dredge surveys, ROV image surveys 

would reduce ecological impact, however with a reduced sampling coverage, greater 

survey effort is required to cover the same area of seabed. Video and stills alone are an 

important fisheries management tool. However, imagery can be further utilised for 

enhanced benefits. 
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5.7.2.4. Structure from Motion 

Structure from Motion (SfM) known also as photogrammetry, is a widely used method 

for producing 3-D models with high spatial resolution. SfM requires multiple, 

overlapping (~70-80 %), high quality imagery from a moving sensor (Westoby et al., 

2012; Burns et al., 2015). The 3D geometry is obtained from a series of control points 

acquired from scaled markers, these are also used to validate accuracy and precision 

in the resulting models (Burns et al., 2015). Models are produced by matching common 

features between images, establish orientation and producing a 3D point cloud 

(Westoby et al., 2012; Burns et al., 2015; Micheletti et al., 2015). Limitations can 

include the initial cost of the SfM software and processing equipment, the processing 

power of the equipment, and time (Micheletti et al., 2015). Despite this,  SfM has 

established applications in the marine environment as a low impact and relatively low-

cost monitoring tool (Westoby et al., 2012; Prado et al., 2019) providing valuable 

contributions to scientific knowledge, by advancing capabilities for evaluating the 

complexity of populations and habitat structure from shallow reefs to deep sea mounts 

(Bayley et al., 2019; Magel et al., 2019; Prado et al., 2019; Price et al., 2019; Raber and 

Schill, 2019). Few SfM models have been produced to assist fisheries management, 

despite the potential benefits observed by Walker et al., (2016) who, in a pilot study, 

used SfM models produced from AUV imagery to count and measure the shell heights 

of scallops in the Mid-Atlantic Bight. They concluded that the methodology reliably 

estimated density and shell height consistently with direct sampling. The quality of a 

SfM model however is related to image quality, scale and geometry (Micheletti et al., 

2015), therefore high quality data acquisition is essential (Figueira et al., 2015). 

5.7.2.5. Imagery for SfM model 

Underwater SfM surveys are typically conducted by SCUBA divers using a digital 

camera or GoPro (Burns et al., 2015; Raoult et al., 2016). Images are taken 

continuously whilst swimming in a boustrophodonic pattern (lawnmower stripes) 

(Burns et al., 2015). The swimming altitude from substrate and illumination are 

typically set according to onsite conditions and the focal length of the camera lens, with 

darker, more turbid conditions requiring increased illumination and reduced altitude 

~ 1-3 m above substrate.  The method is limited by time, depth and nitrogen 

accumulation in diver tissues~ for example; 45 minutes/ 21 m max/ 3 dives per day. 

Therefore, recent studies aimed at exploring either deeper and larger areas have 

utilised high resolution imagery from autonomous and semi-autonomous technologies 
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such as AUV, ROV, HAUV (Hybrid AUV), and USV (Unmanned Surface Vehicle) 

(Walker et al., 2016; Price et al., 2019; Raber and Schill, 2019). 

5.7.2.6. Comparing robotics and diver surveys  

There is no identified literature which directly compares SfM models produced by 

SCUBA divers and autonomous technologies  and few which analyse the inter-survey 

variability in order to test the accuracy and precision of SfM models (Figueira et al., 

2015; Guo et al., 2016). Repeat surveys assess the robustness of the method and 

therefore its reproducibility and wider application by evaluating among-sample 

variation (Figueira et al., 2015). Reproducibility is also important when using SfM 

models to accurately count and measure objects within them (Figueira et al., 2015). 

Models can be compared using specialist software. CloudCompare is an open source 

3D point cloud and mesh comparison software (www.danielgm.net). It is used to 

perform direct comparisons between dense 3D point clouds and triangular meshes, 

displaying the variance (distance between corresponding points) as a colour scalar field 

(Girardeau-Montaut, 2015). 
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5.7.3. Survey areas 

5.7.3.1. Ganavan Bay 

 

Figure 5.30: Bathymetry of Ganavan Bay processed to 2 m resolution. Displaying a 

gently sloping seabed shoaling in a southeast direction. The red box indicates the 

selected survey area. Nautical charts digitised courtesy of UKHO. 

 

Ganavan Bay (Figure 5.30) situated on the west coast of Scotland (56◦2629N, 5◦2819W) 

is a sheltered bay characterized by soft, homogenous seabed sediment. It was selected 

due to conditions which would enable multiple dives and AUV deployments in varying 

weather conditions, a shallow depth gradient (15-20 m) and unobstructed seabed 

conditions.  An AUV bathymetric survey was conducted to identify a suitable area in 

which to lay a 25 m long transect tape, while assessing the seabed features and potential 

underwater hazards. A total of 15 image surveys were conducted (12 SCUBA and 3 

ROV). 
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5.7.3.2. Dunstaffnage Bay 

 

Figure 5.31: Bathymetry of Dunstaffnage Bay processed to 2 m resolution. Displaying a 

gently sloping seabed shoaling in a southwest direction. The red box indicates the 

selected survey area. Image and bathymetry courtesy of Dr John Howe. 

 

Dunstaffnage Bay (Figure 5.31) was chosen as a secondary site due to prolonged 

adverse weather conditions preventing the use of Ganavan Bay. It is located in a 

sheltered and shallow bay ~ 8 m.  The seabed is characterised as predominantly 

homogenous mud with shells, occasional gravel and mixed seaweeds. The area is used 

extensively for conducting shallow scientific diver training; therefore, the site’s 

underwater features were well known.  A total of 2 image surveys were conducted (1 

SCUBA and 1 ROV). 

5.7.4. Methodologies 

5.7.4.1. Scallop preparation 

Sixty live hand dived king scallops (Pecten maximus) were purchased and stored in 6 

tanks within the aquarium at Scottish Association for Marine Science (SAMS) from 

September to November 2018. Ten scallops were placed in each tank. Height and 



 

222 
 

length measurements were obtained in accordance with the methods of (Lart and 

Green, 2013), (Figure 5.32). Scallop length ranged from 111 mm to 127 mm with a mean 

length of 119 mm. 

 

Figure 5.32: Scallop dimensions; Height (H) from the hinge to the edge of the shell,  

Length (L) across the shell parallel to the hinge (Lart and Green, 2013). 

 

5.7.4.2. Survey design 

A suitable transect zone at Ganavan Bay was identified from the bathymetry  (Figure 

5.30). A permanent shot line was installed, with a 10 m broken line across the seabed 

connecting it to the beginning of the transect. From this mark a 25 m transect tape was 

laid in a southeast to northwest direction, at a bearing of 330˚. The survey was 

subsequently moved to Dunstaffnage Bay (Figure 5.31) where a permanent shot line 

was marked with a calibration scaling bar measuring 0.585 mm in length and 0.06 mm 

in width. Calibration scales are markers of a known length and width that are placed 

within the survey area. They are used to set ground control points during the modelling 

process, which ultimately enables precise measurements and scaling to be made. 

Thirty-three live king scallops were placed in mesh bags and transported to the survey 

area. The scallops were randomly distributed on both sides of the tape to a maximum 

on 1 m distance either side, forming a survey area of 50 m2. 

 

5.7.4.2.1. SCUBA diver surveys 

Divers using SCUBA descended down a shot line to the start of the transect. Divers 

conducted a video transect over the survey area, swimming slowly in a 

boustrophodonic pattern to enable 70-80% overlap among all images (Burns et al., 

2015) whilst maintaining a constant height of 1 m from the seabed (Figure 5.33). 
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Figure 5.33: Displays the boustrophodonic survey method along a tape measure where 

the dashed black lines indicate the path of the diver, each colour box showing the image 

area ensuring 70-80% overlap, the dashed red line indicating the total survey area. 

 

A GoPro Hero 6 in time-lapse (0.5 sec) mode, capturing high definition (12MP) images, 

and two Weefine smart focus video lights illuminating 3000 lumens each illuminated 

the seafloor. Repeat surveys were conducted at depths of 18-21 m at Ganavan Bay and 

6-8 m at Dunstaffnage Bay with horizontal visibility ranging from 2-5 m. The scallops 

were collected at the end of the second dive each day and returned to the aquarium. To 

enable rest periods and minimise mortalities only 50% of the scallop stock were utilised 

per day on the surveys. 

 

5.7.4.2.2. ROV surveys 

A BlueROV2 battery-powered ROV (Figure 5.34) was deployed from the vessel, the 

ROV was equipped with; 6 T200 thrusters and maximum forward speed of 1 m/s (2 

knots), capturing live 1080p HD video with a Hitech Hs-5055MG tilt servo capable of 

110 degree field of view and +/- 90 degree camera tilt, illuminated by 4x 1500 lumen 

lights with dimming control and 135 degree light beam angle. Containing a 3-DOF 

gyroscope, accelerometer, magnetometer, an internal barometer, external pressure, 

depth and temperature sensor, and weighing 9-10 kg with a depth rating of 100 m. A 

Go-pro Hero 6 was attached capturing high quality 4k video, utilising the ROV lighting. 

Lighting was set to either 75% or 100% depending on seabed conditions. The ROV was 

controlled from the surface by the pilot, using a hand-held console and laptop 

displaying the footage in real-time.  The pilot guided the ROV down the survey shot 

line to the transect and conducted multiple lawnmower-style video transects <1 m 

above the seabed. Depth was monitored on the console. 
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Figure 5.34: A front (A) and top (B) view of BlueROV2 remote operated vehicle 

displaying; a) lamps, b) camera, c) GoPro attachment point, d) thrusters and e) 

umbilical. 

 

5.7.4.3. Structure from Motion 

Individual frames were extracted from ROV GoPro video footage using Agisoft 

Metashape. Digital surface models were created from the SCUBA and ROV derived 

imagery using Agisoft Photoscan Professional v. 1.5.4 (Agisoft LLC, 2017). A HP Z8 G4 

workstation with 2x Intel Xeon Gold 6128 CPU at 3.40GHz 1x NVDIA Quadro P5000 

GPU 128 Gb RAM was utilised. Model parameters are displayed in Table 5.8. The 

outputs were scaled using four ground control points on the calibration scaling bar and 

exported as meshes. 

Table 5.8: Agisoft model parameters 

Alignment Accuracy High 

Depth map quality Medium 

Filtering mode  Moderate 

 

5.7.4.4. Model quality and precision 

The quality of each model was assessed visually in Agisoft Metashape (64bit) v. 1.5.4 

by comparing the seafloor coverage (total surface area in m2). Model precision was 

assessed by analysing the inter-survey total root mean square error (RMSE) estimates 

of the ground control points obtained from the processing report of each model. The 

total RMSE is the average error estimated across all ground control points and is 

displayed in cm. 
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5.7.4.5. Model accuracy – deviation analysis 

CloudCompare v. 2.10.2 (Zephyrus) [Windows 64-bit] was utilised for assessing the 

accuracy between the digital surface models (meshes) of SCUBA diver and ROV 

surveys, and to distinguish the extent of inter-survey error. A reference mesh, 

identified as the mesh with the largest surface area (Girardeau-Montaut, 2015) was 

utilised to compare with all other “alignment” meshes. Matching points were selected 

on non-biological objects throughout the alignment and reference surveys. Root Mean 

Square Error (RMSE) and mean distance values (in mm) were obtained by computing 

the “cloud/mesh distance” from aligned models. Model comparisons were conducted 

utilising the “cloud-to-mesh distance” tool. This tool computes the distance between 

two meshes and displays the relative distance (deviation) as “absolute distance” in a 

scalar field colour scale (Girardeau-Montaut, 2015). A schematic workflow is provided 

in Figure 5.35. 
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Figure 5.35: Schematic workflow using CloudCompare to assess model accuracy by 

producing deviation models depicting the mean squared error of two compared surveys. 

Workflow adapted from CloudCompare user manual (Girardeau-Montaut, 2015). 

 

5.7.4.6. Scallop enumeration 

Enumeration was conducted by counting the total number of scallops visible on each 

model, and QC’d by two further independent verifiers to obtain the mean number of 

scallops visible 
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5.7.4.7. Assessing the accuracy in scallop sizing 

The “measure tool” in Agisoft Metashape Professional was used to (i) measure the size 

(height and length) of each model scallop to compare measurements with the true 

population, and to (ii) assess the survey area error of measuring scallops from the 

models by measuring a known length on each model ~ 25 m tape measure. 

A suite of statistical analyses was conducted on the scallop height and length 

measurements in R Studio (version 1.2.5001) to identify whether modelled scallop 

populations were statistically the same as the true population. 

The Shapiro-Wilk test for normality (Royston, 1995) calculates a W statistic that tests 

whether a random sample (x1, x2, xn) comes from a normal distribution. 

 

Where x(i) are the ordered sample values (x(1) is the smallest) and ai are the constants 

generated from the means, variances and covariances of the order statistics of a sample 

of size n from a normal distribution. 

The Fligner-Killeen Test of Homogeneity of Variances (Conover et al., 1981) is a 

median test conducted on non-normal distributed data. It performs on the null 

hypothesis that the variances in each of the samples are the same. 

The one-way analysis of variance (ANOVA) Test tests the null hypothesis that the 

means of different groups are the same (p>0.05). It computes the within sample 

variance and the variance between samples to produce an F statistic and p-value. 

The Tukey Honest Significant Differences function (Miller, 1981) tests the validity of 

the ANOVA by performing multiple pairwise comparisons to compare the means of 

each group at a 95% family-wise confidence level. 

The Kruskal-Wallis Test tests whether population distributions are identical without 

assuming they follow a normal distribution. Therefore, it tests the null hypothesis that 

the scallop height and length measurements from SCUBA, ROV, and the true 

population are identical populations at a .05 significance level. 

The multivariate analysis of variance (MANOVA) Test enables the simultaneous 

testing of multiple response variables (height and length). It tests the null hypothesis 

that the combined length and height has no statistically significant effect on the 

population at a p<.05 significance level.



 

 
 

5.7.5. Results 

5.7.5.1. Data tables 

Table 5.9. Summary of conducted surveys. Only those highlighted (surveys 16-20) were used in subsequent analyses. 

Survey 

Event 

Date Dive 

No. 

Site Dive 

Type 

Objective No. of 

Passes 

Comments 

1 1/10/18 1 GB SCUBA Lay transect  - - 

2 3/10/18 1 GB SCUBA Lay scallops  - - 

3 5/10/18 1 GB SCUBA Video transect/ collect 

scallops 

1 Test run 

4 10/10/18 1 GB AUV Camera transects 1 Preliminary survey without scallops 

5 29/10/18 1 GB SCUBA Lay scallops/video transect 1 - 

6 29/10/18 2 GB SCUBA Lay scallops/video transect 1 - 

7 30/10/18 1 GB SCUBA Lay scallops/video transect 1 - 

8 30/10/18 2 GB ROV ROV transect - No data 

9 30/10/18 3 GB SCUBA Video transect/ collect 

scallops 

1 - 



 

 
 

10 31/10/18 1 GB SCUBA Lay scallops/video transect 1 - 

11 31/10/18 2 GB ROV ROV transect - No data 

12 31/10/18 3 GB SCUBA Video transect/ collect 

scallops 

1 - 

13 1/11/18 1 GB SCUBA Lay scallops/video transect 1 - 

14 1/11/18 2 GB ROV ROV transect - Used GoPro on ROV. No data 

15 1/11/18 3 GB SCUBA Video transect/ collect 

scallops 

1 - 

16 07/11/18 1 GB SCUBA Lay scallops/video transect 1 - 

17 07/11/18 2 GB ROV ROV transect 5 Used GoPro on ROV 

18 07/11/18 3 GB SCUBA Video transect/ collect 

scallops 

1 - 

19 29/11/18 1 DB SCUBA Lay scallops/video transect 6 - 

20 29/11/18 2 DB ROV ROV transect/scallops 

collected 

6 - 
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5.7.5.2. Seabed surveys 

Twenty survey events were conducted between October and November 2018 (Table 

5.9). Imagery was collected on twelve survey events using SCUBA and five by ROV. 

Two survey events were utilised for setting up the transects and one utilised the AUV. 

Other than a preliminary test survey (Survey 4), no image-surveys were conducted by 

the AUV due to technical difficulties. Multiple image-surveys were conducted by divers 

at Dunstaffnage Bay, whilst only a single image-survey was conducted per survey event 

at Ganavan Bay due to the depth and time restrictions placed on SCUBA divers. On 

three occasions at Ganavan Bay the ROV survey was suspended due to deteriorating 

weather conditions. A total of twenty-nine image-surveys were conducted by combined 

methods with nineteen providing sufficient overlapping imagery to input into Agisoft 

Photoscan Professional. Examples of the seabed imagery are provided in Figure 5.36.  

It was possible to create digital surface models for thirteen surveys in Agisoft 

Photoscan Professional (highlighted in Table 5.10). This incorporated two SCUBA and 

one ROV survey at Ganavan Bay, and six SCUBA and four ROV surveys at Dunstaffnage 

Bay. Digital surface models from the surveys are displayed in Figure 5.37 to         Figure 

5.39 and a summary of the metadata is displayed in Table 5.11. 
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Figure 5.36: Examples of seabed imagery imported into Agisoft Photoscan Professional; 

a) Dive 1 Ganavan, b) Dive 2 Ganavan, c) Dive 4 Dunstaffnage, d) Dive 6 Dunstaffnage, 

e) ROV Ganavan, f) ROV Dunstaffnage. 
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Table 5.10 Summary of surveys imported in to Agisoft Photoscan Professional. Greyed out 

rows indicate failed models. 

 No. Survey Name Comment 

16 1 Dive 1 - 

17 1 Dive 2 - 

17 2 ROV 1 Very poor alignment of images (195/980) 

17 3 ROV 2 Photos aligned reasonably well when split but mesh 

was unable to form properly due to insufficient point 

cloud coverage  

17 4 ROV 3 Poor alignment 265/833 and insufficient point cloud 

coverage 

17 5 ROV 4 Reasonable alignment, shaded band very banded and 

poor-quality textured mesh 

18 1 ROV 5 Near complete tiled model (descent alignment and 

mesh) 

19 1 Dive 1 Difficulty aligning images therefore split in to two 

chunks 

19 2 Dive 2 - 

19 3 Dive 3 - 

19 4 Dive 4 - 

19 5 Dive 5 - 

19 6 Dive 6 - 

20 1 ROV 1 - 

20 2 ROV 2 - 

20 3 ROV 3 - 

20 4 ROV 4 - 

20 5 ROV 5 Poor quality textured mesh 

20 6 ROV 6 - 



 
 

 

Table 5.11. Metadata for each digital surface model. Greyed out rows indicate failed/poor qualty models. 

 

Survey 

Number 

of 

Images 

Ground 

Resolution 

(mm/pixel) 

Coverage 

(m2) 

Camera 

stations 

Tie 

points 
Projections 

Reprojection 

error (pix) 

Dive 1 Ganavan  1,014 0.391 41.5 1,007 180,907 523,050 2.17 

Dive 2 Ganavan 1,071 0.351 46.5 1,071 296,811 856,848 1.97 

ROV Ganavan  840 0.222 19.8 754 94,228 238,802 2.01 

Dive 1a 

Dunstaffnage 

454 0.451 53.1 454 314,579 899,393 1.98 

Dive 1b 

Dunstaffnage 

308 - - 308 203,178 578,028 1.8 

Dive 2 Dunstaffnage 744 0.395 70.5 744 515,324 1,455,715 1.83 

Dive 3 Dunstaffnage 967 0.382 68.4 967 742,307 2,523,048 2.02 

Dive 4 Dunstaffnage 873 0.379 69.4 873 701,245 2,405,844 19.4 

Dive 5 Dunstaffnage 605 0.334 53.3 605 548,861 1,729,267 1.38 

Dive 6 Dunstaffnage 674 0.343 58.3 674 617,009 1,929,782 1.69 

ROV 1 Dunstaffnage 1,162 0.351 74.5 878 307,725 831,043 2.21 

ROV 2 Dunstaffnage 1,183 0.366 71.8 1,009 561,558 1,705,141 2.24 

ROV 3 Dunstaffnage 1,218 0.442 71.3 1,020 369,672 1,185,511 2.8 

ROV 4 Dunstaffnage 700 0.494 52.7 700 282,874 867,853 2.71 

ROV 6 Dunstaffnage 686 0.434 52.5 686 371,370 1,063041 2.16 



 

 
 

5.7.5.3. Seabed modelling 

5.7.5.3.1. Ganavan Bay - Digital surface models 

 

Figure 5.37: Digital surface models created in Agisoft Professional from SCUBA and ROV imagery-surveys at Ganavan Bay. 



 

 
 

5.7.5.3.2. Dunstaffnage Bay - Digital surface models from diver surveys 

 

 

5.7.5.3.3. Dunstaffnage Bay - Digital surface models from ROV surveys 



 

 
 

 

        Figure 5.39: Digital surface models created in Agisoft Professional from ROV imagery surveys at Dunstaffnage Bay. 
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5.7.5.4. Cloud Compare Ganavan Bay 

5.7.5.4.1. Inter-survey deviation analysis 

 

Figure 5.40: Inter-survey deviation analysis of Ganavan Bay where Dive 2 identified as 

the reference model and Dive 1 is identified as the alignment model. 

Dive 1 aligned well with the reference model, at between -0.09 cm - 0.11 cm C2M 

(absolute distance).  The aligned model displays greatest deviation to the reference 

model in the top right area (visible in red) (Figure 5.40). 

 

5.7.5.4.2. SCUBA and ROV deviation analysis 

 

Figure 5.41: Deviation analysis between diver and ROV surveys in Ganavan Bay where 

Dive 2 is identified as the reference model and ROV is identified as the alignment model. 
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The ROV survey generally aligned well with Dive 2 reference model. Absolute distance 

typically displayed between -0.53 cm - 0.48 cm.  The aligned model displayed greatest 

deviation to the reference model in the central and bottom left area of the model Figure 

5.41). 

5.7.5.5. Cloud Compare Dunstaffnage Bay 

5.7.5.5.1. Inter-survey deviation analysis 
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Figure 5.42: Inter-survey deviation analysis of Dive and ROV surveys conducted at 

Dunstaffnage Bay, where Diver 2 and ROV 2 were identified as the reference models. 

 

Inter-survey deviation analysis (Figure 5.42) is summarised as follows, generally, all 

the dive models aligned well with Dive 2 reference model, with overall deviance ranging 

from -0.06 cm- 0.28 cm. Dive 3 displayed the least deviance between models with 

absolute distance centred on 0 cm and otherwise between -0.10 cm-0.10 cm.  Dive 4 

displayed the greatest range of deviance, between -0.18 cm–0.28 cm. All models 

presented negative deviance towards the end of the surveys, displayed in blue. 

All ROV models displayed some alignment with ROV 2 reference model. ROV 3 

displayed the least deviance between models with absolute distance centred on 0 cm 

and otherwise between -0.12 cm–0 cm. ROV 6 presented with the greatest range of 

deviance, between -0.95 cm–1.39 cm, with further deviance of -3.15 cm towards the 

bottom-left of the survey. 
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5.7.5.5.2. SCUBA and ROV deviation analysis 
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Figure 5.43: Deviation analysis between dive and ROV surveys in Dunstaffnage Bay 

where Diver 2 was identified as the reference model. 

 

SCUBA and ROV analysis (Figure 5.43) is summarised as follows, generally, all ROV 

models displayed some alignment with Dive 2 reference model. However, deviance 

varied greatly between each ROV model. ROV 2 presented with the lowest deviance, 

with absolute distance ranging from -0.75 cm–0.24 cm, whilst ROV 6 presented the 

greatest deviance with absolute distance ranging from -8.30cm–1.46 cm. 
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Table 5.12. Quality and precision of point clouds generated in Agisoft Professional 

Survey Seafloor coverage (m2) Ground Control 

Points RMSE (mm)* 

Ganavan Bay 

Dive 1 41.5 5.69 

Dive 2  46.5 6.01 

ROV  19.8 5.10 

Dunstaffnage Bay 

Dive 2 70.5 3.19 

Dive 3 68.4 2.76 

Dive 4 69.4 6.98 

Dive 5 53.3 3.78 

Dive 6 58.3 1.07 

Mean 63.6 3.0 

SD 7.71 2.16 

ROV 1 74.5 2.84 

ROV 2 71.8 3.31 

ROV 3 71.3 3.16 

ROV 4 52.7 1.18 

ROV 6 52.5 3.11 

Mean 63.78 2.56 

SD 10.99 0.88 

*RMSE= Root Mean Square Error 

Seafloor coverage ranged from 19.8 m2 -46.5 m2 at Ganavan Bay and 52.5 m2 -74.5 m2 

at Dunstaffnage Bay. Seabed coverage was highest within Dive 2 and ROV 1 at Ganavan 

Bay and Dunstaffnage Bay respectively. Root Mean Squared Error (RMSE) ranged 

from 5.10 mm-6.01 mm at Ganavan Bay and 1.07 mm-6.98 mm at Dunstaffnage Bay.   

Dive 6 and Dive 4 displayed the lowest and highest RMSE respectively (Table 5.12). 
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Table 5.13: Analysis of models aligned in CloudCompare 

Comparison Survey RMSE (mm) Mean Distance 

(mm) 

Standard 

Deviation 

Ganavan Bay 

D
iv

e
 2

 

 

Dive 1 0.11 0.02 0.0976 

ROV 0.36 -0.002 0.2885 

Dunstaffnage Bay 

D
iv

e
 2

 

Dive 3 0.56 -0.01 0.0897 

Dive 4 0.23 0.02 0.2068 

Dive 5 0.20 0.004 0.2064 

Dive 6 0.08 0.007 0.0738 

ROV 1 0.11 -1.99 2.0367 

ROV 2 0.10 -0.44 0.5773 

ROV 3 0.48 0.42 0.5505 

ROV 6 0.38 -1.91 2.9294 

R
O

V
 2

 

ROV 1 0.31 -0.14 0.3738 

ROV 3 -0.21 -0.009 0.1676 

ROV 6 0.66 -1.07 2.0664 

RMSE=Root Mean Square Error 

At Ganavan Bay, RMSE ranged from 0.11 mm–0.36 mm, whilst mean distance ranged 

from 0.02 mm-0.002 mm at Dive 1 and ROV respectively.  At Dunstaffnage Bay, RMSE 

ranged from 0.08 mm-0.56 mm between diver surveys, -0.21 mm–0.66 mm between 

ROV surveys, and 0.10 mm to 0.48 mm between diver and ROV surveys. Mean distance 

ranged from -0.01 mm - 0.02 mm between diver surveys, -1.07 mm--0.14 mm between 

ROV surveys, and -1.99 mm- 0.42 mm between diver and ROV surveys (Table 5.13). 
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5.7.5.6. Scallop enumeration 

Table 5.14: Scallop enumeration 

Survey 
Mean No. of 

scallops* 
SD 

% total 

scallops 

No. of 

scallops 

(dependant 

verifier) 

Ganavan Bay 

Dive 1 33 0.58 100 33 

Dive 2  32 1.53 97 32 

ROV  32 1.15 97 31 

Dunstaffnage Bay 

Dive 2 26 1.53 79 25 

Dive 3 31 0 94 31 

Dive 4 31 0 94 31 

Dive 5 31 0 94 31 

Dive 6 31 0 94 31 

ROV 1 26 0.58 79 26 

ROV 2 25 1.15 76 24 

ROV 3 28 1.53 85 28 

ROV 4 8 0 24 8 

ROV 6 31 0 94 31 

*Based on 1 dependant, and 2 independent verifiers. 

Mean scallop detections (Table 5.14) ranged from 32-33 and 8–31 at Ganavan Bay and 

Dunstaffnage Bay respectively. Mean scallop detections at Dunstaffnage Bay presented 

a range from 26–31 from diver surveys and 8-28 from ROV surveys. 
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5.7.5.7. Scallop sizes 

5.7.5.7.1. Statistical analyses and results of scallop sizing accuracy 

Box plots 

 

Figure 5.44: Box plots displaying the variance of height and length measurements from 

the true population sizes using SCUBA, and ROV SfM models, for Ganavan bay (A and 

B), and Dunstaffnage Bay (C and D). 

The box plots display little variation between scallops sized from the true population 

and from the SCUBA and ROV models. 

 

Shapiro-Wilk Test for normality 

Table 5.15: Results from Shapiro-Wilk Test for normality for Ganavan Bay. 

Population Variable p value 

True  Height 0.0096 

True Length 0.2992 

SCUBA Height 0.0892 

SCUBA Length 0.0007 

ROV Height 0.4195 

ROV Length 0.3466 
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Table 5.16: Results from Shapiro-Wilk test for normality for Dunstaffnage Bay. 

Population Variable p value 

True Height 0.0096 

True Length 0.2992 

SCUBA Height 2.894-8 

SCUBA Length 4.011-8 

ROV Height 0.0083 

ROV Length 0.0618 

 

The results of the Shapiro-Wilk test (Table 5.15 and Table 5.16) implies that the 

distribution of the majority of the data is significantly different from the normal 

distribution (p>0.05). 

 

Density plots 

Ganavan Bay 

 

Figure 5.45; Density plots displaying the distribution of scallop height measurements. 
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Figure 5.46: Density plots displaying the distribution of scallop length measurements. 

 

Dunstaffnage Bay 

 

Figure 5.47: Density plots displaying the distribution of scallop height measurements. 
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Figure 5.48: Density plots displaying the distribution of scallop length measurements. 

 

The density plots (Figure 5.45-Figure 5.48), display mostly normal distributions with 

skewed tails. 

Fligner-Killeen Test 

Table 5.17: Fligner-Killeen Test 

Variable Chi squared df p- value 

Ganavan Bay 

Height 3.2357 2 0.1983 

Length 8.7788 2 0.0124 

Dunstaffnage Bay 

Height 3.9934 2 0.1358 

Length 10.976 2 0.0041 

 

The Fligner-Killeen test for homogeneity of variance (Table 5.17) showed height to be 

homogenous, and length to not be homogeneous. 
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One-way analysis of variance – ANOVA 

Table 5.18: One-way analysis of variance – ANOVA 

Variable Df Sum Sq mean F value P r(>F) 

Ganavan Bay 

Height 2 1.71 0.8559 1.342 0.265 

Length 2 4.17 2.0850 2.855 0.0608 

Dunstaffnage Bay 

Height 2 1.59 0.7930 1.352 0.26 

Length 2 2.84 1.4219 2.082 0.126 

 

An ANOVA (Table 5.18) confirmed that there was no significant effect of height 

[F(2)=1.34, p=0.27], [F(2)= 1.35, p=0.26], or length [F(2)=2.86, p=0.06], [F(2) = 2.08, 

p=0.13] at the p<.05 level of the measured populations. 

This is validated by the Tukey HSD Test (Figure 5.49), no significant between-group 

difference was identified in the means of the three groups at a 95% confidence level. 

Tukey multiple pairwise- comparisons 

 

Figure 5.49: Tukey comparison plots displaying pair-wise comparisons of mean height and 

length from SCUBA and ROV SfM measurements and the true population at Ganavan 

Bay (A and B) and Dunstaffnage Bay (C and D) at a 95% family-wise confidence level. 
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Kruskal-Wallis rank sum test (Table 5.19) identified a significant difference between 

the lengths of the measured populations at Ganavan Bay (p=0.02). No significant 

differences were identified between the heights of measured populations at Ganavan 

Bay (p>0.05) or the height and length measurements at Dunstaffnage Bay. 

 

Kruskal- Wallis 

Table 5.19: Kruskal- Wallis 

Variable Chi-squared df p-value 

Ganavan Bay 

Height 4.037 2 0.1329 

Length 8.3596 2 0.0153 

Dunstaffnage Bay 

Height 5.7139 2 0.05745 

Length 4.2923 2 0.1169 

 

Finally, a MANOVA (Table 5.20) confirmed that there was no significant effect of 

length and height [F (2) =1.53, p= 0.19], [F (2) = 1.96, p= 0.09) at the p<.05 level of 

the measured populations. 

This is represented pictorially within the cluster scatter plot displaying at 95% 

confidence, (Figure 5.50). 

Table 5.20: Multivariate analysis of variance – MANOVA 

Df Pillai Approx F Pr (>F) 

Ganavan Bay 

2 0.041 1.525 0.1948 

Dunstaffnage Bay 

2 0.026 1.963 0.0987 
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5.7.5.8. Survey area error  

Errors in the observed survey area were assessed by measuring the error associated 

with a known distance i.e., the tape measure used within the transect which was visible 

on the seabed on all models and laid to a distance of 25 m . 

Table 5.21: Accuracy of measuring scallops on SfM models. 

SURVEY MEASURED LENGTH (M) ERROR (%) * 

DIVE 1 24.9 0.4 

DIVE 2 24.8 0.8 

ROV 22.7 9.2 

DIVE 2 24.8 0.8 

DIVE 3 24 4 

DIVE 4 25 0 

DIVE 5 24.3 2.8 

DIVE 6 24.5 2 

ROV 1 24 4 

ROV 2 24.4 2.4 

ROV 3 24.5 2 

ROV 6 24.1 3.6 

*Where total known length = 25 m 

Survey area error was low. The greatest accuracy was measured in the Dive 4 SfM 

model at Dunstaffnage Bay (25 m/0% error), whilst the least accuracy was measured 

in the ROV SfM model at Ganavan Bay (22.7 m/9.2% error) (Table 5.3.13).  An ANOVA 

confirmed that there was no statistically significant effect [F (2) =2.132, p=0.189] at 

Dunstaffnage Bay at the p<.05 level of the measured lengths, whilst a statistically 

significant effect was confirmed in the measurements obtained at Ganavan Bay [F (2) 

=364.5, p=0.037] .
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5.7.6. Discussion 

This pilot study satisfactorily fulfils research aim i) and ii). The study highlights that 

ROVs can be deployed to collect imagery of sufficient quality for creating SfM models 

of the seafloor. The resulting models allow for accurate enumeration and measurement 

of the king scallop (Pecten maximus). These methods offer an effective alternative 

approach for recording commercial scallop stocks in-situ, whilst conforming to current 

fisheries management standards. 

5.7.6.1. Research aim 1 - Identify the effectiveness of semi-

autonomous vehicles for producing SfM models of the seafloor. 

This study highlights that SfM models of the seafloor can be produced from ROV 

derived imagery. There are also some inherent differences and limitations that need 

addressing in order to refine and improve their effectiveness.he ROV optimised survey 

time, with fast deployment and recovery, whilst SCUBA diver surveys required longer 

launch and recovery times, and calmer sea conditions. Depth and time restrictions 

placed greater restriction on diver surveys than on ROV surveys. Dive surveys were 

conducted twice per day for maximum 45 minutes per dive due to decompression 

limits. At Ganavan Bay divers could conduct one full coverage survey per dive, whilst 

the ROV was capable of conducting multiple passes, unrestricted by depth, the main 

considerations were a battery time of 1.5 hours and surface conditions. In larger ROV 

systems tethers attached to mains power have less time restrictions and large vessels 

are capable of deploying and recovering equipment in more challenging sea conditions, 

whilst operators perform tasks from within the vessel rather than from an open boat 

such as the RHIB used in this survey.  Therefore, the deployment of larger mains 

powered ROVs from larger vessels would be of benefit for conducting seafloor surveys. 

Initial observations suggest that SfM models produced from dive surveys are generally 

of higher quality, with lower RMSE ( 0.11, 0.08 and 0.56 mm compared to 0.36, 0.21, 

and –0.66 mm for ROV surveys)  superior resolution and colour and larger 

reproducible surface area than those derived from ROV surveys. 

 The imagery obtained by divers were of superior quality, displaying natural colour, 

whilst ROV imagery displayed a green hue and reduced resolution. Extracting imagery 

from video inherently produces images of lower quality than those obtained from time 

lapse photography due to motion blur and reduced control of speed, feature 
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illumination, and altitude. However, video capture is a common method of collecting 

imagery for SfM modelling as it ensures continuous autoexposure and white balancing. 

In this study, low resolution imagery was exacerbated by poor illumination due to 

increased altitude of the ROV from the seabed, and the speed and reduced 

manoeuvrability of the ROV in comparison to a SCUBA diver. This highlights that 

further advancements could be made to improve the quality of imagery collected using 

ROVs by increasing pilot skill and practice. 

Image quality affected alignment and subsequent SfM mesh production. Poor 

alignment and image coverage resulted in the low reproduction of complete ROV 

meshes at Ganavan Bay. This is evidenced by the single ROV SfM model which displays 

reduced seabed coverage in comparison to the diver derived models. Image alignment 

was more successful at Dunstaffnage Bay. This is possibly due to differences in the 

seabed sediments and the underwater features of each site. Model processing software 

requires solid unchanging structures in order to match overlapping imagery to produce 

a mesh. Homogenous sediments such as muds and sand with few defining features or 

moving objects such as kelp detritus are identified as features that can reduce model 

quality. Seabed sediments at Ganavan Bay were homogenous fine mud with high 

quantities of kelp detritus and few fixed distinguishing features, whilst in contrast, the 

seabed at Dunstaffnage Bay displayed heterogeneous sediments of mixed pebbles, 

fixed algal coverage, and anthropogenic debris. 

SfM models are commonly used underwater to measure temporal and spatial change 

of habitats and species on the mm scale (Guo et al., 2016). Therefore, a robust 

methodology with low root mean square error (RMSE), low inter-survey error and high 

reproducibility is required to produce accurate measurements. The low RMSE scores 

obtained from Agisoft Professional indicate that the models were of sufficient quality 

for measuring on the mm scale. There is currently no identified literature which 

directly compares SfM models produced by SCUBA divers and autonomous 

technologies, and few which analyse the inter-survey variability in order to test the 

accuracy and precision of SfM models (Figueira et al., 2015; Guo et al., 2016). 

Deviation analysis in CloudCompare highlighted that the diver derived models 

displayed greater reproducibility, with finer alignment than ROV derived models, 

however, the ROV derived RMSE and mean distance were low and in accordance with 

GoPro RMSE values obtained by Guo et al., (2016), and therefore sufficient for 

accurate measurements on the mm scale. 
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However, the method of aligning models to obtain deviance is highly subjective and 

relies on the user selecting the same matching pairs of pixels within each reference and 

comparable model. This becomes increasingly difficult at the furthest reaches of the 

models where the greatest distances were evident. All models displayed what is widely 

known in the literature as the “bowl effect”, an anomaly associated with the processing 

stage of linear transects (Tournadre et al., 2015; Jaud et al., 2018). It is caused by a 

parabolic drift in image orientation.  This feature presented challenges when aligning 

models in CloudCompare and highlights the cause of the large negative distances 

displayed at the peripheries of each transect. The bowl effect inhibits the production of 

digital elevation models and visual representations of the models in geographical 

space. Removing the bowl effect would reduce the displayed deviance, enabling more 

accurate comparisons and wider application of the data.  To achieve this, further 

ground control points are required in the data acquisition stage, or georeferencing of 

images is required during the model processing stage (Tournadreet al.,2015; Jaud et 

al., 2018). The collection of geospatial imagery is a major limitation of using imagery 

tools such as Go-Pros underwater. This could be rectified by attaching an ultra-short 

baseline (USBL) positioning system on to the ROV (Price et al., 2019), or using robotics 

capable of recording geospatial metadata such as AUVs (Walker et al., 2016). 

The SfM model results also highlight the potential application of ROVs for producing 

SfM models underwater for other purposes, and as an alternative to conducting diver 

surveys. This has many benefits, primarily as an added safety measure by reducing the 

human safety risk associated with diving activities. There are also significant costs and 

regulations associated with planning and executing scientific diving activities which 

limits their uptake. It also enables those not capable of SCUBA diving a means to collect 

data of substantial quality. 

5.7.6.2. Research aim 2 - evaluate the effectiveness of enumerating 

P. maximus from SfM models. 

This study also highlights that the seafloor models produced from ROV derived 

imagery can be utilised to effectively identify and enumerate a commercial shellfish 

species, P. maximus.  

In general, more scallops were counted on diver models (26-31 vs 8-28), likely due to 

the greater quality and seafloor coverage. As would be expected, the better the model, 

the closer the counts were to known densities. However, scallops were easily 

identifiable on ROV models despite the reduced resolution. Scallops exhibiting natural 
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behaviour such as burrowing were also successfully enumerated despite their reduced 

visibility. The consistent enumerations obtained by dependant and independent 

verifiers also highlights the easy application of this method by non-experts, and the 

potential for the imagery obtained from ROV surveys to be used to train computer 

algorithms used for automated analysis. 

Low RMSE scores on the majority of models suggests that measurements obtained 

from ROV models would exhibit a good level of accuracy to the mm scale required for 

accurately measuring scallop height, even at a reduced resolution. The variance in 

length and height measurements between diver, ROV, and known measurements was 

low indicating that a modelled seafloor of in-situ scallops could produce data of similar 

quality to processed measurements conducted manually. Whilst modelled length 

measurements were identified as least resembling true sizes, statistically this was not 

significantly different. No significance difference was identified between height, 

length, and combined height and length for ROV or diver SfM models at either 

Ganavan Bay or Dunstaffnage Bay. Seafloor imagery alone is limited in its capacity to 

accurately measure the length and height of scallops (Cryer, 2015), meaning the 

industry relies on dredge surveys to estimate biomass, density and growth. The 

additional production of SfM models from seafloor imagery such as these has the 

potential to improve fisheries management of scallop stocks, by successfully recording 

measurements in-situ. The adoption of SfM surveys is likely to reduce the time spent 

processing samples onboard vessels, increasing the time and therefore areas being 

surveyed. The holistic nature of image collection rather than survey dredge has wider 

positive environmental implication, reducing disturbing and damaging behaviour to 

target species and habitats as well as preventing the bycatch of non-target species. 

This preliminary study has been conducted in a controlled and shallow environment 

in order to test the function of equipment and compare survey methods. The use of 

robotics for SfM modelling is still in infancy and could be the cause of low uptake in 

SfM modelling techniques by fisheries managers. Therefore, experimental surveys 

such as these assist in developing suitable methodologies which complement and 

advance current methods whilst maximising data quality. The study has also identified 

considerations that will require further investigation when conducting similar surveys 

using ROVs on true scallop populations in deeper waters. 

The American scallop fishery is leading the industry in developing imagery and 

autonomous monitoring techniques (Walker et al., 2016; Richards et al., 2019). In 

order to bring UK fisheries in line with advancing methods and to ensure effective 
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management is upheld or improved it is important to understand how these methods 

operate on similar species that exhibit different behavioural traits. For example, the 

American scallop fishery targets Placopecten magellanicus. P. magellanicus is 

typically gregarious and can travel large distances, preferring sand and gravel habitat 

(Stokesbury et al., 2016). Based on the findings of this study, these traits make this 

species a suitable candidate for SfM modelling. In comparison P. maximus presents in 

more sporadic populations on sandy and mud seabed and are not thought to travel 

large distances. The combination of low-density populations and deep sandy- mud 

seafloor will likely require greater piloting skills and increased illumination to ensure 

imagery obtained from ROV surveys is of suitable quality for producing seafloor 

models. However, deeper water inherently complicates ROV procedures due to more 

challenging environmental conditions that require greater illumination and vessel 

control as well as longer tethers. 

Data collected for specific management purposes such as fisheries data often also 

images non target species and habitats (Richards et al., 2019). Therefore, easily 

repeatable surveys such as these could facilitate long-term biological monitoring by 

management agencies. Adopting frameworks such as a management effectiveness 

evaluation (MEE) (Addison et al., 2015), a globally recognised framework that 

promotes adaptive evidence based conservation management (Leverington et al., 

2010; Coad et al., 2013; Addison et al., 2015), could facilitate a smooth transition from 

more widely implemented single sector management plans, to more effective, 

integrated fisheries and conservation management plans where conservation areas are 

also managed to promote their sustainable use and benefits to ecosystem services 

(Brooker et al., 2018). Adopting methods such as these could result in greater support 

from fisheries stakeholders and the wider uptake and longevity of emerging survey 

methods such as independent fisheries surveys (ICES, 2015), where SfM modelling 

methods such as these could be trialled more readily. 

5.7.7. Conclusions 

This study identified that ROVs can be deployed to collect imagery data of suitable 

quality for producing SfM models of the seafloor. It has highlighted that lower 

resolution models can provide data of equivalent value as high-resolution data 

obtained by SCUBA diver surveys. This has wide ranging implications for 

complimenting and improving current data collection methods, by expanding the 
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depth range of SfM models beyond safe diving limits and removing human risk factors 

associated with working underwater. 

Scallops can be effectively identified, enumerated and measured on the seabed using 

SfM methods derived from ROV surveys. Enumerating and measuring scallop 

populations from SfM models provides an in-situ method of collecting data for 

shellfish stock assessments which would ordinarily be collected using methods 

identified as damaging and disturbing to marine species and habitats. In-situ recording 

also prevents mortalities in target species and the bycatch of non-target species. 

There are numerous factors to consider when extending this study to assess true 

populations of scallops. Deeper and more challenging underwater conditions require 

skilled ROV piloting skills to ensure the collection of high quality and full coverage 

seafloor video. A slower travelling speed and greater illumination are identified as ways 

to reduce image blur and remove green hues, therefore improving image alignment. 

Larger vessels capable of deploying larger mains powered ROVs are advised, however 

this will likely incur additional costs. The collection of geospatial information would be 

advantageous to increase the usability of data through maps and DEM’s whilst also 

removing the “bowl effect”. 

The typical composition of seafloor habitat preferred by P. maximus may cause 

complications in establishing SfM models for this species especially in deeper, 

featureless waters when the scallops are burrowed below the surface.  Therefore, 

further deep-water testing is required to identify further how applicable the 

methodology would be to fisheries managers in the UK. 

If successful, this methodology and subsequent data could prove highly beneficial to 

wider stakeholders. Whilst collecting data pertinent to shellfish stock assessments, its 

wider application could include the development of integrated evidence-based 

management plans, combining both conservation and fisheries management to assess 

the sustainability and condition of the marine environment. 

5.7.8. Future work 

Further research is now required to conduct AUV SfM survey and compare the results 

with both ROV and SCUBA diver surveys. The development of an AUV SfM survey is 

identified as being beneficial in order to collect geospatial information to remove the 

“bowl effect” and cover greater seabed area, whilst also removing the risks and 

limitations associated with tethered robotic equipment. 
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Due to the depth capabilities of robots, investigations are needed into the suitability of 

robotic surveys for scallops in deeper water.  An initial pre-test would be to survey over 

a larger and deeper area of seabed seeded with scallops by local scallop divers.  This 

would enable deeper surveys to be conducted in a near natural environment with 

known large population of scallops. Key additions would be to identify if the AUV’s 

inbuilt camera is capable of collecting suitable stills imagery for SfM models or if an 

attached GoPro collecting video is more suitable. Digital scale bars would be a useful 

addition to imagery equipment for scaling throughout the models and to reduce the 

bowl effect. Further benefits to using AUVs would be to combine survey techniques in 

order to simultaneously collect imagery and acoustic data in order to produce habitat 

maps. Overlaying model scallop data on habitat maps could display the stratification 

of scallop densities by substrate type and therefore improve the precision and accuracy 

of recording suitable scallop habitat (Andersens, 2018b). This could currently be 

limited by the inability to distinguish sand from mud habitat from AUV surveys alone 

(see Chapter 3). 

Finally, as data increases, a more automated method of enumerating shellfish species 

is required. The images obtained from SCUBA and ROV surveys in this study have been 

shared with the University of St Andrews Scottish Inshore Fisheries Integrated Data 

System (SIFIDS) group. Their aim is to develop an automated method of detecting and 

counting Scottish scallop stocks of P. maximus  in collaboration with computer 

scientists at the European Molecular Biology Laboratory in Heidelberg, using an 

existing Scallop- TK algorithm in Video and Image Analytics for Marine Environments 

(VIAME), developed by the National Oceanographic and Atmospheric Administration 

(NOAA) for assessing the United States scallop stocks. The data is also being shared 

with the algorithm developers at NOAA in order to refine the current algorithm. 
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5.9. Overall conclusions 

This chapter demonstrates the capabilities of AUVs and ROVs as tools for monitoring 

mobile marine species by identifying;  

1. In-situ methods for observing and obtaining data on some of the world’s least 

know cartilaginous fish species. 

2. The suitability of AUVs for mobile range testing and monitoring of acoustically 

tagged species. 

3. Non-intrusive and non-destructive methods of collecting accurate data on 

commercially exploited species. 

Which, given the increasing availability of low-cost robotic platforms, should be of 

interest to the marine sector. It has highlighted some of the key monitoring issues 

within high-latitude environments and has sought to identify solutions that 

compliment or improve existing monitoring methodologies. These case studies 

showcase three novel uses, highlighting the potential applications and benefits of 

robotics to real world situations. The research and testing of novel techniques is 

imperative for maintaining and progressing current monitoring goals in a sector thwart 

with reduced budgets and rapidly increasing development and use of its shared 

resources. For monitoring to be effective it needs to be low cost and time efficient, 

optimising data collection whilst minimising further degradation to habitats and 

species. 

By conducting these studies, the strengths, challenges, and applicability of AUVs and 

ROVs as monitoring tools is being thoroughly evaluated in line with JNCC guidelines 

(Parry et al., 2012). These studies highlight the multi-disciplinary use of robotics from 

general ecology and spatial ecology to stock assessments and the testing of marine 

equipment. They are all connected in a shared aim of improving and complimenting 

existing monitoring techniques. The surveys achieved extensive data collection in high-

latitude seas covering large areas and multiple depths, all during very limited time 

frames. Two of these studies were conducted using vessels of opportunity rather than 

dedicated research vessels, further highlighting their adaptive capability. The potential 

for the equipment to collect data whilst minimising disturbance and harm to species 

and habitats was apparent throughout the surveys due to the passive nature of this 

equipment. Whilst there is great benefit to collecting live species, both to fisheries and 

conservation management, these studies highlighted that data of a comparable nature 

could be collected using passive techniques and could even expand current known 
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information of species within their natural environment. AUVs have little bias. Baited 

cameras and angling use a lure to attract animals to it, altering natural distribution. 

Trawl surveys are limited in the spatial potential, the AUV can fly over large expanses 

without risking wider habitat degradation.   These positive results therefore serve to 

justify the initial high costs of purchasing such equipment for monitoring purposes. 

MPA’s designated for mobile species (for commercial and conservation purposes) are 

globally rare despite there being an observed need for protection. This is due in part to 

the difficulties in monitoring such sites in order to obtain valuable long-term datasets. 

These three case studies indicate that AUVs and ROVs surveys can be developed to 

improve the quantity and quality of both potential and designated MPAs by filling in 

valuable data gaps. The individual methods have the potential to be combined into a 

one mission, particularly for case studies 1 and 2. Combined surveys producing data of 

this quantity and quality would be advantageous for long- term monitoring and could 

be beneficial for reducing the conflicts surrounding the management of combined 

conservation and fisheries MPAs. 

There are inherent limitations associated with AUVs and ROVs that are discussed in 

detail within Chapters 2 and 7 however, in terms of utilising AUVs and ROVs for 

monitoring purposes there are some specific limitations associated with each. They are 

not currently a replacement for methods that physically sample aspects of the marine 

environment. Whilst ROVs can come fitted with grab arms and view the marine 

environment in real time, these larger models defeat the purpose of reducing time and 

monetary costs as they require large, dedicated survey vessels and trained personnel 

to drive them. 

These methods are not intended to replace all current methods. There are certain 

monitoring methods where the likelihood is that data cannot be collected by an 

alternative method, for example population estimates of fish or sample weights of 

scallops, therefore methods such as research trawls and tag-recapture will still be 

required. 

There is also a need to further identify the suitability of these methods within the 

environments they intend to be used in. The deployment and retrieval of equipment in 

these studies was acceptable due to the sheltered nature of the fjords and sea lochs that 

the equipment was tested in. Coastal waters particularly in the LSSJ MPA exhibit 

greater tidal influence which has the potential to impact the effectiveness of the data 

collection.
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Chapter 6. Seabed Impacts 
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6.1. Rationale 

Globally the oceans are under great pressure from increasing human activity (Bernal 

et al., 2016). There is competition for space in order to develop livelihoods and 

infrastructure and to harvest natural resources such as protein, energy, materials, and 

minerals. All human activities impact the marine environment at some level, either 

directly or in-directly, and can exert a positive or negative influence on habitats and 

species. An assessment of impact is required in order to implement fisheries, 

conservation, and ecosystem-based management strategies (Thrush et al., 2016). 

These strategies are typically driven by regional and global policy commitments, 

legislated to improve sustainability and habitat quality (Woods, 2018; Gaida et al., 

2019). 

The first step in understanding the consequences of pressures related to human 

activities (drivers in the DPSIR framework) (Patrício et al., 2016) is having the ability 

to monitor the resulting impacts. This involves the creation of an initial baseline and 

relies on the ability to take subsequent measurements using robust methodologies. 

Due to the large spatial scales at which impacts can occur in the marine environment 

and the challenges associated with accessing them, it is important to utilise a range of 

technologies, each suited to monitoring different marine environments and impacts. 

Recent developments in automated technologies such as AUVs have great potential for 

expanding our ability to monitor seabed impacts. Developing novel technologies, 

complimenting, and adapting current methodologies may prove a possible solution to 

reducing gaps in knowledge, particularly in remote and challenging locations and 

provide global baseline data of improved resolution and accuracy. One robotic 

technology already widely used in industry are AUVs such as the Teledyne Gavia 

(Lucieer and Forrest, 2016), however, due to the high costs associated with obtaining 

equipment it is important to test the suitability of AUVs for monitoring impacts. 

6.2. Chapter overview 

This chapter displays how an AUV can be utilised to collect data for monitoring impacts 

associated with three human activities: benthic trawling, aquaculture, and litter. The 

use of this data, which was primarily obtained for other purposes, further highlighting 

the versatility of AUVs as a marine management tool. Data collected in Scotland were 

used in the benthic trawling and aquaculture studies, whilst data collected in both 

Scotland and Chilean Patagonia were used for the litter study. 
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6.3. Introduction 

Marine impacts are an extensive subject, therefore only marine impacts specific to the 

research conducted in this chapter are included in the introduction. These are: 

Trawling, Aquaculture and Benthic Litter. 

6.3.1. Trawling impacts 

Seabed impacts caused by bottom fishing (trawling and dredging) are well studied, 

with bottom trawling for fish and shellfish identified as one of the most significant 

forms of physical disturbance to the seabed (Halpern et al., 2008; Foden et al., 2011; 

Hiddink et al., 2017; McConnaughey et al., 2020; Rijnsdorp et al., 2020). Bottom 

fishing resuspends sediment and reduces topographic complexity and biogenic 

structures. It also reduces ecological function, faunal biomass, diversity and density 

and increases feeding opportunities for scavenger species (Queirós et al., 2006; Tillin 

et al., 2006; Olsgard et al., 2008; Buhl-Mortensen et al., 2016). Bottom fishing gear 

types vary in the degree of physical and ecological impact exerted onto the seabed 

(Grabowski et al., 2014; O’Neill and Ivanović, 2016; Rijnsdorp et al., 2020), typically 

penetrating the seabed between 2.4 to 16.11 cm (Hiddink et al., 2017). Continuous 

trawling events are linked with reduced diversity and an increase in species that are 

resilient to bottom trawling (Sköld et al., 2018).  The substrate type rather than the use 

of a specific type of gear is linked to the intensity at which benthic organisms are 

depleted (Hiddink et al., 2017; Rijnsdorp et al., 2020), suggesting a link between 

impact intensity and biotope type. Rijnsdorp et al, (2016, 2020) identified sublittoral 

mud (SS.SMu) to be the most affected biotope due to the combined effect of intensive 

fishing and long-lived species that occur there. 

Seabed recovery is an important process. A substantial recovery time is required 

between trawl events in order to minimise a net-negative impact. A trawled seabed 

displays various stages of recovery based on the frequency of trawling events and the 

recovery rate of present biota. Collie et al., (2000) and Kaiser et al., (2006) identified 

that mud habitats required long periods of recovery time (>1 year) to re-establish 

which corroborates well with the findings of Rijnsdorp et al., (2020 ). 

6.3.1.1. Assessing trawl impacts 

There are numerous methods used for assessing the impact of trawling on the benthos, 

these mainly focus on the biological response of benthic organisms using “Ecological 
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Indicators” such as the Trawl Disturbance Indicator (TDI). The TDI has been 

developed to inform management decisions on the sensitivity of benthic communities 

in response to trawling events (de Juan et al., 2009; Foveau et al., 2017). The indicator 

is based on the biological traits of the benthic community such as mobility, fragility, 

position on substrate, body size, and mode of feeding (Foveau et al., 2017). 

An alternative is process-driven characterization and mapping of seabed habitats 

(PDS) which characterises physical variables into factors that represent habitat types 

in terms of disturbance and scope for physical growth (Kostylev and Hannah, 2007). 

However, Foveau et al., (2017) identified the benefits of combining PDS with TDI to 

enable the monitoring and evaluation of benthic fauna deemed highly sensitive to 

trawling, therefore promoting an ecosystem-based approach for informing 

management decisions. 

Impact assessments such as the “Life cycle impact assessment” used widely in 

terrestrial management (Finnveden et al., 2009; Woods et al., 2016) are not readily 

applicable to assessing the impacts of seabed damaging activities due to the difficulties 

associated with combining ecological and physical impact data to produce suitable 

biodiversity-specific metrics of seafloor damage and potential damage to ecosystems 

(Woods et al., 2016; Verones et al., 2017). Metrics developed by Woods and Verones, 

(2019) aim to provide model outputs of recovery for both single and repeat impact 

events by measuring the interval time between disturbance events relative to the time 

required for ecological recovery. 

6.3.1.2. Mapping trawl impacts 

Mapping the extent and intensity of trawling supports an ecosystem approach to 

fisheries management (Eigaard et al., 2017), by indicating the  spatial-temporal  extent 

of the fisheries and pressures placed on the benthic ecosystems and target species. 

High resolution maps of fishery effort and quantitative temporal scale estimates of 

trawling impact enables the benthic pressure from trawling to be assessed and 

managed (Eigaard et al., 2017; Foveau et al., 2017). 

However, a lack of fishing effort data at suitable resolutions has so far hampered the 

assessment of trawling pressure for many habitats (Eigaard et al., 2017). In the EU, 

satellite-based vessel monitoring systems (VMS) are only mandatory on vessels 

exceeding 12 m in length (Shepperson et al., 2018), therefore it is difficult to make a 

complete assessment on the footprint of trawl intensity, especially in inshore areas 

where smaller vessels (<12 m) predominantly operate (Macfadyen et al.,  2011; James 
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et al., 2018; Fitzpatrick et al., 2020). Collision avoidance devices called Automatic 

Identification Systems (AIS) could be used to fill these data gaps by providing vessel 

track data of high spatial resolution (James et al., 2018; Shepperson et al., 2018). 

However, further research and development is required particularly in regards to data 

standards, interoperability and data security for wide-scale uptake to be considered by 

fisheries and marine managers (James et al., 2018; Shepperson et al., 2018). 

Acoustic mapping of the seabed using Side-scan sonar (SSS) and multi-beam echo 

sounders (MBES) can be used to visualise and potentially measure the physical impact 

from different types of fishing gear (Depestele et al., 2016, 2019) on differing sediment 

types (Mérillet et al., 2018).  All benthic gears create furrows which can be easily seen 

on SSS and MBES derived bathymetry (Humborstad et al., 2004). Repeat acoustic 

mapping allows the temporal-scale of the seabed recovery to be assessed. However, the 

time and monetary costs of conducting and analysing wide-scale acoustic surveys on 

trawled seabed is likely to be a significant down-side to its uptake by marine and 

fisheries managers. The development of automated trawl mark detection algorithms 

(Gournia et al., 2019) may however offer a partial solution by reducing the costs of 

analysis. 

6.3.2. Aquaculture impacts 

Salmonid aquaculture and smolt production are of great global economic value 

(Quiñones et al., 2019). Countries in high latitude seas including Norway, Chile, 

Canada and Scotland are world-leading producers and exporters of the Atlantic salmon 

(Salmo salar) (Pascual and Ciancio, 2007; Arismendi et al., 2009). In terms of volume 

produced, salmonid farming in Chile is the second largest in the world (Bjørndal, 

2008; Bustos et al., 2011) and rapidly expanding due to the availability of low 

production costs and materials. The industry is concentrated throughout the Puerto 

Montt and Chiloé Island regions due to the availability of sheltered water with ideal 

temperature and salinity for smolt production (Bjørndal, 2008). In Scotland, finfish 

aquaculture is well established in the sheltered sea lochs on the west coast (Murray and 

Munro, 2018; Collins et al., 2020). However, aquaculture and its associated 

infrastructure can, and does have, the potential to impact the marine environment in 

many ways, both ecologically and physically (Tett, 2008; Burridge et al., 2010; Wilding 

and Hughes, 2010; Barrett et al., 2019). 
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6.3.2.1. Nutrient enrichment 

Nutrient enrichment impacts on the seabed come from the accumulation of waste 

organic matter below fish farms (Wilding and Hughes, 2010). The waste is also 

dispersed by water currents but typically the measurable impact footprint is limited to 

a few hundred meters around the cages. Organic waste can impact benthic faunal 

communities by reducing oxygen availability in surface sediments (La Rosa et al., 

2001; Bravo and Grant, 2018). Anaerobic bacteria is present in enriched and oxygen 

depleted sediment which releases methane, sulphur, and hydrogen sulphide into 

surface sediments (Tett, 2008). Beggiatoa spp. is a sulphur reducing, filamentous 

bacteria that typically forms a mat on the surface of sublittoral soft anoxic mud in areas 

of organic pollution where there is poor water exchange (SEPA, 2005). Sulphites are 

highly toxic to most life, therefore the presence of Beggiatoa spp. tends to signify the 

death and loss of most mega and macro-fauna, and is consequently used as a biological 

indicator of excess organic enrichment at fish farms (Hamoutene, 2014; Hamoutene et 

al., 2014; Aranda et al., 2015; Salvo et al., 2017). 

6.3.2.2. Impacts of infrastructure 

No studies have directly addressed the ecological impacts associated with the local 

deployment and recommissioning of aquaculture infrastructure. However, there is 

potential for any artificial structure deployed on a sedimentary seafloor to exert a 

negative influence. Severe sand-scouring, and the settlement of species that would not 

ordinarily be there, can cause mortalities in sessile infauna and reduce species richness 

(Moschella et al., 2005; Bulleri and Chapman, 2010). 

The Highland Council states that all equipment and waste must be removed to the 

satisfaction of the planning authority at sites that have not been in operation for a 

continuous period exceeding three years (The Highland Council, 2016). On sites leased 

from the Crown Estate all equipment (including moorings) must be removed at the end 

of the lease and a seabed survey conducted to ensure that removals have been 

completed (Marine Conservation Society, 2017). However, this does not test when the 

site returns to a pre-farm state. In Chile, there is no clear guidance on the 

decommissioning of farms. An epidemic of infectious salmon anaemia in Chile, 

between 2007 to 2009 caused vast economic and social disruption (Mardones et al., 

2011), and resulted in the closure and  suspension of many salmon farms (Hosono et 

al., 2016). There is some suggestion that the cost of removing equipment was too high 

and that the illegal dumping of fish farm nets on to the seabed occurred during this 
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time, however this is not documented or substantiated anywhere (pers. comm with 

author). 

6.3.2.3. Assessing aquaculture impacts 

In Scotland, the environmental regulator, Scottish Environment Protection Agency 

(SEPA) require regular monitoring surveys to measure the environmental impact of 

fish farms and assess the compliance  of sites with environmental quality standards 

(SEPA, 2019). This involves at least two transects orientated along and across the 

predicted impact footprint to collect sediment for the analysis of macrofauna, chemical 

residues, particle size analysis, and total organic carbon.  The Allowable Zone of Effects 

(AZE), is a designated area of seabed in the immediate vicinity of a fish farm where 

deterioration is expected and permitted (Black, Black and Cromey, 2008; SEPA, 2019). 

It is understood and accepted that an accumulation of organic matter on the seabed 

within the AZE may cause damage to the marine environment. However, the diversity 

and density of sediment reworking organisms should remain sufficient to maintain a 

system turnover of carbon (SEPA, 2020). It is recommended that Beggiatoa spp. 

growing beneath fish farm cages is kept to a minimum, whilst outside the AZE its 

presence due to a fish farm is not acceptable (Black, Black and Cromey, 2008; SEPA, 

2019). 

6.3.3. Benthic litter impacts 

Products produced by the human population and discarded into the marine 

environment, either directly or indirectly, are termed here as marine litter. This 

includes manufactured and processed solid materials such as plastics, microplastics, 

rubber, metals, and fabrics (Galgani et al., 2010). Marine litter has been found 

throughout the world oceans, in gyres, shorelines, sediments and the deep sea (Galgani 

et al., 2013; Galgani et al., 2015; Pierdomenico et al., 2019; Courtene-Jones et al., 

2020). It is widely known to cause a multitude of negative impacts in the marine 

environment: socio-economically; aesthetically; biologically; physically; chemically 

(Lavers et al., 2014; Matiddi et al., 2017; Provencher et al., 2017). When ingested by 

wildlife, plastics release chemicals that are then transferred up trophic levels and 

accumulate in the tissues of marine megafauna (Cresson et al., 2016; Jepson et al., 

2016; Schnitzler et al., 2019). Marine litter is a major source of entanglement (Baulch 

and Perry, 2014; Fossi et al., 2018), a platform for the transport and introduction of 

non-native species (Rech et al., 2016; Garcia-Vazquez et al., 2018; Rech et al., 2018), 
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and fragments found on beaches alter heat transfer and affect the porosity of sediments 

(Gregory, 2009; Gall and Thompson, 2015). 

The extent of litter in the benthic environment is largely unknown (Pierdomenico et 

al.,2019), however, it is estimated that 70% of marine litter reaches the seafloor 

(Kammann et al., 2018) causing damage and degradation to habitats due to 

entanglement and smothering, and can disrupt assemblages of species living in and on 

the sediment (Gregory, 2009; Consoli et al., 2018; D’Alessandro et al., 2018). One 

long-term study of deep-sea invertebrates identified a consistent abundance of 

microplastic ingestion between 1976-2015 (Courtene-Jones et al., 2019). 

Marine litter is listed as Descriptor 10 within Annex 1 of the EU Marine Strategy 

Framework Directive (MSFD). To achieve Good Environmental Status (GES), it is 

stated that “the properties and quantities of marine litter do not cause harm to the 

coastal and marine environment”. Criteria 10.1 lists four indicators, part ii relates 

specifically to trends in litter deposited on the seafloor, including the analysis of its 

composition, spatial distribution, and where possible, source (Directive 2008/56/EC). 

In the UK, a large body of work has focussed on obtaining information on litter entering 

the marine environment (Nelms et al., 2017, 2020), particularly in regard to 

microplastics and single-use plastics (Jones, 2019). Identifying key information such 

as the source and cause of littered materials promotes changes in legislation and an 

increase in public awareness, both of which are pivotal to reducing marine litter  (UN 

Environment, 2017; Xanthos and Walker, 2017; Jones, 2019; Rayon-Viña et al., 2019). 

6.3.3.1. Surveying benthic litter 

The benthic environment is a vast and complex landscape. It is inherently more 

difficult to obtain data at the same resolution and quantity as for coastline and sea 

surface studies. In shallow waters (<40 m) benthic litter can be assessed using visual 

surveys conducted by SCUBA divers, however these are generally restricted by depth, 

time, health and safety issues, and expense. Deeper surveys (>40 m) have been 

conducted by trawl (Galgani, et al., 2015; Pasquini et al., 2016; Lopez-Lopez et al., 

2017; Alvito et al., 2018), submersibles and ROVs (Pierdomenico et al., 2019). Benthic 

litter collected during regular fisheries research trawl surveys can be quantified and 

estimates of density attained. However, this method further impacts seafloor habitats 

and may not be appropriate for sensitive habitats (Galgani et al., 2015). Visual data  

obtained from submersibles and ROVs can be used to assess marine litter and has  the 

added benefits of being able to survey around deep and complex bathymetry such as 
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canyons and sea mounts however they are both disadvantaged by their high 

deployment cost, low survey area coverage (Galgani et al., 2013) and the tendency for 

their deployment to not be primarily for collecting litter, therefore potentially 

influencing results.  

6.3.3.2. Mapping benthic litter 

A number of global ocean hotspots for benthic litter accumulation have been identified 

from field surveys and oceanographic modelling (Gutow et al., 2018), but other than 

within the Mediterranean Sea (Koutsodendris et al., 2008; Consoli et al., 2018; 

Galimany et al., 2019), little is known about the levels of litter within coastal waters 

and shelf seas (Gutow et al., 2018). The composition of benthic litter items appears to 

be driven by vicinity to local sources with high densities situated close to river mouths, 

cities, aquaculture and shipping lanes (Pasquini et al., 2016). However litter debris can 

also travel great distances with accumulations occurring in bays and canyons rather 

than the open ocean (Pierdomenico et al., 2019). Worldwide, plastics tend to constitute 

the main component  of survey samples due to their extensive use, dispersibility, and 

low degradability (Pasquini et al., 2016; Alvito et al., 2018; Gutow et al., 2018). Metal 

and glass objects tend to sink more rapidly than plastics and tend to be linked closer to 

the source, whilst the source of other items such as rubber and fabrics, are more 

difficult to determine (Pasquini et al., 2016). 

6.3.3.3. Monitoring benthic litter 

Long-term monitoring is required on a global scale to understand the lifecycle and 

trends in benthic litter (Galgani et al., 2013).  Key aims of the European Commission 

were to collect reliable benthic litter data at affordable costs, using innovative and 

efficient ways of monitoring (European Commission, 2013). In the North Sea and 

North Atlantic, litter surveys have been incorporated into annual bottom trawl surveys 

conducted by the ICES International Bottom Trawl Survey Working Group since 2011 

(Andersens, 2012, 2018b), and specific multi-annual and monitoring surveys have 

been conducted by a number of European countries (Gago et al., 2014; Gutow et al., 

2018). Fewer studies have been reported outside the EU meaning there is currently a 

lack of a global baseline on which to build upon although numerous reports suggest 

that the abundance and distribution of benthic litter items is underestimated 

(Andrady, 2015; Pierdomenico et al., 2015; UN Environment, 2017; Kammann et al., 

2018). Remote areas, particularly in the southern hemisphere, are typically 

underrepresented (Hidalgo-Ruz and Thiel, 2015) despite the known occurrence of 
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litter entering the marine environment from multiple sources (Barnes, 2005; Barnes 

et al., 2009; UN Environment, 2017). A central repository creates an effective means 

of storing and obtaining baseline benthic litter data. “Litterbase” (Bergmann et al., 

2017) is an online global portal currently comprised of over two thousand scientific 

studies on marine litter, of which 256 studies report on litter on the seafloor 

(Bergmann et al., 2017). Such databases are important for revealing gaps in knowledge 

and ensuring that monitoring studies are effective in their implementation and uptake 

by marine stakeholders (Bergmann et al., 2018). 

6.3.4. Use of AUVs to assess benthic impacts 

Autonomous Underwater Vehicles have not been routinely used to obtain data 

pertaining to the three impacts discussed in this chapter and therefore their application 

is not widely discussed in current literature. There are only a few papers discussing 

studies where AUVs have been deployed to obtain visual data of benthic impacts 

(Morgan et al., 2016; Baco et al., 2020). Hansen et al (2019) identified the benefits of 

deploying a HUGIN AUV fitted with a synthetic aperture sonar (SAS) to visually detect 

change, in this instance a temporal increase in benthic trawl marks over a three-year 

period, however no analysis of the trawl marks was conducted, and AUVs have been 

identified as useful tools in aquaculture inspection, particularly of structures in 

exposed and offshore farms (Utne et al., 2015; Utne et al., 2018). 

 

6.4. Survey Areas 

The data for this chapter was collected from AUV surveys in Scotland and Chilean 

Patagonia. These general locations and key features are discussed in more detail within 

Chapter 1. Survey areas at Abbots Isle, Airds Bay, and Bonawe Deep in Loch Etive and 

Huinay Bay and X- Huinay in Chilean Patagonia are described in Chapters 3 and 

Chapter 4 respectively. Liluapue, and Estero Quintupeu in Chilean Patagonia are 

described in Chapter 5, the Creags located in the Lynn of Lorn, West coast of Scotland 

is discussed for the first time in this chapter. 

The Creags acoustic survey was conducted with the University of St. Andrews Scottish 

Inshore Fisheries Integrated Data System (SIFIDS) group on 6th July 2017 for the 

purpose of collecting seabed imagery of king scallops (Pecten maximus). The study site 

lies within a group of islands in the Lynn of Lorn, West Scotland (Figure 6.1). Seabed 



 

273 
 

depth ranges from 10 – 39 m, shoaling to the north east and deepening to the south 

west. Seabed sediment is predominantly mud with coarser sediments in the northeast. 

 

Figure 6.1: Displays the location of the Creags survey area, in the Lynn of Lorn, 6.5 km 

northwest of Dunstaffnage Bay (inset), mainland  Scotland. Underlying chart © Crown 

Copyright/HR  Wallingford Ltd. 2017. All Rights Reserved. Licence No. L012017.0001. 

Not to be Used for Navigation. 

 

6.5. Methodology 

All data was collected incidentally during AUV surveys which were conducted 

primarily for bathymetry and habitat mapping purposes. The maps used in this 

analysis were produced via the methods presented in Chapter 2. 

6.5.1. Trawling/dredging disturbance 

SSS at 2 m resolution and bathymetry at 1 m resolution were initially visually inspected 

in CARIS Hips and Sips version 10.4 for the presence of trawl/dredge marks. To 

identify the full extent of trawling/dredging impact in areas where trawl or dredge 

marks were identified, the  SSS and bathymetry data were analysed in  ArcMap version 

10.6. Slope and Topographic Roughness Index (TRI) were derived from bathymetry 

using the “Spatial Analyst” toolbox and the “Benthic Terrain Modeller” extension. 

Slope displays the maximum rate of elevation change from each cell to the 

neighbouring cell (Lundblad et al., 2006; Micallef et al., 2012), whilst TRI measures 
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surface complex by identifying local variations in seabed terrain (Calvert et al., 

2015).Thus enabling  clear visualisation of the seabed impacts, allowing disturbances 

to be traced to assist analysis using the drawing tool. 

Two trawl lines were selected based on their visual prominence in the survey area that 

identified them as being the freshest made trawl lines. The lines were measured for 

changes in seabed bathymetry using the methods of Depestele et al., (2016). Three 

bathymetric depth measurements were taken at intervals of 20 m along each trawl 

mark, one measurement in the centre of the trawl mark and one either side, 3 m from 

the centre putting them beyond the furrow. The bathymetric depth measurements of 

the inside and two outside measurements were statistically compared in R using 

Friedman’s Rank Sum to indicate variability between water depth inside and outside 

of the trawl marks. Kendall’s W was conducted to measure the Friedman’s Rank Sum 

effect size (Tomczak and Tomczak, 2014) to test if the relationship between the inside 

and outside bathymetric depths was the same at each site. This was followed by a 

paired Wilcoxon signed-rank test to look for difference between the three sets of 

measurements, inside, outside 1 and outside 2, with P-values adjusted using the 

Bonferroni multiple testing correction method. 

6.5.2. Aquaculture and marine litter 

Seabed images containing evidence of anthropogenic impact, including marine litter, 

aquaculture equipment and bacterial mats were annotated, and added to a database 

created whilst classifying the sediment/habitat of each image (as per the methods of 

Chapter 2). Images were assessed for duplicates and enhanced for better visualisation 

of the debris using Adobe Lightroom version 5. 7. Twelve images were removed from 

the final dataset as they contained spurious coordinates. 

Images containing a fine white substance were identified as bacterial mat based on the 

analysts’ experience, however samples would be required to confirm this. Percentage 

cover was calculated using the “Grid” and “Cell Counter” plugins for ImageJ version 

1.48 (http://imagej.nih.gov/ij). 

Each litter item was classified into five broad categories: glass, plastic, metal, fabric 

(including rope), and unknown. The strip transect method is a method used for 

quantifying floating litter in order to obtain an estimate of density over a survey area 

(Hinojosa et al., 2011; Gutow et al., 2018). The density of floating items is calculated 

using the equation. 
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𝐷 = 𝑁((
𝑊

1000
) ∙ 𝐿) 

Where N is the number of floating objects, W is the width of the transect (in meters) 

and L is the total length of the transect (in km) (Hinojosa et al., 2011). 

 Transect width was obtained by calculating the image field of view (see Figure 2.30, 

Chapter 2). This calculation requires the distance of image capture (AUV) from subject 

(seafloor). This metric was obtained by analysing the AUV metadata containing the 

true altitude recorded throughout the survey. Initially, image quality was interrogated 

to identify at what altitude the seabed became indistinguishable providing a maximum 

altitude value. All altitude data above this were discarded. The average altitude value 

was calculated from the remaining data and this value was then used to calculate the 

survey specific average field of view  

Individual AUV survey lines were not of sufficient length to be classified as a “transect” 

and did not provide a true representation of  litter density, overestimating the number 

of items of litter per metre. Therefore, a “transect” was determined as the total length 

of an AUV survey and density was calculated based on the total number of litter items 

within each AUV survey. 

Maps were produced displaying the distribution of litter. See Section 6.6.3 from  Figure 

6.9. The distribution of rope and fishing nets were also included in order to estimate 

the size/length of these artificial objects on the seabed. An estimate of coverage was 

obtained by measuring the distance between the two end image positions using the 

measure tool in ArcMap. 

 

6.6. Data and results 

6.6.1. Trawling/dredging and further seabed disturbance 

SSS, bathymetry and two derivatives of bathymetry, slope and TRI were analysed for 

the presence of seabed impacts (Figure 6.2). 
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Figure 6.2: Displays acoustic data used to analyse impacts on the seafloor caused by 

dredging/trawling. a) Bathymetry at 1 m resolution shows some anomalies due to 

hillshade effect and AUV processing, b) SSS at 2 m resolution, c) Slope, and d) TRI. 

 

Trawl and anchor marks were identified and were most visible in the bathymetry data, 

the TRI and slope data highlighted further impacts on the seabed (Figure 6.3). 
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Figure 6.3: Bathymetry of Creags survey highlighting a) the area of trawl/dredge marks 

and anchor drag marks to the west of the survey area b) and c) tracings placed over the 

main trawl and anchor drag marks to analyse their size. Further lighter trawl marks are 

visible on the seabed throughout this area. 

Trawl marks (long, curved, and continuous furrows)  can be seen extensively to the 

west of the survey area, whilst fainter trawl marks are visible throughout the central 
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and westerly aspects of the survey area. Further trawl and anchor drag marks (single, 

straighter, and shorter furrows) can be seen elsewhere on the survey, including 

materials which appear to have been dragged across the seabed (Figure 6.3.c). 

A total of 201 depth measurements were obtained from the bathymetry along the 

length of two trawl marks (Figure 6.4). Seabed depth ranged from 23 m–29.1 m and 

23.7 m–29.3 m inside and outside the area of impact, respectively (Table 6.1). 

Table 6.1 Summary statistics of bathymetry inside and outside the trawl marks.  Min: 

minimum depth (m), Max: maximum depth (m), Median: median depth (m), IQR: 

Interquartile range (m), Mean: mean depth (m), SD: Standard deviation (m), SE: Standard 

error (m) 

Measurement Min Max Median IQR* Mean SD SE^ 

Inside 23.0 29.1 23.8 1.18 24.3 1.62 0.198 

Outside 1 21.1 28.8 23.7 1.16 24.2 1.58 0.192 

Outside 2 23.0 29.3 23.8 1.32 24.4 1.70 0.208 

 

 

 

Figure 6.5: Box plots displaying summary statistics of bathymetry inside and outside 

the trawl marks. 
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Table 6.2: Friedman’s Rank Sum 

Factor n Statistic d.f P 

Depth 67 10.5 2 0.00537 

 

Results of the Friedman’s Rank Sum (Table 6.2) indicate that depth was statistically 

significantly different at the different measurement points, 𝜒2(2), 10.5, p=0.005. 

 

Table 6.3: Kendall’s W score 

Factor n Effect Size Magnitude 

Depth 67 0.0780 Small 

 

Results of the Kendall’s W score (Table 6.3) indicate that a small effect size was 

detected in the Friedman’s Rank Sum (W=0.08). This suggests that there was no 

general pattern in the relationship between inside, outside 1 and outside 2 depths. 

 

Table 6.4: Wilcoxon Signed-Rank Test 

Group 1 Group 2 n1 n2 Statistic p p adjusted 

Inside Outside 1 67 67 1581 0.0000225 0.0000675 

Inside Outside 2 67 67 553 0.00500 0.015 

Outside 1 Outside 2 67 67 494 0.000442 0.001 

 

A Pairwise Wilcoxon Signed Rank Test between groups (Table 6.4) revealed 

statistically significant differences between Inside and Outside 1 (p=0.00006) and 

Outside 1 and Outside 2 (p=0.001) depths at p<0.01 confidence level. This is displayed 

in Figure 6.6. 
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Figure 6.6: Box plots displaying the results of the Pairwise Wilcoxon Signed Rank Sum 

and p adjusted values 

 

Figure 6.7: Box plots displaying true depth and expected depth of inside measurements. 

Table 6.5: Summary statistics for actual and estimated inside measurements 

Actual Inside Depth 

Min 1st Qu. Median Mean 3rd Qu. Max 

22.98 23.28 23.76 24.35 24.46 29.10 

Estimated Inside Depth 

Min 1st Qu. Median Mean 3rd Qu. Max 

22.59 23.25 23.72 24.32 24.49 29.09 
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Table 6.6: Kruskal-Wallis Test 

chi squared df p-value 

65.895 56 0.1718 

 

At a .05 significance level, there is no significant difference between actual and 

estimated inside depths.Aquaculture 

6.6.1.1. Aquaculture impacts in Chile 

Aquaculture materials (nets and concrete blocks) were observed in seabed images at 

two sites within Comau Fjord, X-Huinay and Estero Quintupeu. Nets were identified 

in 21 images at X-Huinay and concrete blocks were identified in 11 images at Estero 

Quintupeu  (Figure 6.8 and Figure 6.10) and the distribution of these materials on the 

seabed is displayed in Figure 6.9 and Figure 6.11. The nets in the southeast part of the 

survey area were found at 275 m and spanned a distance of 8.6 m whilst the concrete 

blocks were found at a depth of 113 m. 

 

Figure 6.8: A sample of images from the seabed at X-Huinay containing nets. 



 

 
 

 

Figure 6.9: Displays the distribution of images containing nets at X-Huinay. The satellite base map was acquired from ArcGIS 

Online and derived from a community mapping program (ESRI Atlas). 
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Figure 6.10: A sample of images from the seabed at Estero Quintupeu containing 

concrete blocks and rope. 

 



 

 
 

 

Figure 6.11: The distribution of images containing concrete blocks on the seabed and the location of a historic salmon farm at Estero Quintupeu. 

Aquaculture data was obtained from ArcGIS Online derived from WWF Chile (http://chile.panda.org) and originally published by SUBPESCA in 

March 2013 (www.subpesca.cl). The satellite base map was acquired from ArcGIS Online and derived from a community mapping program (ESRI 

Atlas). 
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6.6.1.2. Aquaculture impacts in Scotland 

Twenty-four images of what are believed to be a bacterial mat (Figure 6.12) were 

identified within one transect line at Bonawe Deep. The percentage cover in each image 

ranged from 3% to 100% with an average cover of 66% (28.58% SD to 2 d.p) (Figure 

6.13) with the visual distribution of the bacterial mat displayed in Figure 6.14. 

 

Figure 6.12: A selection of images of potential bacterial mat from Bonawe Deep. 

 

Figure 6.13: The percentage cover of bacterial mat recorded on each image displayed by 

order of image running from southeast to northwest. The graph highlights a localised 

area of bacterial mat signified by a central peak of 100% cover with 0% cover either side. 



 

 
 

 

Figure 6.14: The distribution of seabed images at Bonawe Deep where a bacterial mat was identified. The inset map highlights the position of 

these images in relation to present aquaculture infrastructure. The satellite base map was acquired from ArcGIS Online and derived from a 

community mapping program (ESRI Atlas). Underlying chart © Crown Copyright/HR Wallingford Ltd. 2017. All Rights Reserved. Licence No. 

L012017.0001. Not to be Used for Navigation. 
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6.6.2. Marine litter 

Marine litter were identified on seabed images at all surveyed areas and are 

summarised in Table 6.7, a selection of images are displayed in Figure 6.15. Most items 

could be identified; however, objects of unnatural shape were recorded as unknown. 

Obvious litter items included glass bottles, metal cans, various plastics, and rope. Most 

items of marine litter were found at Bonawe Deep (15) and Huinay Bay (21). Rope made 

up the majority of marine litter found in Comau Fjord whilst objects of unknown origin 

and metal made up the majority of litter seen in Loch Etive. The distribution of litter 

at each survey area is displayed in Figure 6.16 to Figure 6.22. Estimates of litter density 

are displayed in Table 6.8. 

 

Table 6.7: Summary of quantity and type of marine litter found across each survey area 

Survey Area 
Total 

Images 

Total 

items 
Glass Plastic Metal 

Fabric 

Inc. 

rope 

Unknown 

Abbots Isle 3 2 1 0 0 0 1 

Airds Bay 1 1 0 0 0 0 1 

Bonawe 

Deep  

15 14 0 1 5 2 6 

Huinay Bay  43 22 1 6 9 3 3 

X-Huinay 16 4 0 2 0 2 0 

Estero 

Quintupeu 

82 17 0 0 1 15 1 

Liluapue 15 5 2 2 0 1 0 



 

288 
 

 

Figure 6.15: A selection of images displaying the variety of litter objects identified on 

seabed images across the sites; a) metal box, b) drink can, c) ropes, d) glass bottle, e) 

plastic wrapper, and  f) unknown. 
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Figure 6.16: The location of litter on the seabed identified on images across the Abbots 

Isle bathymetry survey. Underlying chart © Crown Copyright/HR Wallingford Ltd. 

2017. All Rights Reserved. Licence No. L012017.0001. Not to be Used for Navigation. 
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Figure 6.17: Examples of litter identified at Airds Bay. Underlying chart © Crown 

Copyright/HR Wallingford Ltd. 2017. All Rights Reserved. Licence No. L012017.0001. 

Not to be Used for Navigation. 

 

Figure 6.18: The distribution of litter on the seabed identified on images across the 

Bonawe Deep bathymetry survey. Underlying chart © Crown Copyright/HR  

Wallingford Ltd. 2017. All Rights Reserved. Licence No. L012017.0001. Not to be Used 

for Navigation. 



 

 
 

 

Figure 6.19: The distribution of litter on the seabed identified on images across the Huinay Bay bathymetry survey. The satellite base map was 

acquired from ArcGIS Online and derived from a community mapping program (ESRI Atlas). 
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Figure 6.20: The distribution of litter on the seabed identified on images across the X-

Huinay bathymetry survey. The satellite base map was acquired from ArcGIS Online 

and derived from a community mapping program (ESRI Atlas). 



 

 
 

 

Figure 6.21: The distribution of litter on the seabed identified on images across the Estero Quintupeu survey. The satellite base map was acquired 

from ArcGIS Online and derived from a community mapping program (ESRI Atlas). Aquaculture data was obtained from ArcGIS Online derived from 

WWF Chile (http://chile.panda.org) and originally published by SUBPESCA in March 2013 (www.subpesca.cl). 
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Figure 6.22: The distribution of litter on the seabed identified on images across the 

Liluapue survey. The satellite base map was acquired from ArcGIS Online and derived 

from a community mapping program (ESRI Atlas). 
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Table 6.8: Density of litter items displayed as estimated density of litter items per metre 

Site 

Transect  

length 

(m) 

Total No. of 

items 

Average 

altitude 
Density 

(m)* 

Huinay Bay 6105 10 2.46 1.4 

X Huinay 854 4 2.01 4 

Estero 

Quintupeu 
3928 17 2.58 1.7 

Liluapue 2638 5 2.12 1.6 

Abbots Isle 5128 3 2.47 0.5 

Airds Bay 6371 1 2.13 0.1 

Bonawe Deep 4731 14 2.72 1.1 

*Density based on AUV travelling at programmed 
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6.7. Discussion 

Most AUV data, especially in industry is collected to obtain seabed bathymetry. These 

results highlight how AUV derived acoustic and imagery data collected primarily for 

other purposes can be used for assessing various seabed impacts. This signifies the 

multifunctioning capabilities of AUVs in providing benthic data for interdisciplinary 

fields of marine management. This chapter has identified that; acoustic data can be 

used to identify trawl scars on the seabed and has further demonstrated that stills 

imagery collected with an integrated camera can add substantial additional value at 

relatively low additional cost. Image quality was sufficient for identifying marine 

benthic litter without creating additional disturbances associated with trawl surveys. 

Georeferenced images were collected at depths exceeding 100m i.e. well beyond the 

depths at which visual surveys can be conducted using SCUBA. It also demonstrates 

the capability of the AUV to obtain good quality georeferenced imagery of underwater 

infrastructure and provide information on seabed condition, enabling quantitative 

analysis of unnatural seabed features and accurate mapping of location and depth. 

6.7.1. Trawling/dredging 

It was possible to identify seabed disturbance caused by dredge activity in acoustic data 

obtained at the Creags as the acoustic data showed a mixture of “recent” and 

“historical” dredge marks, evident by the intensity to which the marks appeared. 

However, it was not possible to identify when these marks were made or by what 

specific equipment. The tracks appear to be turn marks towing to the south-west in 

order to not hit the island. Depending on the sediment type either being mud or sands, 

the target species is likely to be either Nephrops norvegicus or scallops, respectively. 

An examination of publicly available fishing effort data (www.marinetraffic.com) 

revealed zero fishing effort for this area, suggesting that this area is likely fished by 

vessels of less than 12 m length, where satellite based monitoring systems are not 

mandatory (Shepperson et al., 2018). This lack of data highlights that the true footprint 

of benthic fishing intensity in inshore waters may be underestimated. 

The analyses conducted on a pair of dredge marks indicated that the seabed was 

displaced enough for areas within the troughs to be significantly different to areas 

outside the trough. The lack of difference between lower slope depth (Outside 2) and 

the centre of the trawl line (Inside) depths, suggests the trawl has created a furrow. As 

the trawls were on a slope, this lack of difference suggests the Inside depth (the middle 
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value) has been reduced, due to the trawl impact, to the same value as the lower slope 

value (Outside 2). The maximum difference of 6.3 mm between inside and outside 

measurements suggests trawl marks may be old and started to fill in as Depestele et al, 

(2019) obtained measurements of 8.8 – 28.5 mm on newly dredged seabed. It is worth 

noting that the error associated with the bathymetry data. It is worth noting that the 

error associated with the bathymetry data used in this study is larger than the 

difference found between inside and outside depth measurements. This should be 

considered when interpreting the results. As there was a significant difference between 

inside and outside 2 trawl marks, this suggests that this is a real finding, but in 

instances where there are a low number of differences this may be a result of a 

bathymetry error. The 1m resolution of the bathymetry is sufficient to study trawl 

marks, but the resolution of bathymetry data should be taken into account when 

studying smaller features or when using other bathymetry data. 

These results show that the AUV is capable of measuring at a fine-scale resolution, and 

capable of detecting small-scale impacts caused by trawls. However, a suitable 

methodology for detecting trawl impact is required. The methodology used in this 

study was taken from a comparative study of gear types. If this methodology is to be 

used to assess trawl impact it would ideally require baseline values of undisturbed 

seafloor. In order for this to be most effective, it would require prior bathymetric 

surveys which could be easily undertaken using  AUV technology due to the range and 

flexibility of the equipment. 

The approach of using observed versus estimated inside depths assumes an equal 

gradient between outside points which is not always the case. However, in heavily 

impacted areas a significant difference in these values would be observed. Testing on 

data from freshly trawled areas should help to confirm this. 

The presence of trawl scars highlights the physical impact a single dredge event can 

have on the sediment. Dredging can result in direct and indirect negative impacts to 

the marine environment (Turrell et al., 2014), directly as a result of damage to species 

and habitats and the bycatch of commercial and non-commercial species 

(Shelmerdine, 2010; Boulcott et al., 2014; Stewart and Howarth, 2016), and indirectly 

due to the dispersal and settlement of suspended sediment (Szostek et al., 2013; 

Hendrick, et al., 2016; Schönberg, 2016). However, the sustained impact of sediment 

displacement on species and habitats is known to differ with gear and sediment type 

(Depestele et al., 2016, 2019; Mérillet et al., 2018), therefore the frequency of repeat 

dredge events must be known  in order to assess net negative impact. 
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The Creags is situated in an area of the Loch Sunart to the Sound of Jura Nature 

Conservation Marine Protected Area (LSSoJNCMPA) where modified mechanical 

trawling is allowed during regulated seasons (January–March, October–December) 

(Scottish Government, 2015b). There are eight such areas encompassing 

approximately 20% (120 km2) of the MPA where the seabed is predominantly 

comprised of softer sediments such as muds and muddy sands. Areas of the MPA open 

to modified fishing gear provide an opportunity to acoustically map benthic fishing 

intensity and seabed recovery to inform on the wider seabed condition. Circalittoral 

mud habitats in the coastal waters on the west coast of Scotland are classified as 

Priority Marine Features (Howson et al., 2012). They contain numerous species that 

are vulnerable to damage and disturbance, including commercially important 

Nephrops and globally important populations of tall sea pens (Funiculina 

quadrangularis) and fireworks anemones (Pachycerianthus multiplicatus) (Howson 

et al., 2012). Kaiser et al, (2006) suggest that mud habitats require a recovery time of 

> 1 year in order to re-establish populations of benthic species and reduce a net 

negative ecological impact. The closed period of seven months in the MPA may 

therefore not be sufficient time for recovery to take place. Further, with no measure of 

fishing effort due to it being undertaken by <12 m vessels,  in open areas of the MPA it 

is difficult to quantify the true impact and recovery time that is required for this specific 

habitat. 

These analyses could be of benefit to fisheries managers. Improving understanding of 

the timeframes required for species and habitats to recover could improve target 

species abundance, helping to reduce catch effort and running costs and increase 

sustainability, whilst reducing bycatch and potential for a net-negative environmental 

impact. Based on the results of this study,  AUV surveys could be used to obtain suitable 

biodiversity-specific metrics in order to perform life-cycle impact assessments in 

known areas of closure. Management of the designated MPA feature, in this case the 

Common skate (Dipturus batis complex) is ongoing. Whilst D. batis may not be 

directly impacted by a degraded seabed due to the high adaptability and motility of 

mobile species (Runge et al., 2014), it is unknown what indirect impacts may arise. Life 

history traits associated with habitat such as diet, nursery and egg laying areas are still 

unknown. Therefore, quantifying benthic impact and recovery within the MPA could 

be of benefit to MPA managers in order to understand the availability of high-quality 

habitat suitable for D. batis at various life stages. 
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 The Firth of Lorn Special Area of Conservation (SAC), situated within the 

LSSoJNCMPA is closed to all forms of mobile fishing gear and remains closed until 

suitable evidence is found that dredging does not pose a negative influence on the 

seabed habitats and species (Dale et al., 2011; Boulcott et al., 2014).  A combination of 

predictive mapping (Chapter 4) and acoustic AUV surveys could be used to build on 

existing knowledge of seabed condition within the SAC to either further support this 

designation or recommend suitable sites for controlled reopening of fisheries. 

6.7.2. Aquaculture application- infrastructure 

It was possible to identity from the imagery at X-Huinay in Comau Fjord that nets 

located on the seabed at 275 m deep were typical of those used in the farmed finfish 

industry. However, there is no historical record and no local knowledge (pers comms 

with The San Ignacio del Huinay Foundation) of an aquaculture facility located at this 

site. Comau Fjord is renowned for the presence of some of the shallowest examples of 

cold-water coral (Desmophyllum dianthus) banks in the world (Försterra et al., 2006). 

Large accumulations of D. dianthus that colonise the undersides of rock ledges 

(Försterra et al., 2006) are easily damaged by smothering and entanglement 

(Häussermann et al., 2013), therefore surveys such as these are imperative as part of 

the effective monitoring and subsequent removal of such potentially damaging 

pollution. 

Uncharted submerged structures can be  hazardous to marine users, causing damage 

or entanglement, as evidenced by the Gavia AUV surfacing from Estero Quintupeu with 

rope wrapped around the dorsal communications tower.  Manmade structures were 

also found on the seabed in Estero Quintupeu, an offshoot fjord in the North East of 

Comau Fjord however, no infrastructure was visible from the surface. An analysis of 

historical data indicated that there had been a salmon farm at this location, therefore, 

these concrete blocks and ropes were likely the remains of this. The AUV proved 

capable of collecting data for the benefit of enhancing the safety of vessel navigation by 

charting unknown shipping hazards, particularly in remote and challenging locations. 

Further, the quality of the imagery highlights the capabilities of AUVs for conducting 

inspections of infrastructure and the surrounding seabed associated with fish farms 

and historical farms, therefore improving the depth range and reducing the risks and 

costs associated with deploying a team of SCUBA divers. This technology could be 

beneficial for assisting with fish farm decommissioning surveys and ensuring that all 

submerged structures are removed at the end of their life span. Beyond its scope in 
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aquaculture, fisheries related debris can have deleterious consequences to marine life 

(Consoli et al., 2018). Therefore, the ability to detect and map potentially damaging 

materials such as nets and ropes can assist with safe extrication from the marine 

environment. Further, tether-less technology reduces the risk of entanglement 

associated with the deployment of ROVs. 

There is a risk, however, of potential loss or entanglement when flying an AUV over 

raised structures such as rope or net. Solid structures such as concrete blocks can be 

avoided if utilising a forward-facing obstacle avoidance sonar, however it is evident 

from surveys that the AUV sonar cannot detect floating materials such as rope. 

6.7.3. Aquaculture application- Nutrient enrichment 

The visual presence of a light substance on seafloor images in Loch Etive is indicative 

of bacterial mats such as Beggiatoa spp. However, seabed samples would be required 

to confirm this. The localised nature of the substance in relation to the aquaculture 

cages and its absence throughout the rest of the site, despite extensive surveying 

suggests that the Beggiatoa spp. had formed due to local organic nutrient enrichment 

at the source of a fish farm (Wilding and Hughes, 2010). The Beggiatoa spp. observed 

within this area is considered acceptable as it lies within the AZE (SEPA, 2005; Black, 

Black and Cromey, 2008). Based on the advice of SEPA, areas within an AZE where 

Beggiatoa spp. is identified should be monitored to ensure the site condition does not 

further deteriorate (SEPA, 2005). The ability of the AUV to map both the extent and 

cover of bacterial mats within the AZE could be of great benefit to environmental 

authorities. These surveys are relatively fast and easy to conduct (see Chapter 2), 

providing an accurate account of location and depth and have potential to be 

incorporated with current methods of surveillance and environmental monitoring of 

the seabed beneath fish farms. Due to the ecological impact that Beggiatoa spp. can 

have on the environment (Hamoutene et al., 2014; Aranda et al., 2015; Salvo et al., 

2017), regular monitoring surveys could be conducted with the AUV to assess and 

monitor the seabed for environmental degradation, and in doing so, prevent or reduce 

the impact of a major ecological event. 

6.7.4. Benthic litter 

The images collected during the AUV surveys proved suitable for detecting litter items 

on the seabed at all of the sites surveyed in Loch Etive and Comau Fjord. These items 

included glass, plastics, metals, and fabrics such as ropes and nets. Analysing the litter 
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observed in benthic images gives some indication as to the types of litter and therefore 

the origin i.e., industrial or household. Within Comau, the greatest number of litter 

items were identified at Huinay Bay and predominantly comprised of metals and 

plastics. The proximity of Huinay Bay to a local settlement and the composition of the 

litter items is suggestive that these are of local household origin, potentially washed 

into to the sea from the Llongcochaigua river. Whilst at Estero Quintupeu, the site of a 

historical fish farm, benthic litter predominantly comprised of rope was found in the 

vicinity of concrete blocks, that themselves had rope attached, suggestive of industrial 

origin and probably coming from an abandoned salmon farm. Within Loch Etive, fewer 

litter items were observed at Abbots Isle or Airds Bay, whilst at Bonawe Deep which is 

in close proximity to both the village of Taynuilt and a large aquaculture facility, there 

was evidence of litter pertaining to both industrial and household origin. Identifying 

the origin of benthic litter items, particularly in poorly recorded areas such as sea lochs 

and remote fjords improves baseline knowledge which can have a significant influence 

on driving environmental policy, ensuring that governments target the cause of litter 

at the source. 

A combination of AUV imagery and metadata analysis enabled an estimate of litter 

density to be calculated. The strip transect method adapted from Hinojosa, et al., 

(2011) and Gutow et al., (2018) is used primarily for calculating the density of floating 

debris.  The main benefits of adapting this method for benthic AUV surveys were the 

similarities in data requirements. The analysis of litter data in this manner ensures that 

surveys are conducted in accordance with a standard methodology where data could 

be entered into a global repository such as Litterbase (Bergmann et al., 2017) or 

included in annual monitoring survey reports such as those produced by ICES 

(Andersens, 2018a). Further benthic litter data could be collected by AUV for the 

purpose of improving baselines in inshore areas such as the sea lochs on the west coast 

of Scotland where traditional trawl methods may damage protected habitats and 

features. This would further serve as an effective tool for increasing public awareness, 

and complement existing coastal and aerial litter surveys (Turrell, 2019; SCRAPbook, 

2020). 

As AUV use increases, so too does the opportunity to incorporate secondary analysis 

of images for benthic litter surveys, increasing the amount of data in areas that are 

typically underrepresented for reasons including location, topographic complexity, 

and survey expense. It also has the advantage of being able to sample large areas, 

seabed depths greater than 40 m and is non-destructive, putting it at an advantage over 
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more traditional survey methods. However, small or buried items and those lying on 

more complex topographic features are likely to be missed, therefore this data cannot 

provide a true indication to the total amount of litter on the seafloor and is therefore 

inherently bias towards the identification of larger litter items. For microplastics etc., 

cores collected with grabs or ROVs seem the only approach at present. Seafloor 

coverage is also restricted due to the low altitude the AUV must travel in order to obtain 

clear imagery. This reduces  the total width of the transects. Processing time is also a 

significant factor to consider. The AUV typically obtains a large number of images so 

that if this method is to be effective for wide-scale uptake automated classification 

methods such as machine learning may need to be utilised. 

6.8. Conclusions and future work 

The data and results contained in this chapter highlight the additional capacity of AUVs  

as marine management tools, capable of informing on a wide range of marine impacts 

caused by anthropogenic activity. To ensure that effective policies and protocols are in 

place that reduce negative and unnecessary impacts on marine ecosystems, baseline 

data are required on the impacts from activities such as benthic trawling, aquaculture 

operations and benthic marine litter The collection of incidental data displays how 

versatile AUV derived high-resolution acoustic sonar and imagery can be. 

In the absence of mandatory AIS for inshore vessels, acoustic data collected by an AUV 

could provide valuable information on the key locations and frequency of fishing 

activity within inshore fisheries. As the purchase and operating costs decline, AUVs 

may also become effective tools for conducting surveys of fish farm infrastructure and 

environmental monitoring of the adjacent seabed. Georeferenced imagery enables 

qualitative and quantitative analysis of features, the mapping of potential shipping 

hazards and marine debris that may pose significant risk to marine habitats and 

species. Opportunistic data of benthic litter could be beneficial to public online 

repositories and improve global baselines, and finally the development of AUV litter 

surveys could be of benefit in coastal areas lacking baseline data where traditional 

methods are compromised. 

Recommendations for future work include repeat AUV surveys over controlled dredge 

areas using different gear types (as conducted by Depestele et al., 2016, 2019) and the 

development of an automated classification system to speed up the processing time of 

benthic image analysis.
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Chapter 7. General discussion 
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The work in this thesis demonstrates the diverse capabilities of an AUV for undertaking 

research suitable for management purposes. Each chapter has demonstrated this for a 

stage in assessing the benthic environment for the marine planning process. The 

standard process for data gathering to inform management is to initially start with 

seabed mapping to gain insight into the physical environment and the habitats it 

supports. Once this has been established, temporal sampling is conducted to monitor 

change. This stage is undertaken to gain further information on selected biotopes 

and/or species. Once this data has been collected, the benthic habitats are assessed for 

impacts, both anthropogenic and natural. Each chapter in this thesis has assessed the 

AUV as a data collection tool for each of these stages, from the initial investigation of 

the marine environment through to the final assessment of impacts. Further, the global 

localities of each site and the range of habitats and topographic features surveyed 

demonstrates the capabilities of deploying AUVs in remote and challenging conditions: 

Chapter 2 focused on the processing of AUV derived acoustic sonar for seabed mapping 

and the suitability of AUV derived imagery for classifying habitats in line with the 

MNCR classification system. It further  identifies and develops methodology for scaling 

AUV images. 

Chapter 3 focussed on producing digitised habitat maps from AUV derived data using 

both manual and automatic methods. 

Chapter 4 focussed on producing predictive habitat maps based the methods of Calvert 

et al., (2015), which utilised AUV collected data; bathymetry, backscatter, and 

bathymetric derivatives to conduct unsupervised classification using the Maximum 

Likelihood Classification algorithm. 

Chapter 5 identifies three novel methods of monitoring mobile and commercially 

exploited species with an AUV and includes the novel use of an AUV for testing  marine 

monitoring equipment. This chapter also includes a comparison of AUVs to other 

robotic technology (ROVs) and traditional (diver) survey methods  for undertaking 

surveys. 

Chapter 6 identifies methods for using an AUV to record benthic impacts associated 

with trawling, aquaculture, and marine litter. Further, this chapter highlights the 

potential for secondary use of data collected for other purposes. 

Together, these chapters form a toolbox of techniques for marine managers which are 

summarised in the following schematic. 



 

305 
 

 

Figure 7.1: A toolbox of techniques for marine managers based on each element of this 

research and how each study relates back to the AUV. 

7.1. Management 

In the initial stages of marine spatial planning a substantial amount of data is collected 

and analysed to obtain baseline information on the marine environment. The majority 

of this data is currently obtained using survey vessels as a platform. However, this is 

an expensive process, it takes a substantial amount of time to gather and process data, 

and often omits remote regions and challenging areas of seabed. 

This research has identified how an AUV can be deployed to collect seabed data 

complimentary to current management methods with additional benefit of being able 

to travel close to the seabed, promoting the collection of full coverage, ultra-high-

resolution acoustic sonar and stills imagery. Further, it has shown that from AUV 

imagery it is possible to assign broad-scale habitat classifications. The combination the 

acoustic data and images were used to produce detailed habitat maps and predictive 

habitat maps, both of which are fundamental management tools. This holds significant 

importance to remote areas where seabed data is scarce. The maps produced by this 

body of work are identified as the first digital representation of benthic habitats in 
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Chilean Patagonia, providing much needed baseline data on benthic habitats and 

species of Comau Fjord (Boswarva et al., 2020). The capacity of AUV technology to 

collect broad scale data supports the theory of “collect once, use many times”. Whilst 

this theory originates in legacy backscatter, it highlights that a breadth of valuable 

information across varied research fields can be collected from a single dataset.  

Further by developing methods of data collection in locations that have so far been 

inaccessible to traditional survey methods (such as X-Huinay), this research has 

identified that with some additional survey modifications, AUVs can be used to great 

effect to advance the field of autonomous imagery by effectively surveying uneven and 

irregular environments such as steep slopes (>60◦) and overhangs. Image surveys of 

steep walls and overhanging environments are typically conducted using Remote 

Operated Vehicles (ROVs). However, wide-scale ROV surveys are expensive and time-

consuming to conduct “blind”. Meaning a fast method of surveying large areas is 

required for detecting features of interest that warrant further dedicated ROV surveys. 

Cold water coral banks are known to populate the steep sided walls and overhangs of 

Comau Fjord. Despite the importance of these habitats, their total distribution remains 

unknown with location data obtained from random SCUBA and ROV surveys. 

Overhanging, steep underwater terrain posed several challenges to an AUV. Image 

surveys along slopes are typically conducted perpendicular to the shore in order to 

quantify how species assemblages change with depth (Parsons et al., 2004; Van Rein 

et al., 2009). Running surveys perpendicular to steep walls such as X-Huinay would 

have caused the AUV to lose bottom track, much like within the deep channel at Huinay 

Bay, resulting in zero or poor-quality imagery. The cold water coral banks within 

Comau Fjord are typically found on overhangs >80˚ (Försterra, 2003). Therefore, in 

an attempt to map the cold-water corals, AUV transects were run in a series of lines 

parallel to the slope. The complex nature of the sloping wall interspaced with mixed 

sediment landslip debris, were the greatest challenges, causing the AUV to repeatedly 

stop-start and reposition itself in the water column to prevent collision. Whilst acoustic 

sonar added an additional element to the data, as high-resolution bathymetry and SSS 

were obtained from the geoswath module nearest to the wall, this site would have 

benefitted from further imaging surveys, specific to features identified in the SSS. 

However, this was beyond the scope of the project, and time constraints prevented 

further collection of data. 
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7.2. Image processing 

Image processing was a lengthy procedure due to the quantity of images obtained from 

the AUV. Few comparable methods exist that score the quality of images from AUVs, 

therefore bespoke methods were created in this research. Image quality scoring is also 

recommended by NE Atlantic Marine Biological Analytical Quality Control Scheme 

(NMBAQC), as a fast and effective tool for standardising large datasets that may 

require processing by multiple analysts (Turner et al., 2016). By developing a 

simplified quality scale, the aim was to promote a reproducible method of photo 

identification for non-experts, which opens the potential to undertake large-scale 

processing of AUV imagery through citizen science-based web platforms. Despite its 

usefulness, it is advisable that the analyst obtains a set of categorised images from each 

category as a reference to reduce ambiguity and enable ongoing Quality Assurance 

(QA) (Turner et al., 2016). 

In general, image processing is an extensive process, as previously discussed, which 

technologies such as AUVs exacerbate due to their vast image collecting abilities. AUV 

surveys produce full coverage seabed imagery capable of displaying fine-scale seabed 

features important for habitat mapping such as transition areas between habitats. 

Commercially it is not practical to manually process such large quantities of image 

data. However, recent advancements in automatic image detection methods may offer 

a solution. A limiting factor in automatic detection is the size of the training dataset 

used to train the model. The image dataset produced for this research is potentially 

unique in size, with over 80,000 AUV images manually processed, it presents a 

significant training opportunity and may be of further benefit to marine managers and 

companies developing or improving automatic detection methods for AUV imagery. 

It was identified that the majority of images taken by the AUV were unusable. However, 

due to the large amount of images collected (at all sites bar X-Huinay), there remained 

a significant amount of high-quality usable images. These results helped to visualise 

the overall effectiveness of the camera system and indicate potential limitations. This 

information is in turn useful for monitoring and improving survey efficiency as 

unintentional or unrequired images take up storage space and reduce the limited 

battery supply. 

Processing imagery data from Chilean Patagonia was a learning curve in data handling. 

With similar surveys planned for Loch Etive, it was identified that image processing 

required significant streamlining. The first step involved extracting only the images 
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containing a geo-referenced location. This procedure alone reduced the number of 

images that required processing by 75%. However, a drawback of this method was the 

loss of data pertaining to species and habitats visible in the images that were 

discounted, especially at X-Huinay where the statistical capabilities of the data were 

reduced, thus potentially limiting the application of the final habitat map. 

The benefits of an integrated camera and strobe system is demonstrated throughout 

this research. The breadth of data they are capable of displaying outweighs the notably 

lengthy processing stages. It is also worth noting that processing steps will likely 

continue to be streamlined as technology advances. 

7.3. Habitat maps 

The production of habitat maps typically relies on the use of a habitat classification 

scheme, therefore it is the chosen classification scheme that can potentially influence 

the final product by shaping the spatial representation of habitats within a map (Strong 

et al., 2019). This can have an accumulative impact on further maps and on subsequent 

management decisions (Gregr et al., 2012). Consequently, it is important that a 

suitable classification scheme is selected. The MNCR habitat classification scheme was 

chosen for this research due to its wide-ranging application in the UK, its applicability 

as a hierarchal classification system for broad-scale mapping, and the analyst’s 

familiarity with it. The MNCR classification scheme relies on the widely accepted 

theory that seabed sediments and faunal assemblages  can be used as a proxy for 

habitat type due to associations between substrate type and community structure 

(Connor et al., 2004; Davies et al., 2004; Anderson et al., 2008; Moss, 2008). Despite 

the MNCR’s wide application (Coltman et al., 2008; Smith and Mcconnaughey, 2016; 

Andersen et al., 2018; Vassallo et al., 2018) there are numerous drawbacks (Galparsoro 

et al., 2012) including, notably for this research, that abiotic factors associated with the 

physical environment dominate the broader classifications. Numerous classification 

schemes exist (Strong et al., 2019), but their wider management applications are 

poorly researched. Using only AUV data, it was sometimes challenging to assign MNCR 

classifications based on images alone, therefore it is identified that to get the greatest 

benefit out of the MNCR classification scheme a combination of image and grab sample 

data is required which does suggest that AUV surveys need to be paired with more 

traditional survey methods. A noteworthy advantage of conducting AUV surveys is that 

grab sampling could be conducted at the same time, therefore maximising survey effort 

and reducing boat costs. 
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There was no management benefit identified for producing a bespoke classification 

system as the aim of using AUVs to collect seabed data is that they complement existing 

schemes by improving survey efficiency. Further, the level of detail within these AUV 

images would not have improved the classification of the benthic environment. The 

broader hierarchal categories of the MNCR promotes its ease of adaption and therefore 

its use in marine environments around the world. Hence, the logical choice was to 

adapt the MNCR rather than develop a new classification system for Chilean Patagonia. 

The MNCR guidelines advise again creating bespoke classifications (Connor, et al., 

2004) however, within Loch Etive four modified MNCR classifications were produced 

to better describe the habitats observed in the imagery as it was identified that 

environmental variables such as depth, thermal stability, light, salinity and wave 

action, which are used for determining biological zones, differ in  sea lochs when 

compared with neighbouring coastal waters (Gade and Edwards, 1980), impacting 

species assemblages and seabed communities within them. Loch Etive in particular 

displays historically low species diversity when compared with other Scottish sea lochs 

(Gage, 1974; Edwards, 1991). As management moves towards mapping unknown and 

remote areas, it may become more commonplace to adapt classifications rather than 

try to obtain a homogenous classification scheme where one size fits all. 

Habitat mapping and predictive mapping form the basis on which marine management 

decisions are under pinned and as such, are essential tools and should be the first step 

in any decision-making process involving management of the marine environment. 

The importance of mapping is coupled with demands for greater connectivity, 

protection, and management of the world’s oceans, highlighting that there is a need to 

develop faster, more effective ways of producing habitat maps. In order to meet these 

needs, it is essential that surveys include new technology in order to ensure they are as 

flexible and complete as possible. Developing these methods with new technology such 

as an AUV now, when it is still relatively early in its development phase, and testing 

them in remote and challenging conditions provides much needed information and 

tests equipment to its limits which can help developers tailor equipment to ensure it is 

fit for purpose. This research encompassed a diverse range of topographic seabed 

features, with each site possessing its own unique set of mapping challenges  

highlighting that, in challenging environments, there is no one size fits all survey 

method. Whilst ship-based surveys are common, they tend to be large, expensive to 

run and limited in their ability to survey remote environments. AUVs as an emerging 

technology however can overcome these limitations due to the flexibility in their size, 
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their sensor carrying capacity and also, in this case, their ability to be broken down for 

transport. However, it is essential that future AUV technology is developed to fill 

existing gaps in the requirements (i.e. the resulting limitations of this research) in 

order to undertake effective habitat mapping rather than existing or future 

technologies being adapted to suit this need which will likely result in less efficient 

survey tools and may deter their use. This highlights the importance of studies such as 

those presented in this thesis, which, by providing a breakdown of identified 

limitations, allow marine managers, surveyors, and technology developers to work 

together so that future AUV robotics can be designed specifically for habitat mapping 

tasks. This would secure AUVs as a valuable component in the marine managers 

toolbox. 

7.4. Monitoring 

Monitoring is typically the most difficult aspect of marine management to deliver. 

Particularly the monitoring of mobile species. Whilst robotics cannot provide all the 

solutions, this research demonstrates the application of AUV and ROV technology to 

help fill important data gaps. It signifies that these platforms can be used to conduct 

novel and cutting-edge remote sensing suitable for collecting valuable management 

data of global significance. In-situ, natural observations of elasmobranchs are rare, 

information directly linking elasmobranchs to their natural habitats is rarer still. The 

imagery collected by the  AUV captured valuable information, confirming species 

presence, but also detailed habitat association. This can greatly improve current 

scientific understanding of numerous elasmobranch species classed as Data Deficient 

on the IUCN Red List. The applicability of this research to marine management was 

quickly identified and, based on the results of this study, this method is already being 

trialled in the Loch Sunart to the Sound of Jura Nature Conservation Marine Protected 

Area to survey the designation feature, the Flapper skate (Dipturus cf. intermedius). 

Novel techniques developed for improving assessments of commercial shellfish stocks 

have local, regional, and global significance. The imagery obtained from this survey has 

already proven beneficial to fisheries researchers at the University of St. Andrews and 

the National Oceanographic Atmospheric Administration (NOAA) who are using the 

data to improve existing auto-detection platforms (https://www.viametoolkit.org/) as 

well as developing new methods of auto-detecting shellfish stocks. These 

advancements will revolutionise the inshore fishing industry by improving shellfish 

stock assessments whilst reducing impacts on the marine environment. Both of which 
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are essential for upholding ecosystem-based management and sustainable use of the 

marine environment, two key elements of the Marine Strategy Framework Directive 

(EU, 2008). 

An AUV capable of assessing a variety of benthic impacts is a useful tool for marine 

management. The impact studies conducted within this research are not an extensive 

account of the AUVs capabilities to assess all impacts, nor was the AUV adapted to 

specifically collect the required data for these assessments. However, identifying 

secondary uses for data that of were collected for other purposes, as the three benthic 

impact studies conducted here did, highlights the wider applicability of AUVs. Each 

study highlights a key impact which is echoed throughout the world’s oceans, impacts 

that can cause significant damage to ecosystems. The benefit of this model of AUV is 

that it can be quickly and easily deployed to assess the damage and quantify the extent 

of the impact, showing its potential as a marine policy enforcement tool. Further, these 

surveys can be easily repeated at the same resolution and at regular time intervals in 

order to monitor and assess the recovery of the seabed. 

Collecting data for multiple purposes is an efficient way of surveying the marine 

environment and may be a solution to national and global sustainability and 

conservation targets. In fact, many conduct surveys for a secondary purpose. Whilst it 

is resourceful to conduct multiple research in a single trip, care is required to ensure 

that the data remains fit for purpose. 

An interesting outcome of this data that may be overlooked is that it supports an 

ecosystem-based management approach to marine management. Fundamentally, for 

protected areas to work, they require effective management (Hopkins et al., 2020). 

Many MPAs are managed at a species-specific level which will, often, not focus on the 

direct restoration or maintenance of wider marine habitats, and restricted budgets 

infer that marine managers are obliged to use resources to focus monitoring on the 

designated feature which prevents and limits the collection of wider habitat data. 

However, habitat quality is known to impact species by potentially reducing favourable 

habitat and food sources. Therefore, it is advised that it is more beneficial to the 

management of a species if a diverse range of AUV surveys as shown here are 

conducted, and in doing so be used to bridge knowledge gaps across multidisciplinary 

fields such as benthic mapping and spatial ecology. The downside is that AUVs produce 

a significant amount of data, and whilst there is a push to develop autonomous data 

collection, there are still significant issues regarding the collection and storage of big 

data due to limited human resources (Richards et al., 2019). 
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7.5. Challenges using an AUV 

Whilst this research has highlighted the many benefits of applying new technologies 

over traditional methods, it is important to highlight factors that currently require 

consideration. At  the time of writing, few studies have tested the effectiveness of AUVs 

as marine management tools, and none have directly compared different types of AUV. 

This research has focussed on one style of AUV, and it is recognised that different 

models will likely vary in the degree in which they are capable of collecting data. For 

example, AUVs with cameras superior to the Gavia will likely produce images of far 

greater resolution, resulting in finer scale image classification and a greater proportion 

of useable imagery. This has the potential to influence widescale habitat mapping 

efforts particularly when combining maps produced at differing resolutions. Whilst 

broad-scale habitat mapping would reduce this issue, and promote full coverage 

habitat mapping, low order classifications are required to make informed management 

decisions for regional and local management plans. Therefore, a standardising 

consideration for marine managers should also include the model of AUV used. 

Personnel and vessel requirements should also be considered. The Gavia is recognised 

as a relatively small, and easily transported, modular AUV. However, once built to the 

specification required for acoustic mapping, four persons minimum are required for 

handling due to its overall length and weight. Loading it into a vessel with sufficient 

deck space is the easiest method to bring an AUV aboard, however, with “vessels of 

opportunity” such as Rigid Hull Inflatable Bodied boats (RHIBs) or small hard boats 

extra care is needed to ensure an AUV is placed in a secure position for transit. 

Therefore, on each vessel an additional day was spent trialling the safest routine. The 

deployment and recovery is preferably conducted using an automatic winch system, 

where the AUV can be gently lifted over the stern. A manual winch and 3-1 pulley 

system were used to deploy and recover from a small boat and RHIB, respectively.  

However, these methods were not ideal. Working from an open RHIB had its own 

challenges, as although laptops were waterproof, connecting wires had to be sheltered 

from the rain and ocean spray. Therefore, if deploying from open boats, it is worth 

considering the location in terms of distance from shelter/port, weather forecast, and 

the comfort of the crew. 

On the surface there are conditions which can impede AUV surveys more so than 

traditional vessel-based approaches. Weather was a significant limiting factor of this 

research which resulted in a considerable change in survey plans. Swell and high winds 
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were identified as the main factors which prevented the safe deployment and recovery 

of equipment, these conditions were most prevalent in the tidal coastal waters of 

Scotland, meaning these areas had very specific windows of opportunity to collect data. 

This restriction to specific weather windows is not appropriate in an industrial or 

commercial capacity. Communications between the vessel and AUV were noticeably 

restricted in remote and confined environments and the enclosed nature of these areas 

also impeded GPS satellite visibility. Therefore, start-up procedures on occasion had 

to commence prior to entering the loch or fjord, or the vessel had to steam to an open 

area in order to obtain a satellite position fix. In doing so, surveys were delayed, and 

survey time was reduced. 

Underwater, there are conditions which challenge, limit, and also prevent the 

collection of AUV data. These conditions can also place equipment at an increased risk 

of collision or loss and could therefore create a significant financial burden. The 

challenging environments experienced in this research including areas of topographic 

complexity, strong currents, enclosed spaces, and significant freshwater layers. The 

altitude (2-10 m) at which the AUV travels above the seabed is necessary to collect data 

and cannot be changed to reduce collision risk. Reducing collision risk by selecting an 

area with smoother topography has the potential to introduce survey bias. This means 

that great care is required to develop surveys which are unbiased and minimise risks 

whilst also collecting suitable quality data. Currents and tidal streams force the AUV 

to “crab” rather than travel in a straight line, which reduces the sonar quality and 

increases anomalies in pre-processed acoustic survey data. A loss of sonar data can also 

be experienced as the AUV rises in the water column to avoid a collision. Unlike ship-

based sonar, which is viewed in near real-time, meaning erroneous survey lines can be 

re-ran immediately, AUV sonar is restricted to surface downloads, meaning sonar 

errors can only be viewed at the end of a mission. Further surveys are then required to 

fix these errors. This extends out to seabed-imagery. For example, it was only identified 

at a later date that there were few images of sufficient quality, obtained at X-Huinay, 

by this time it was too late to collect further AUV images from the site. 

In-water communications can also be affected by complex topography. On average the 

topside acoustic receiver for the Gavia can communicate with the AUV up to 1 km away. 

This is beneficial for estimating the position of the AUV in relation to the vessel and 

estimating the percentage of survey completed. Further it can allow the vessel to 

conduct other tasks in the area, without interfering with the AUV flight path. Regular 

communications can also alert surveyors to serious issues such as loss of movement 
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(i.e. if the AUV remains the same distance from the vessel). However, this ability is 

reduced in lochs and fjords as their topography, often comprising of a series of basins, 

tends to restrict communication. This means that the  survey vessel must stay within 

closer range restricting their ability to undertake additional work during AUV 

deployment. 

The technology integrated within the AUV also has its limitations. However, it was not 

produced for marine management purposes. By testing the capabilities of equipment 

for purposes beyond its intended use and feeding back this information to the 

developers it promotes adaptations and further development of the product. A limiting 

factor identified throughout this research was the camera and lighting system. For the 

camera to be suitable for marine management it must be capable of producing images 

of sufficient quality and resolution to the survey requirements. The camera itself is a 

high-spec model capable of multiple functions. However, with a fixed focal point of 2 

m, it required the AUV to track a constant altitude 2 m above the seabed. Should the 

AUV rise above 3 m, the resulting images were substantially reduced in quality. When 

surveying complex environments such as those encountered in the research presented 

in this thesis, the AUV will often exceed the 2 m altitude due to natural but sudden 

changes in topography and seafloor hazards. This was most apparent at X-Huinay 

where only 86 out of 6,295 images were of usable quality. 

The integrated strobes were limited in their ability, partly influenced by the altitude of 

the AUV and partly due to the sediment type. They operated well if the AUV was flying 

close to a reflective surface, such a shells or rock, but poorly when passing over a seabed 

with few defining features, such as soft muds. Similar circumstances were experienced 

by Wynn et al., (2012) when using an Autosub 6000 AUV in turbid waters. 

Despite these limitations, the development of autonomous vehicles continues to 

advance rapidly in the current technological era due to innovations in supportive 

systems, energy, navigation, and communications. However, this has also meant that 

robotics research quickly becomes obsolete as newer models and methods are 

developed. Since the start of this research, AUV technology has substantially evolved 

to include; in-mission machine learning in order to conduct automated adjustments, 

scaled bandwidth for remote surface monitoring and automated processing to provide 

almost real time data visualisation during survey operations (CARIS onboard) thus 

improving survey efficiency by reducing data gaps. Despite advancements, this data is 

not available in real time, as the software requires the vessel to be on the surface in 

order to transmit the data across – which may remain to cause further issues in remote 
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and poorly connected areas of the world. Another breakthrough is the development of 

in-water stations for AUVs to autonomously dock and charge (Anderlini et al., 2019), 

the next logical step would be the transfer of data from AUV to surface during docking 

and charging. Which could then enable multi- vessel deployment for even greater 

survey efficiency. 

These improvements have revolutionised the design and production of autonomous 

vehicles, now identified as platforms onto which suites of sensors can be developed and 

deployed (Huvenne et al., 2018). The potential benefits of autonomous “platforms”, to 

maximise survey efficiency and therefore reduce time and monetary costs is being 

recognised throughout the marine sector including marine management, however 

until now, little research had been conducted which has tested their effectiveness as 

tools for marine management. This is potentially the cause of the generally low uptake 

of AUVs by marine stakeholders for fear of purchasing expensive equipment that has 

not undergone rigorous testing for suitability. 

The speed of advancing technology did cause some general concerns when developing 

the research plan for this thesis. The worry being that the AUV would soon become 

outdated and that many of the new models boasted adaptable platforms whilst the 

model of AUV available was not bespoke, it was not built in-house and could not be 

modified. Despite this, after four years many of the big challenges associated with using 

autonomous technology in the marine environment remain the same. Energy demands 

remain one of the greatest issues, especially for AUVs (Zolich et al., no date). Mission 

size and complexity must be traded off against each other and the objectives of the 

survey identified in order to identify its overall usefulness to marine managers. 

Ultimately, if governments are to meet strict targets aimed at stabilising and improving 

the environmental condition of the oceans, the industry of marine management must 

develop more effective and standardised means of sampling and monitoring, that 

includes the development or adaptation of novel techniques and technologies. With the 

huge advancements in technology and innovation that are likely to continue, it would 

be of great benefit to introduce management development funds that promote the 

research and development of technology aimed at attaining solutions in a 

comprehensible timeframe to the current limitations experienced globally by marine 

managers.  
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7.6. To Conclude 

In a world where focus is shifting to the remotest parts of the marine environment that 

are historically the most challenging in which to work, highly diverse tools such as 

small AUVs will be an increasingly important part of the managers toolbox in collecting 

management data. The work in this thesis demonstrates the capabilities and 

importantly the current limitations of an AUV across multiple research fields and, 

while more developmental research is required in these aspects, the fundamental 

capacity of the AUV to undertake this work is shown. 

7.7. Future work 

This thesis has encompassed several different research areas using notably an AUV but 

also other underwater robotic technology. It is recognised that there is a need to further 

develop and refine the methodologies in this thesis, however the underlying principles 

of the AUV’s suitability are shown and should provide a strong platform to direct future 

research. Future research should encompass the following. 

1. Improve the capabilities of the integrated camera for identifying habitats, 

species, and biotopes*. 

2. A comparison study comparing habitat mapping and predictive habitat map 

produced from ship-based sonar and AUV derived sonar. 

3. A comparison of different predictive mapping techniques. 

4. Test the theoretic acoustic receiver surveys for detecting flapper skate in the 

MPA. 

5. A comparison study of scallop seabed photogrammetry produced by AUV with 

those conducted by ROV and SCUBA divers. 

6. A controlled survey of trawl damage to benthic sediments and monitoring of 

recovery. 

*Recent developments have significantly improved the quality of the AUV imagery. The 

camera calibration was improved in order to produce colour seabed imagery of 

reasonable quality. 
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Appendix A: SAMS AUV Survey Operation 

Procedures  

The following procedure is the standard operating procedure for deploying/recovering 

the Teledyne Gavia Offshore Surveyor from a large vessel, it was created by The 

Scottish Association for Marine Science. It includes Survey Operations, AUV launch 

and recovery procedures.   

1.1 Survey Operations 

1.1.1 Following the instructions within the Gavia manual (version 8.2-6) the carrying 

frame and vehicle will have been assembled, the vehicle will have been ballasted 

internally appropriately for the water mass that the work will be carried out in 

and the external weighting will be used to fine tune the vehicles stability. 

1.1.2 The vehicle will have had vacuum pulled and a bench test confirming vehicle 

health will have been carried out. This will be recorded on the ‘Bench Test’ 

checklist and stored in the Gavia folder. As part of the bench test the AUV 

memory should be checked as having been cleared. Click on ‘Devices’ tab and 

‘Crew#55’, ‘Get Data’ to view the free space on vehicle. 

1.1.3 Data can be deleted by going to ‘Retrieval’ tab, click ‘Show retrieval options. 

Select ‘Delete’ A dialog box showing a selection list of data types to be deleted is 

displayed. Select what data to delete and click ‘OK’. Please ensure that all data 

has been downloaded and backed up prior to deleting. 

1.1.4 Prior to operations commencing, the Gavia AUV Risk Assessment will be 

reviewed, and the mission plan checked against the scope of work. 

1.1.5 A ‘Toolbox Talk’ will be carried out with everyone involved in the deployment to 

ensure that it is clear what their role will be in the launch and recovery. 

1.1.6  The AUV Pilot will have already planned the mission prior to vehicle start up, 

see and Gavia Instruction manual for instructions on software use. See section 

2 on mission planning. 

1.1.7 The AUV Pilot will have hardcopies of Gavia AUV Pre Launch, Launch and 

Recovery Checklist and Gavia AUV Mission Log sheet available to follow and 

check off during start up, subsequent launch and recovery. A drawn diagram of 

the mission planned in control centre will be recorded on the Mission Log sheet, 

including any location information. See Appendix 1 and 2 for checklists. 
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1.1.8 Power up the Gavia Toughbook containing the Control Centre software. 

1.1.9  Examine the Propulsion Module, ensuring the control planes inside the nozzle 

are not obstructed by external objects. 

1.1.10  Check the O-ring on the Power-on-key for damage and remove any dirt or grit 

from the O-ring groove. Lubricate, as necessary. 

1.1.11 Remove any water or dirt from the green key-socket on the Control Module 

using tissue paper or by blowing into the socket. 

1.1.12 Turn on the Gavia by inserting the Power-on-key into the key-socket, making 

sure the head of the key is firmly pressed against the rim of the key-socket. The 

keys are stored in the small spares peli-case. 

1.1.13 The AUV pilot will insert the magnetic key in the AUV, within 30-60 seconds 

the AUV control tower lights will illuminate with solid green and red lights 

visible indicating that the power up sequence is in progress. If after several 

minutes the only light that comes on is the small white flashing light, remove 

the key, leave it out for 2 mins and try 1.1.12 again. 

1.1.14 The lights will remain in solid sequence for approximately 3mins, at which point 

they will start to cycle, flashing once a second. Sequence of red – green – white 

at 1Hz. The light sequences can be found in the Gavia manual, page 86 (Tower 

Light Blink Codes). 

1.1.15 Click on the Control Centre icon in the start bar to open the software. 

1.1.16 Maximise the AUV Connection Window. Both this and the Chart Display share 

the same window, so to view one or the other use Minimise and Maximise. 

1.1.17 Double click on U-255 IP address (192.168.2.55) to connect to vehicle over 

WIFI. See image in 1.1.18 below. 

1.1.18 The connection indicator (bottom right-hand side of software window will turn 

green when connection is established. 

1.1.19 The Pilot will navigate to the ‘Devices’ tab on the right-hand side of the screen. 

If this cant initially be seen, use the right or left arrows to expose the tab as it 

may be hidden. 

1.1.20 GPS. As the vehicle is at sea, the Moving-base alignment (pg. 56 of manual) will 

apply. Moving-base alignment makes use of continuous GPS position and 

velocity aiding to estimate and correct for any error in the INS North heading 

reference. During the initialization the vehicle needs to be kept in motion, 

although momentarily stopping and starting again can be directly 

advantageous. 
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1.1.21 As the GPS receiver only provides velocity but no direct heading information, 

the vehicle should be kept on a fairly steady heading for at least 2 minutes at a 

time to allow the estimation filters to close down. The estimate will stop 

improving after about 5 minutes on the same heading, necessitating a change of 

heading for further improvement. See 1.1.36 for instruction on checking the 

progress of INS alignment. 

1.1.22 The ‘Devices’ tab will display all of the modules and as part of start-up checks 

the user will check through all of the modules ensuring that they are displaying 

green (health status). 

1.1.23 The Pilot will continue through the check list, checking battery level (right hand 

side of screen) by hovering mouse over level bar or by clicking ‘Get Data’ whilst 

on battery module. 

1.1.24 Confirm internal pressure of vehicle is stable(700-800mbar). To view the 

measured internal pressure, open the Propulsion module in the device tree and 

select the Internal Pressure sensor from the device tree. Display the data by 

pressing the ‘Get Data’ button. 

1.1.25 Small fluxes in temperature can be found with temperature changes to the 

vehicle. This can be adjusted by following the instruction manual pg134-135, 

either bleeding a small amount of air into the vehicle or pulling a stronger 

vacuum using a vacuum pump. The changes can be monitored as shown in 

1.1.24. The normal pressure setting aimed for is 720-725. 

1.1.26 If the pressure has changed greatly (out with 650-850mbar), the vacuum should 

be adjusted and monitored. The vehicle should not be launched until it is 

confirmed that there is a stable vacuum. 

1.1.27 If the pressure will not hold stable, the vehicle will be shut down and each of the 

module connection points will have to be checked for a dirty or failed O ring, 

and damage to the modules themselves. 

1.1.28 Send a test Iridium message by selecting the ‘Control Module’ in the device tree 

and expand it. If the Iridium is powered on it should be green and marked 

Active. Select the device and press "Get Data" to see status from the device. 

Check that signal quality is not zero. The signal quality can be from 0 (no signal) 

to 5 (excellent signal quality). 

1.1.29 Right click on the Iridium device. Then select "Send test message" from the 

context menu. 

1.1.30 Enter a test message in the input box and then press OK. The vehicle should 

now send an Iridium message to the configured recipients. Recipients can be 
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either the Iridium number, an e-mail address, or both. Dependant on signal 

strength this may take a few minutes to come through. Confirm message has 

been received. If the number or email address require to be changed this will be 

done in the system ‘Rabbits’ web browser. If changes are made the vehicle must 

be shut down and restarted to assign the change. 

1.1.31 Confirm AUV memory sufficient for mission (see 1.1.2). 

1.1.32 Connect the Acomms pinger to the deck box and hardwire the deck box to the 

laptop using the appropriate cable or utilise the Bluetooth function on the deck 

box to connect. 

1.1.33 Select the ‘View’ menu and ‘Acomms’. This will open the Acomms window. 

1.1.34 Get a member of the AUV team to hold the Acomms pinger close to the acoustic 

pinger at the base of the control tower (see image below) and press ‘Connect + 

Request Range’. This at times works intermittently in air so is worth a few 

attempts. If successful a range should show in the ‘Acomms’ window just below 

‘Last Ranges’. 2 successful ranges should be achieved to show that it is working. 

1.1.35 See page 56 of manual for information on acquiring GPS. 

1.1.36 The Pilot will verify that the vehicle is acquiring GPS and the accuracy of the 

signal by selecting on the ‘Nav’ tab, the INS accuracy can then be viewed and 

will be gradually improving until completing alignment at <0.15. The square in 

the ‘Nav’ tab window will also go green to confirm alignment. 

1.1.37 The INS ‘DLL’ (Differential Lat Long) should be <1m after alignment. This can 

be viewed in the window in the bottom right-hand side of Control Centre. 

1.1.38 Sense check the vehicle position against an external GPS (handheld or vessel). 

1.1.39 Verify the pressure sensor changes on the ‘Control Module: Pressure sensor’ 

device tree. 

1.1.40 Verify the camera is taking images and the strobe is working by right clicking on 

camera in the ‘Devices’ tab, ‘Nose Cone’ device tree and select ‘Activate’ monitor 

visually for the strobe firing repeatedly. ‘Deactivate’ and this will stop the 

camera recording test images. 

1.1.41 Open ‘Chrome’ internet browser and type 10.41.0.1 into the address bar. This 

will take you to a web page where you can view the images, check that they are 

being recorded. 

1.1.42 Verify that the Geoswath is recording data by ‘Activate’ in the ‘Geoswath’ device 

tree. Please ensure to ‘deactivate’ this immediately so as not to damage the sonar 

heads running them out of water for too long. 
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1.1.43 Go to the desktop and open the ‘VNC’ software, connect and the password is 

remote (all in lower case). 

1.1.44 A start and stop for acquiring sonar data will be visible in the VNC if the 

Geoswath is working correctly. 

1.1.45 The Gavia Launch and Recovery Procedures should have been completed up to 

point “In water” before deployment of the Gavia can now be considered. 

 

1.2 AUV Launch Procedure 

The Gavia Operations team will consist of an AUV Pilot and 2 AUV Assistants. The 

AUV assistants will be working from the small boat. One of these assistants can be a 

member of the vessel crew. The small boat will be piloted by a member of the vessel 

crew with appropriate certification for its use.  

The AUV Assistants will be responsible for safe management of release of the vehicle 

from lifting apparatus and management on the surface whilst final diagnostic checks 

and launch commands are set.  

The AUV pilot is responsible for ensuring the AUV is operating according to the 

Mission Plan and is responsible for assessing whether environmental conditions are 

unsuitable for safe deployment of AUV in conjunction with the vessel captain. The AUV 

pilot is also responsible for assessing whether conditions are acceptable for data 

acquisition due to quality considerations.  

The AUV Pilot will remain on the vessel and be responsible for communicating via 

radio with the assistants and guiding deck operations on deployment and recovery.  

The vessel crew will be responsible for vessel positioning, operating the winch and 

crane and providing additional support to deploy and retrieve the AUV from the water.  

 

1.2.1 The field team will wear appropriate PPE during operations, including 

lifejackets, hard hats, steel toe capped boots, appropriate working gloves and 

waterproofs. 

1.2.2 Sea conditions will be examined for deployment suitability and that there are no 

surface obstructions or vessels in the mission area. The Ship’s Master/small 

boat skipper will be responsible for making an assessment with regards to vessel 

safety, whilst the AUV Pilot will be responsible for considering AUV safety and 
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data quality. Typical conditions deemed suitable for deployment are wave 

height <1 m, with a favourable forecast for >3-4hrs. 

1.2.3 The AUV will be unlashed from its cradle. Crane or winch snap hooks (or 

similar) shall be attached to the stern and battery lifting points (Handle at front 

of AUV and top strut of propulsion unit at the back of the AUV) using short 

strops attached to snap hook and looped through lifting point. The straps and 

hooks will be rated for load and will be inspected within the last 6 months by an 

external engineer. The AUV team will inspect the lifting points and straps 

immediately prior to lifting operations, taking care to examine the lifting points 

for any damage to the lifting point or its attachment to the vehicle. 

1.2.4 Lifting procedures will be clarified so that steps and roles are understood by all 

personnel involved. One person (member of survey team) shall have radio 

communications with AUV pilot and shall help assist the deck crew in 

deployment of AUV during lifting by a crane or winch. The crane or winch will 

take up the slack in the line, taking the weight of the AUV. The AUV is then lifted 

overboard and lowered into the surface of the water. 

1.2.5 A safety line will be attached to the AUV by survey team on the small boat. This 

must be done prior to 1.1.52. 

1.2.6 The crane or winch snap hooks will be unattached from the vehicle but AUV will 

remain tethered by safety line held by a survey team member who will also 

prevent vehicle colliding with side of vessel, utilising a boat hook or push pole. 

1.2.7 Once the AUV is in the water the AUV Pilot will make an assessment on AUV’s 

buoyancy and ballasting at this stage, with ideal trim position shown in Figure 

4 below. If vehicle trim is acceptable, the Pilot will move to step 1.1.55 of this 

method statement. If AUV pilot is at all concerned with vehicle trim see step 

1.1.54 below. 

1.2.8 Although ballasting of the vehicle will have been carried out utilising available 

information regarding site specific salinity, there are occasions where fine 

tuning of trim will have to be carried out. Where this is required, steps from 

Section 1.1.71 will be undertaken, with safe return of the AUV to vessel for an 

adjustment of weighting. The survey will then recommence, again following all 

the steps from 1.1.50 onwards. The vehicle does not have to be shut down whilst 

the weight is adjusted, but the Pilot should be aware of the time taken as battery 

power will be dropping. 

1.2.9 Once the AUV is in the water and trim is good, the AUV pilot will confirm they 

still have Wi-Fi communication with the vehicle. 
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1.2.10 Verify that the vehicle is receiving sound velocity readings and temperature by 

going to the ‘Control Module: SVS’ in device tree. 

1.2.11 Turn on the DVL by clicking on the ‘Nav’ tab ‘Start DVL’. 

1.2.12 Verify that the INS accepts the DVL altitude reading, ‘DVL_Processed’ on ‘Nav’ 

Tab. 

1.2.13 Verify the altitude reading in the menu on bottom right of Control Centre. ‘A’ 

for altitude reading. If the seabed is further than 40m away from the AUV at the 

surface, you will not receive an altitude reading. 

1.2.14 The AUV Pilot shall confirm with the small boat skipper that AUV is pointing 

away from vessel (AUV assistant can utilise boat hook/pole to change direction 

of AUV if necessary), and that the start dive point is not between AUV and 

vessel. The bow safety line will then be released, and the AUV will drift free away 

from vessel. 

1.2.15 After making any final adjustments to the mission dive point, upload the 

mission to the vehicle by going to ‘Plan’ tab, select on the required mission, right 

click and ‘Upload to AUV’. 

1.2.16 Go to the ‘Missions’ tab and click on the correct mission which should now be 

available in the window. 

1.2.17 Have a final confirmation of position ensuring that there is no surface 

obstruction for the AUV to carry out its dive. 

1.2.18 The AUV Pilot will then press ‘Execute’ starting the programmed survey 

mission. 

1.2.19 The AUV will move over the surface to the dive point and will dive beneath the 

surface. 

1.2.20 If the AUV fails to dive, this may be due to ballast or in some cases surface 

conditions if it is a very still sea state. It is worth repeating step 1.1.61 onwards 

with either a surface wave having been created by vessel wake, or by assisting 

the AUV with a push as the ‘Execute’ command is given. Further failure may 

require additional external ballast added (see 1.1.54). 

1.2.21 When the vehicle has successfully dived… 

1.2.22 An Acoustic Communication (ACOMMS) pinger will then be lowered into the 

water to a depth of ca. 8-10 m and secured the vessel with a line. The ACOMMS 

deck box is switched on, and blue tooth enabled. The AUV Pilot will confirm 

ACOMMS is established and that the AUV has commenced the mission. 

1.2.23 Whilst AUV is underwater the AUV Pilot will monitor vehicle position, health 

and behaviour via the ACOMMS. Ideally comms will be maintained for entirety 
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of the mission. On missions with long distance run lines, the vessel may have to 

reposition to be within range. The pinger will be safely removed from the water 

prior to repositioning. 

 

 

1.3   AUV Recovery Procedure 

1.3.1 At mission end the AUV will surface and send a surface position via Iridium 

phone. The AUV Pilot will inform the Ship’s Master of AUV position on the 

surface. Deck crew should be positioned so that they can visually spot the AUV 

on surface, looking out for the vehicle tower and strobe lights. 

1.3.2 The AUV pilot will check vehicle health in the control centre software when Wi-

Fi connection is gained, paying particular attention to the battery module and 

internal pressure readings. 

1.3.3 The small boat skipper will carefully maneuverer the vessel alongside the AUV, 

and the survey team shall attach a line to the vehicle to allow it to be towed back 

to the vessel. 

1.3.4 The survey team will communicate by radio that they are ready for the 

crane/winch line to be lowered to the water surface. 

1.3.5 As with launch, the survey team will attach stern and bow snap hooks using 

short strops to the AUV lifting points. One member of the survey team will keep 

AUV from colliding with the vessel using boat hook or pole. 

1.3.6 Once the AUV is attached to the snap hooks, the AUV pilot will communicate 

that the vehicle is ready to be lifted. The crane or winch will be used to lift the 

vehicle out of the water and back into the AUV deck cradle. 

1.3.7 The AUV Pilot will commence data download either via Wi-Fi or LAN cable. 

Data transfer is much quicker over LAN. To connect to LAN, plug the LAN cable 

into the appropriate port on the control module and to the modem port on the 

Toughbook laptop. 

1.3.8 Go to the ‘Devices’ tab, ‘Control Module’ device tree and right click on the greyed 

out ‘External LAN’, ‘Activate’. This should now display green and ‘On’. 

1.3.9 Go to the ‘AUV Connection’ window (see 1.1.16) and select U-01 IP-number 

10.0.0.1 address. 

1.3.10 This now means that the vehicle is connected via LAN and data retrieval can 

begin. 

1.3.11 Go to ‘Retrieval’ tab, click ‘Show retrieval options’ and click ‘Retrieve’. 

1.3.12 Ensure only retrieve is selected for all the data components, not delete as well. 
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1.3.13 Click ‘OK’. 

1.3.14 After data has been successfully downloaded, the data should be backed up to 

an external hard drive. 

1.3.15 Data location on control centre laptop is Computer: Local disk(C:): Gavia: 

Controlcenter:db. 

1.3.16 Locate the folder for the Control Centre project that you have been working in 

and copy the entire folder to external drive. 

1.3.17 When the data has been backed up, the vehicle is ready to be shut down. 

1.3.18 Go to the ‘Devices’ tab and right click on ‘AUV’ and ‘Shutdown’. 

1.3.19 The tower lights will start to fast blink red, green and white; this will stop and 

the single white light will start to blink three short pulses once per second. 

1.3.20 The key can now be safely removed from the vehicle and rinsed in freshwater 

prior to being returned to spares box. 

1.3.21 The AUV will be washed in freshwater, dried and moved back to the storage area 

to be put on charge. 

1.3.22 All the additional kit that had contact with sea water should be rinsed in 

freshwater. This includes the Acomms pinger, cable and the launch and recovery 

equipment(slings, hooks, poles). 

 



 

 
 

Appendix B: AUV Mission Data  

Location Date  Star

t  

End  Mission name  Sur

vey 

typ

e 

No. of lines Depth from 

seabed 

Speed 

(RPM) 

Data 

collecting 

Notes 

Loch 

Etive 

1/11/

16 

10:3

4 

10:5

5 

Bonawe Deep 

M2 
L 3 

25 m 

50 m 

80  m 
700 Acoustic 

Depth is from 

surface 

Loch 

Etive 

1/11/

16 

10:3

4 

10:5

5 

Bonawe Deep 

M2 
L 3 

25 m 

50 m 

80  m 
700 Acoustic 

Depth is from 

surface 

Loch 

Etive 

1/11/

16 

11:2

3 

12:5

5 

Bonawe Deep 

M3 

L 4 
25 m 

40 m 

60 m 

80 m 

700 Acoustic 
Depth is from 

surface 

Loch 

Etive 

1/11/

16 
- - Lower depth 1-3 L 3 

10 m from surface 

17 m 

10 m 

750 Acoustic - 

Rada 

Palena 

11/02

/17 

14:5

7 

17:3

6 

Rada Palena 

Mission 1 

La

w 
6 10 m 550 G 

A = Collision 

avoidance 

Rada 

Palena 

11/02

/17 

16:0

0 

17:5

4 

Rada Palena 

Mission 1 

La

w 
6 10 m 550 G 

A = Lost bottom 

track 



 

 
 

Rada 

Palena 

12/02

/17 

13:4

4 

15:5

2 

Rada Palena 

Mission 2 

La

w 
12 10 m 550 G - 

Rada 

Palena 

12/02

/17 

13:4

4 

15:5

2 

Rada Palena 

Mission 2 
L 1 2 m 550 C - 

Anihue 

Bay 

12/02

/17 

16:2

2 

17:2

3 

Rada Palena 

Mission 3 

La

w 
6 10 m 550 C - 

Piti 

Palena 

13/02

/17 

14:1

0 

17:3

4 

Rada Palena 

Mission 4 
L 3 35 m 550 G - 

Piti 

Palena 

13/02

/17 

14:1

0 

17:3

4 

Rada Palena 

Mission 4 
L 1 2 m 550 C - 

Piti 

Palena 

14/02

/17 

14:4

2 

15:1

4 

Rada Palena 

Mission 5 
L 2 10 m 550 G 

A = Failed to track 

depth 

Piti 

Palena 

14/02

/17 

15:2

3 

15:2

1 

Rada Palena 

Mission 6 
L 2 10 m 550 G - 

Piti 

Palena 

14/02

/17 

15:2

3 

15:2

1 

Rada Palena 

Mission 6 
L 1 2 m 500 C - 

Piti 

Palena 

14/02

/17 

15:2

3 

15:2

1 

Rada Palena 

Mission 6 
L 1 2 m 500 C 

A= Lost bottom 

track 



 

 
 

Piti 

Palena 

14/02

/17 
- - 

Rada Palena 

Mission 7 
L 1 2 m 500 C 

A= Went to wrong 

waypoints 

Piti 

Palena 

14/02

/17 

15:5

8 

16:5

9 

Rada Palena 

Mission 7 

La

w 
8 10 m 650 G - 

Piti 

Palena 

15/02

/17 

12:4

1 

13:1

0 

Rada Palena 

Mission 8 
L 2 10 m 550 G/C - 

Piti 

Palena 

15/02

/17 

13:5

2 

14:1

1 

Rada Palena 

Mission 9 
L 1 5 m 550 G/C - 

Piti 

Palena 

15/02

/17 

13:5

2 

14:1

1 

Rada Palena 

Mission 9 
L 1 2 m 500 C - 

Piti 

Palena 

15/02

/17 

14:4

5 

14:5

9 

Rada Palena 

Mission 10 
L 1 5m 550 G/C - 

Piti 

Palena 

15/02

/17 

14:4

5 

14:5

9 

Rada Palena 

Mission 10 
L 1 2m 500 G/C - 

Piti 

Palena 

15/02

/17 

16:2

5 

16:4

0 

Rada Palena 

Mission 11 
L 1 10 m 550 G/C - 

Piti 

Palena 

15/02

/17 

16:2

5 

16:4

0 

Rada Palena 

Mission 11 
L 1 5 m 500 G/C - 



 

 
 

Piti 

Palena 

15/02

/17 

17:3

5 

17:3

7 

Rada Palena 

Mission 12 
L 2 10 m 550 G A 

Huinay 

Bay 

20/02

/17 

11:0

0 

14:5

7 
Huinay M1 

La

w 
10 10 m 550 G - 

Huinay 

Bay 

20/02

/17 

12:3

7 

13:2

6 

Huinay M1 

Camera launch 

1 

X 1 2 m 500 C A 

Huinay 

Bay 

20/02

/17 

12:3

9 
- 

Huinay M1 

Camera launch 

2 

L 1 2 m 500 C A 

Huinay 

Bay 

20/02

/17 

13:4

4 
- 

Huinay M1 

Camera launch 

3 

X 1 5 m 500 C A 

Huinay 

Bay 

20/02

/17 

13:5

8 

- Huinay M1 

Camera launch 

4 

La

w 

2 2 m 600 C A 

Huinay 

Bay 

20/02

/17 

14:1

5 

14:3

2 

Huinay M1 

Camera launch 

5 

La

w 

2 2 m 600 C - 



 

 
 

Huinay 

X N-S 

21/02

/17 

17:2

0 

- Huinay M2 L 2 5 m 500 G/C A 

Huinay 

X N-S 

21/02

/17 

17:2

9 

- Huinay M2 La

w 

6 10 m 550 G/C A 

Huinay 

X N-S 

21/02

/17 

18:0

2 

19:5

2 

Huinay M2 

Alternative 

L 2 5 m 550 C - 

Huinay 

X N-S 

21/02

/17 

18:0

2 

19:5

2 

Huinay M2 

Alternative 

La

w 

6 10 m 550 G/C - 

Huinay 

X N-S 

22/02

/17 

11:1

0 

11:4

6 

Huinay X N&S L 5 2 m 500 C A = Failed to track 

depth 

Huinay 

X N-S 

22/02

/17 

12:3

7 

14:3

2 

Huinay X N&S La

w 

6 10 m 700 G/C A = Before 

camera lines 

Punto 

Loco 

23/02

/17 

11:3

1 

11:3

3 

Chile Huinay M4 La

w 1 

4 5 m 550 G/C A = Failed to track 

depth 

Punto 

Loco 

23/02

/17 

11:3

1 

11:3

3 

Chile Huinay M4 La

w 2 

4 5 m 550 G/C A = Failed to 

track depth 

Punto 

Loco 

23/02

/17 

11:3

1 

11:3

3 

Chile Huinay M4 La

w 3 

6 5 m 550 G/C A = Failed to 

track depth 



 

 
 

Punto 

Loco 

23/02

/17 

11:4

5 

12:1

1 

Chile Huinay M4 La

w 1 

4 5 m 550 G/C A= Pressure 

problem 

Punto 

Loco 

23/02

/17 

11:4

5 

12:1

1 

Chile Huinay M4 La

w 2 

4 5 m 550 G/C A= Pressure 

problem 

Punto 

Loco 

23/02

/17 

11:4

5 

12:1

1 

Chile Huinay M4 La

w 3 

6 5 m 550 G/C A= Pressure 

problem 

Estero 

Quintup

eu 

25/02

/17 

11:4

1 

13:0

1 
Huinay M1 

La

w 
8 20 m 700 G - 

Estero 

Quintup

eu 

25/02

/17 

14:1

6 

14:1

8 
Huinay M2 L 3 3 m 550 C A 

Estero 

Quintup

eu 

25/02

/17 

14:2

7 

14:5

4 
Huinay M2 L 3 3 m 550 C - 

Huinay 

Bay 

01/03

/17 

15:2

0 

16:1

9 
Huinay M7 L 8 2 m 600 C - 

Huinay 

Bay 

01/03

/17 

16:3

9 

17:0

6 

Huinay GS Test 

mission 

La

w 
6 10 m 700 G/C - 



 

 
 

Huinay 

Bay 

02/03

/17 

12:4

1 

13:3

6 
Huinay M8 L 9 2 m 600 C - 

Estero 

Quintup

eu 

02/03

/17 

15:5

8 

17:1

8 
Huinay M9 L 5 10 m 600 G - 

Estero 

Quintup

eu 

02/03

/17 

15:5

8 

17:1

8 
Huinay M9 

La

w 
6 2 m 600 C 

A = at 17:10 

completed most 

of mission 

Liliguapi 
03/03

/18 

14:5

4 

16:0

1 
Huinay M10 L 5 2 m 600 C 

A = to surface 

Abandoned 

mission 

Liliguapi 
04/03

/17 

12:2

4 

13:2

4 
Huinay M12 

La

w 
8 2 m 600 G/C 

A= Failed to track 

depth 

Liliguapi 
04/03

/17 

12:2

4 

13:2

4 
Huinay M12 

La

w 
10 2m 600 G/C 

A= Failed to track 

depth 

Liliguapi 
04/03

/17 

13:3

5 
- Huinay M12 

La

w 
8 2 m 600 G/C 

A = failed to track 

depth 



 

 
 

Liliguapi 
04/03

/17 

13:3

5 
- Huinay M12 

La

w 
10 2m 600 G/C 

A = failed to track 

depth 

Liliguapi 
04/03

/17 

14:2

0 
- Huinay M12 

La

w 
5 2 m 600 C 

A = 2nd 

lawnmower 

completed only 

Liliguapi 
04/03

/17 

15:0

8 

15:4

3 
Huinay M13 

La

w 
10 10 m 700 G Test mission 

Huinay 

Bay 

04/03

/17 

17:2

0 

18:4

4 

Huinay M14 L 8 2 m 600 C A 

Camus 

Nathius 

13/09

/17 

10:0

0 

11:2

7 
M1 

La

w 
9 and 6 10 m 550 G 

Lost comms 

between 09:42 – 

10:19 No errors 

Camus 

Nathius 

14/09

/17 

14:3

7 

15:3

3 
M2 L 17 2 m 550 C - 

Camus 

Nathius 

15/09

/17 

10:3

2 

11:0

3 
M3 L 10 2 m 550 C - 

Inch/Sei

l 

30/10

/17 

12:4

6 
- M1 L 8 10 m 700 G 

Marginal weather 

on recovery 



 

 
 

Lynn of 

Lorn 

3/11/

17 

10:2

3 

12:0

5 
M1 

La

w 
14 10 m 750 G - 

Loch 

Etive  

Upper 

basin 

7/11/

17 
- - M1 

La

w 
6 10 m 750 G 

A = Modem 

issues 

Abbots 

Isle 

8/11/

17 

09:4

5 

10:4

0 
Etive M1 

La

w 
12 10 m  G 

4 cubes front/4 

cubes back 

Abbots 

Isle 

8/11/

17 

12:5

5 

15:0

5 
Etive M2 

La

w 
16 2 m 550 C 

4 cubes front/4 

cubes back 

Airds 

Bay 

9/11/

17 

11:3

9 

14:0

0 
Etive M3 

La

w 
12 10 m 750 G - 

Loch 

Don 

30/08

/18 
- - Loch Don L 2   Acoustic 

A = due to poor 

weather 

Upper 

Basin 

25/09

/18 

10:4

0 

12:1

0 
M1 

La

w 
6 10 m 750 G 

Ballast 4/4 front 

and back – too 

heavy changed to 

4/3 



 

 
 

RPM= Revolutions Per Minute, L=Line, Law= Lawnmower, X= Crosshatch, G= Geoswath, C= Camera, A= Aborted 

 

Abbots 

Isle 

25/09

/18 

14:2

0 

14:5

5 
M2 

La

w 
 2 m 550 C - 

Airds 

Bay 

26/09

/18 
  M3 

La

w 
   G - 

Upper 

Basin 

28/09

/18 
  M4 

La

w 
   C - 

Ganava

n Bay 

10/10

/18 

12:0

0 

12:4

5 

Scallop Project La

w 

12 2 m 550 C Preliminary 

mission to line up 

camera transect 
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Appendix C: R Scripts 

#How to produce lists of images  

#Load package into R 

 

library(readxl) 

 

#Set the working directory - the file with the images from each 

image folder in.  

#Change all backslashes in to forward slashes 

 

setwd("C:\\Users\\Karen 

B\\Desktop\\Fieldwork\\Loch_Etive_Airds_Bay\\files\\images\\") 

 

#Create a list of files within the folder 

 

file_list_images <- list.files() 

file_list_images 

A<-as.data.frame(file_list_images) 

 

#This will create an excel file in the image folder  

 

write.csv(A,"imagenames.csv") 

 

#Do this for each image folder 

 

for (i in 1:length(file_list_images)){ 

  setwd(paste0("C:\\Users\\Karen 

B\\Desktop\\Fieldwork\\Loch_Etive_Airds_Bay\\files\\images\\",

file_list_images[[i]])) 

  file_list_photos <- list.files() 

  B<-as.data.frame(file_list_photos) 

  write.csv(B,"images_list.csv") 

} 

 

#Loop separate image name folders into one big folder   

# WRITE CSV FILE NAME TO WHAT YOU WANT AND WHERE YOU WANT IT 

 

setwd("C:\\Users\\Karen 

B\\Desktop\\Fieldwork\\Loch_Etive_Airds_Bay\\files\\images") 

 

#Create a list of files within the folder 

 

file_list_images <- list.files() 

 

#Create the loop 

 

for (i in 1:length(file_list_images)){ 

  setwd(paste0("C:\\Users\\Karen 

B\\Desktop\\Fieldwork\\Loch_Etive_Airds_Bay\\files\\images\\",

file_list_images[[i]])) 
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  data<-read.csv("images_list.csv") 

   

data<-data[-nrow(data),] 

  name<-paste0("data",file_list_images[[i]]) 

  assign(name,data)  

} 

rm("data") 

rm("file_list_images") 

rm("i") 

rm("name") 

dfs = sapply(.GlobalEnv, is.data.frame) 

master<-do.call(rbind, mget(names(dfs)[dfs])) 

write.csv(master,"C:\\Users\\Karen B\\Desktop\\Etive Habitat 

Mapping\\Airds Bay\\Allcamera2.csv") 
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#How to merge all track xml tables from the seanav logs into one 

excel file... 

#First set up two folders (Input and output). In input paste all 

xml tables of the seanav files.  

#You need to install this package to read excel files 

 

install.packages("readxl") 

 

#Load package into R 

 

library(readxl) 

 

#Set the working directory - the file with all the excel files 

in. CHANGE TO SUIT YOUR FOLDERS 

 

setwd("C:/Users/Karen B/Desktop/Etive Habitat Mapping/Airds 

Bay/Track Input") 

 

#Create a list of files within the folder 

 

file_list <- list.files() 

 

#This loop merges all the files into a data set called 'dataset' 

 

for (i in file_list){ 

   

  #If the merged dataset does not exist, create it 

 

  if (!exists("dataset")){ 

    dataset <- read_excel(i) 

    dataset<-dataset[,c("time","lat","lon","depth")] 

     

    } 

   

#If the merged dataset does exist, append to it 

 

  if (exists("dataset")){ 

    temp_dataset <-read_excel(i) 

    temp_dataset<-temp_dataset[,c("time","lat","lon","depth")] 

    dataset<-rbind(dataset, temp_dataset) 

    rm(temp_dataset) 

    } 

  } 

 

#If you want to keep the date as a column convert 'time' column 

into date/time format  

 

dataset$time<-as.POSIXct(dataset$time, tz = "GMT", 

format="%Y%m%d %H:%M:%S",origin="1970-01-01") 

 

dataset$datetime<-dataset$time 

dataset$date<-as.Date(dataset$time, tz = "GMT", 

format="%Y%m%d") 
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dataset$time<-strftime(dataset$datetime, tz = "GMT", 

format="%H:%M:%S") 

dataset<-dataset[,c(5,6,1,2,3,4)] 

 

#This will create a .csv file in the 'output' folder within the 

'Karen folder',- CHANGE TO SUIT YOUR FOLDERS 

 

write.csv(dataset, "C:/Users/Karen B/Desktop/Etive Habitat 

Mapping/Airds Bay/Track Output/track.csv") 

 

 

 

 

 

 

 

 

#How to merge Excel folders (track and images) 

 

merge(All_camera_images,Track_Combined,by='Time') 

merged1<- merge(All_camera_images, Track_Combined, by= 'Time') 

merged1 

 

merge (Track_Combined, All_camera_images, by='Time')  

merged <- merge(Track_Combined, All_camera_images, by='Time') 

merged 

 
 

 


