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Abstract

Tidal energy is an emerging form of ocean renewable energy that utilises large, free-

standing turbines in underwater or floating systems to generate electricity from tidally driven

ocean currents. As the tidal energy industry moves towards commercial-scale array instal-

lations with multiple devices, interaction uncertainties between tidal energy devices and the

marine environment have the potential to encumber tidal energy developments. Environ-

mental impact assessment (EIA) studies are needed that inform about interaction concerns

between tidal energy devices and the marine environment, meet regulatory monitoring re-

quirements, and are feasible for tidal energy developers to implement and maintain. Identi-

fying best practices and strategies for environmental monitoring procedures at tidal energy

candidate sites, however, is contingent on studies that explore different environmental mon-

itoring approaches and describe the benefits and limitations of the methodologies applied.

This thesis presents findings from biophysical monitoring studies conducted in combi-

nation with tidal resource assessment campaigns performed by the Tidal Energy in Australia

(AUSTEn) project. Two tidal energy candidate sites were investigated by the AUSTEn

project: the Banks Strait, located in north-east Tasmania, and the Clarence Strait, located

near Darwin, Northern Territory. Four discrete research studies were conducted involving mo-

bile hydroacoustic surveys and long-term mooring deployments that housed a four-frequency

biological echosounder, a five-beam Acoustic Doppler Current Profiler (ADCP), or both.

The sampling procedure provided concurrent measurements of fish, hydrodynamic proper-

ties, and environmental conditions at the tidal energy candidate sites. Sampling locations

were chosen based on depth, current speed, proximity to shore, and substrate suitable for

commercial-scale tidal turbine installations. Tidal resources were characterised using the

Nortek Signature500 ADCP. Given the prevalent usage of the Signature500 for tidal resource

assessment campaigns and the advertised potential for its centre beam to also act as a biolog-

ical echosounder, the instrument’s biological monitoring capabilities for fish abundance and

distribution were examined by conducting measurements concurrent to a multi-frequency

biological echosounder over one month at the Banks Strait tidal energy candidate site.

Post-processing techniques for hydroacoustics data collected in dynamic ocean environ-

ments were newly developed and optimised in combination with environmental parameters

to obtain information about fish abundance and distribution metrics at the study sites.
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This involved a dynamic noise classification and removal approach that addressed varying

noise signatures due to changing physical conditions (i.e. wind and current speed), a target-

tracking and classification algorithm that evaluated and compared a target’s actual and

expected time-in-beam at different current speeds, as well as other established hydroacoustic

processing methods (e.g. surface noise removal, dB-differencing, thresholding, etc.).

Physical variables (i.e. current speed, turbulence, sheer stress) and environmental con-

ditions (i.e. diel stage, temperature, local tidal conditions) were investigated for their relation

to fish abundance, distribution, and behaviour in these highly dynamic ocean environments.

Diel stage had the greatest influence on fish with a higher abundance, greater dispersion,

and an elevated centre of mass occurring at night. At higher current speeds, fish increased in

abundance, showed greater dispersion, and were located closer to the seafloor at the Banks

Strait study site, while a preference for the upper water column was observed at the Clarence

Strait in these conditions. A response to higher temperatures was also evident at the Banks

Strait study site and showed increased fish densities and abundances that were sampled

closer to the seafloor. Regions with increased turbulence parameters were generally avoided

by fish at the Clarence Strait study site, and no significant changes were observed based

on flow direction. Mobile surveys were only conducted at the Banks Strait study site and

revealed a preference for fish to occupy areas with depths between 20 – 40 m. A preference

for bottom-type was not observed for the bottom-types sampled (i.e. rock, gravel, sand).

The Signature500 was found to generate improved fish abundance and distribution es-

timates over traditional ADCPs. With fish abundance estimates being correlated to those of

a multi-frequency biological echosounder at r = 0.71, the Signature500 was shown to have

value as a complementary biological monitoring tool during tidal resource assessments. How-

ever, given the remaining discrepancies and limitations regarding the sampling frequency,

calibration process, and transducer beam width, it is recommended that more targeted EIA

studies be conducted with dedicated biological echosounders for conclusive insights about

biophysical interactions at tidal energy sites.

Research outcomes are projected to provide insights about fish-turbine interaction po-

tentials at the Banks Strait and Clarence Strait tidal energy candidate sites, help formulate

and optimise monitoring practices for fish-current interactions in dynamic ocean environ-

ments, and aid in the development of a standardised EIA framework for tidal energy candi-

date sites. Regulatory bodies and industry developers can then adopt this framework to gain

a more complete understanding about biophysical interactions at tidal energy sites, which

allows for potential environmental impacts to be identified and mitigated early in the devel-

opment process. In addition, it creates a baseline for environmental conditions at tidal energy

candidate sites that provides context for EIA studies performed post-turbine installation.
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Chapter 1

Thesis introduction

The global resource potential for tidal energy is estimated at three terawatts, of which

approximately 120 gigawatts are accessible for tidal energy extraction [5]. With global devel-

opment efforts for wave and tidal energy (including tidal range systems) aiming to reach 300

gigawatts by 2050 [6], Australia’s coastline offers a largely untapped extraction potential by

featuring between one and two percent of the global tidal energy resource [7]. These estimates

for tidal energy, however, include both tidal range and in-stream tidal energy systems. Tidal

range systems utilise the potential energy in the height difference between high tide and low

tide, while in-stream tidal energy systems utilise tidally-driven ocean currents. This thesis

explicitly focuses on in-stream tidal energy systems for which possible development sites are

more constrained and require in-depth assessments to determine its tidal resource. Currently,

the installed capacity for in-stream tidal energy is 10.5 megawatts worldwide [8]. Driven by

the potential to utilise the significant tidal currents surrounding Australia [9], studies to map,

locate, and characterise favourable tidal energy development sites for in-stream tidal energy

systems were initiated.

In 2017, the Australian Renewable Energy Agency (ARENA) co-funded the Tidal En-

ergy in Australia (AUSTEn) project and tasked researchers from the Australian Maritime

College (AMC), University of Tasmania, in partnership with the University of Queensland

and Commonwealth Scientific and Industrial Research Organisation (CSIRO), to investigate

Australia’s tidal energy potential and characterise sites displaying suitable criteria for tidal

energy developments. Detailed studies of the tidal energy resource and development poten-

tial of two promising candidate sites were performed, including the Banks Strait, located in

the southeast region of the Bass Strait between Tasmania and Clark Island, and Clarence

Strait, located in Northern Territory near Darwin between mainland Australia and Melville

Island (Fig. 1.1; [10]).

The distinct advantage of tidal energy over other forms of renewable sources is its

predictability in times of power output. Being able to depend on when and having an
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Figure 1.1: Maximum tidal currents computed from the AUSTEn national tidal model simulation.
Figure was generated and published as part of the final Tidal Energy in Australia (AUSTEn) project
report [10]. The Banks Strait and Clarence Strait, identified as tidal energy candidate sites and
characterised as part of the AUSTEn project, are indicated as a) and b), respectively.

estimate for how much power will be generated from a renewable power source allows power

companies to minimise storage capacities and provides favourable conditions for the use of

renewable energy in integrated, distributed power networks [11]. Remaining challenges in

regards to technical limitations, high capital costs, regulations and policies for unexplored

environmental effects, and stiff competition from other renewable sources have stagnated the

development of tidal power into a significant source for renewable energy. With the tidal

energy potential growing in recognition globally, however, this emerging sector continues to

attract industry developers and researchers that want to see this technology succeed as a

major player in the global renewable energy mix.

1.1 Tidal energy: current state and future potential

Tidal energy devices work much like underwater wind turbines by harnessing energy

from tidal currents to generate electricity. Near-shore regions characterised by shallow depths
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(30 - 80 m) and high-velocity tidal currents (>3 m/s) are targeted for tidal energy devel-

opments as they are often in proximity to existing power grids, facilitate installation efforts

more readily, and provide a high-energy extraction potential.

At its current stage, the tidal energy industry is focusing on a large variety of turbine

designs that range from small, 2 kW capacity turbines, such as the 2-metre diameter turbine

from the Australian company MAKO Tidal Turbines powering up to one household (Fig.

1.2a), to large scale, high-capacity turbines, such as the AR1500 from SIMEC Atlantis Energy

(based in Edinburgh, Scotland) with a 20-metre diameter and 1.5 MW capacity (Fig. 1.2b),

or the Cape Sharp 2 MW tidal turbine deployed at the Fundy Ocean Research Center for

Energy (FORCE) in Minas Passage (Nova Scotia, Canada) for some time. The largest

grid-connected tidal energy development to date is in fact the MeyGen project that has four

grid-connected AR1500 turbines from SIMEC Atlantis Energy installed on the northern coast

of Scotland with plans to expand up to 398 MW. Other tidal energy designs are also being

pursued, such as the floating 2 MW turbine (Orbital O2) from the Scottish-based developer

Orbital Marine Power, or Minesto’s tidal kite design with an advertised power rating of up

to 3 MW for its largest unit.

Developing large-scale tidal energy projects does not only require substantial capital

costs, but must also be placed in regions that are able to accommodate large-scale turbine

developments. The MeyGen project, for example, is located in the Pentland Firth, a channel 2

km wide on Scotland’s north-east coast between the island of Stroma and mainland Scotland.

With depths between 31.5 - 38 m at the project site, the channel features some of the fastest

flowing waters in the UK with flow speeds of up to 3.4 - 4.0 m/s [12]. Many locations

that exhibit favourable tidal currents for energy extraction, however, do not have suitable

conditions for large-scale turbines due to depth restrictions or limited power demands.

Remote communities that rely on diesel generators for their power needs, for example,

often do not display conditions favourable for large scale turbine developments, nor require

several MW of installed capacity, but are ideal candidates for replacing fossil fuel dependence

with renewable tidal power. As such, some companies, including the French-based company

Sabella, specifically focus on medium sized turbines targeted for remote island communities

to meet their electricity demands (Fig. 1.2c). Others, including the American-based company

Verdant Power, are looking to deploy turbines in high-flow river systems, such as the East

River in New York to provide renewable energy to the national grid (Fig. 1.2d), and even

the Amazon River to provide power for remote communities along the river that currently

rely on diesel generators [13]. Overall, it is anticipated that the next generation of in-stream

tidal energy devices will feature greater variety in their designs to make tidal energy more

applicable for different environments, including lower current velocity sites (e.g. >2 m/s) by

featuring larger rotor diameters.

3



Figure 1.2: Examples of tidal energy turbines previously deployed by the tidal energy industry. a)
MAKO Tidal Turbines (Australia); b) SIMEC Atlantis Energy (Scotland); c) Sabella (France); d)
Verdant Power (USA).

While tidal energy is capable of meeting power demands in many different circumstances,

it will only make a significant contribution to the global energy demand if the installed

capacity of tidal energy is significantly increased. Parallel to the growing interest in energy

extraction from tidal streams, however, is the concern for environmental impacts of tidal

energy devices. Placing large, rotating structures on floating platforms or the seafloor raises

many questions about interaction potentials between tidal energy devices and the marine

environment that require environmental impact assessment studies to be resolved.

1.2 Environmental impact assessments

As an emerging technology, the effects of Ocean Renewable Energy (ORE) devices on

the marine environment have yet to be fully described, especially for large-scale commer-

cial developments [14]. With the main argument for ORE being environmental outcomes,

making sure these devices do not pose substantial threats to the marine environment is im-

portant to verify, especially with government support to the industry. Environmental impact

assessments (EIA) must be performed that provide robust evidence that no significant ad-

verse effects to the marine environment can be expected [15]. Driven by a precautionary

approach that it is better to collect too much data than too little, EIA studies must per-

form environmental monitoring operations pre- and post- installation and compile significant
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amounts of data on marine animals, habitats, and ecosystems potentially impacted by ORE

devices [14]. These requirements place a sizeable burden on the regulatory agencies tasked

with licensing and permitting ORE developments by reviewing whether the EIA studies

performed provide enough evidence to ensure an environmentally sustainable development.

Environmental monitoring that satisfies EIA protocols also carries enormous expenses, with

specialised equipment and personnel needed for data sampling, processing and analysis pro-

cedures, which creates financial strains for tidal energy developers that must perform these

studies and carry the expenses, making it more difficult for this emerging renewable energy

sector to grow and expand. This thesis aims to assist in this matter by identifying require-

ments for environmental monitoring programs at tidal energy candidate sites that reduce the

amount of redundant data tidal energy developers have to collect.

To accommodate the requirements of industry and regulators involved in ORE, re-

searchers must identify environmental monitoring procedures that provide sufficient data

about potential device effects on the marine environment and are financially viable for indus-

try developers to implement. Monitoring strategies, processing methods, and study outcomes

for environmental monitoring efforts of global ORE projects must be compiled and shared so

that EIA procedures can be clearly defined and need only address site-specific environmental

concerns [14].

Strategically targeted scientific research studies are needed to reduce some of the most

pressing concerns about the impacts of ORE devices on the marine environment. Thereby,

publishing and sharing EIA findings and adopting lessons learned in future studies helps build

a consistent database that addresses environmental impact concerns and promotes a stream-

lined permitting process for ORE developments. Tethys, an online knowledge management

system spearheaded this effort by offering a database for all known studies performed on

environmental risks to the marine environment from ORE devices and making these publicly

accessible ([16]; https://tethys.pnnl.gov). The database also outlines country-specific EIA

requirements to date that must be completed for ORE device instalments and outlines the

agencies responsible for the permitting process.

Although Australia has no specific framework in place that specifies EIA requirements

for ORE developments to date, any project would have to comply with the Environmen-

tal Protection of Biodiversity (EPBC) Act. The EPBC Act is currently under review

(https://epbcactreview.environment.gov.au/). Specific to offshore electricity projects, the

Australian government is currently developing a regulatory framework for the exploration,

construction, operation and decommissioning of offshore wind and other clean energy tech-

nologies in Commonwealth waters [17]. A discussion paper about this topic was published

by the Department of Industry, Science, Energy, and Resources to encourage feedback from

industry, academia, and the general public, and incorporate their comments into the drafting

5



process of the regulatory framework [18]. In its current form, commercial developers will first

have to be approved for a feasibility license by proposing a potential Management Plan that

demonstrates their ability to manage safety and environmental risks and impacts, and ensur-

ing that the interests of other users of the area are appropriately considered. Once granted,

the feasibility license provides developers with a five-year time frame to finalise their project

design and put a commercial management plan in place that includes intensive site investiga-

tions, agreements with other marine users, environmental management plans, occupational

health and safety (OHS) procedures, final design and engineering plans, final investment

decisions, a site plan, and a decommissioning bond. If approved, a commercial license is

granted that provides the right to undertake commercial offshore clean energy activities for

an initial term of up to 30 years, including the right to construct, test, commission, operate,

and decommission the project [18]. Licenses can be renewed after this time frame. The leg-

islative framework is intended to be finalised and operational by mid-2021. An example for

an ongoing-licensing process can be found in the Star of the South project - Australia’s first

offshore wind project located off the south of Gippsland (Victoria) with the potential to sup-

ply up to 20% of the State of Victoria’s electricity needs [19]. The licensing process includes a

comprehensive Environmental Impact Statement (EIS) and Environmental Effects Statement

(EES) to assess potentially significant environmental, social, and economic impacts. Further-

more, the project must be approved under the Commonwealth Environment Protection and

Biodiversity Conservation Act (1999), the Victorian Planning and Environment Act (1987),

the Victorian Marine and Coastal Act (2019), and the Victorian Aboriginal Heritage Act

(2006). As the tidal energy industry grows and commercial offshore developments increase

around Australia’s coastline, it is to be expected that the environmental permitting process

will undergo several revisions and updates to address challenges that emerge as this sector

grows.

1.2.1 Previous EIA findings

Research conducted to date indicates that tidal energy devices have the potential to

cause changes to a range of physical parameters including reduced current speed, altered

water quality, and changes in sediment transport [20–22]. These interactions could lead

to population-level responses in fish by disrupting migratory pathways [23] and creating

stressors in the form of underwater noise [24] and electromagnetic fields [25]. Some studies

have gathered information on fish behaviour near operating tidal turbines [26, 27], while

others have examined injury and survival rates of fish that pass through tidal turbine devices

[28, 29]. Studies conducted at tidal energy sites to date suggest fish abundance is associated

with tidal- and diel cycles [30] and that the likelihood of fish encountering tidal energy devices

changes seasonally [30, 31].
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One of the most pressing environmental concerns for tidal energy devices is the en-

counter probability between fish and turbines. Field studies [27, 28] and device encounter

probability models [32] were developed to investigate fish behaviour upon encountering tur-

bine blades. Although no significant effects on fish behaviour were concluded and fish-strike

probability was determined to be less than 5%, both approaches recognised that encounter

probability and subsequent effects to the fish population are a function of the number of fish

present during the operational phases of the turbine. However, relationships between fish

and hydrodynamic properties (e.g. currents and turbulence) at high-flow tidal habitats have

yet to be fully described.

Hydrodynamics and fish

Studies performed near tidal devices indicate that fish presence decreases with increasing

current speed [33, 34], suggesting a lowered encounter probability with a rotating turbine.

However, there is also evidence pointing to larger fish remaining in high-current velocities [32]

and that encounter probability for the remaining fish increases with high current velocities

and larger turbine blades [28, 32]. It has also been established that certain fish species and

marine mammals use tidal currents for on- and off-shore migration pathways and foraging

habitats in a process known as selective tidal stream transport [35]. Species assemblage

and temporal patterns also factor into encounter probabilities between fish and turbines

[34, 36], signalling the need for site-specific biological monitoring efforts to assess encounter

probabilities at different tidal sites.

The natural movement and abundance of fish occurring in areas targeted for the in-

stallation of turbines will help determine encounter probabilities and must be taken into

account when evaluating the environmental impacts of tidal energy devices [37, 38]. It is

generally recognised that the bioenergetic cost to fish of maintaining their position in high-

current environments is high and that fish abundance is expected to be lower during high

current intervals [23]. Hammar et al. [32] published an encounter probability model for fish

that included a field study to investigate the relationship between fish and current speed.

The study found that fish activity decreased with increased current speed, where fish would

seek shelter once the energetic cost of swimming in high currents outweighed the benefits

from remaining in this region. The study presents a novel approach of including natural fish

behaviour in high-flow environments in its turbine encounter probability model; however,

location and sampling conditions were not representative of a tidal energy candidate site.

Video recordings documenting fish-current relationships were limited to daylight hours only

between 7 am and 5 pm and only included a total 22.5 hours in its analysis. In addition,

sampling duration did not include a full 12-hour tidal cycle known to influence natural fish

behaviour, included current speeds less than 1.5 m/s, and sampling depths of only 8-12 me-
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ters. These are not feasible conditions for tidal turbine deployments, which ideally target 30

– 80 metre depths and current velocities of 3 m/s or higher. Long-term monitoring studies

that detail the relationship of fish with currents and turbulence in regions targeted for tidal

developments must be conducted to better understand co-location between fish and turbines

for the full operational window of the turbine. Thereby, research into co-location does not

only inform encounter probability and blade-strike models, but also provides insights into

indirect device effects such as noise and EMF on local fish populations [24, 25]. Recognis-

ing potential device effects early in the development process will help mitigate environmental

impact uncertainties and encourage regulators and the public to support this new technology.

Public uncertainty about potential device effects to the marine environment can have

detrimental effects to the advancement of tidal energy projects. The Fundy Ocean Research

Center for Energy (FORCE), for example, tested its 2 MW, 16-meter diameter Cape Sharp

tidal turbine (Open Hydro) in the Bay of Fundy, Canada, and experienced strong opposition

from local fishing communities that voiced concerns about fish-turbine interactions affecting

their commercial fishing industry [39]. To avoid this scenario, environmental monitoring

studies and public engagement must be included from an early stage in tidal energy projects.

A summary of the current state of science for environmental impact assessment and ap-

praisal studies performed for ORE projects was presented by Copping et al. [23] and updated

in following iterations [14, 40]. Most researchers involved with EIA for ORE projects have

concluded that interactions between turbines and the marine environment are negligible at

the single device scale. However, as the industry advances from single-device deployments to

small-scale, long-term deployments of several devices and finally to commercial-scale array in-

stallations that include hundreds of turbines, the potential impact to the marine environment

also scales up several orders of magnitude. Expanding our knowledge on how tidal energy

devices might interact with the marine environment and developing new methodologies to

assess potential device effects is of great interest to the marine renewable energy community.

1.2.2 Knowledge gaps

Knowledge gaps that need to be addressed in order to gain a more holistic understand-

ing about potential device effects on marine animals, including fish, are outlined by Copping

et al. [23] and updated in the 2018 report [14]. Further research that investigates fish abun-

dance and behaviour in tidally dynamic regions and explores how these are influenced by

changing current speeds is required. A baseline must be established that documents nat-

ural fish behaviour in tidal environments, which will help recognise and mitigate potential

device effects early on in the development process and inform monitoring studies conducted

post-turbine installation. Findings about natural fish behaviour in tidally dynamic chan-
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nels must also be published and shared among researchers targeting different tidal energy

candidate sites to determine which findings about biophysical processes in marine environ-

ments are transferable across sites, which require site-specific monitoring efforts, and which

methodologies are best employed to determine site-specific conditions. Natural variability

in fish abundance and behaviour due to changing environmental conditions (e.g. tides, diel

cycle, daylight, temperature, currents, etc.) calls for long-term, high-resolution data sets

that are able to take these variations into account. From there, data can be extrapolated

on to gauge how environmental interactions might change from single-device deployments to

arrays installations, which is the next phase that the tidal energy industry seeks to enter

now.

1.2.3 Environmental monitoring methods

To effectively characterise fish abundance and behaviour, instrumentation capable of

monitoring biological activity throughout the water column at high temporal and spatial

resolutions is needed. Hydroacoustic sampling techniques meet these criteria and have often

been utilised by researchers conducting environmental monitoring studies about fish in dy-

namic environments given their advantages. The acoustics-based survey approach allows for

detailed observations of fish abundance and movement by emitting and recording acoustic

backscatter from objects in the water column at multiple pings per second [41]. Other ad-

vantages include sampling range, especially in regions where poor visibility caused by high

particle concentrations in the water column limit the application for video and recordings

during periods of darkness are either not possible, or require illumination that may in itself

affect behaviour. Low power consumption enables long-term, autonomous monitoring oper-

ations and a remote sensing approach lowers injury risk to species compared to traditional

fish survey methods (e.g. netting). These advantages make this technology most applica-

ble for abundance and behavioural studies about fish, including abundance estimates for

ecosystem-based fisheries management [42] and population-based behavioural studies [30].

Further discussions about hydroacoustic sampling techniques and processing methods ap-

plied at tidal energy candidate sites and other oceanic environments are found in sections

2.4, 3.1.1, 3.2, 3.4.1, and 4.1.

1.3 Research objectives

As part of the wider scope of the Tidal Energy in Australia (AUSTEn) project, this

PhD project was initiated to develop and evaluate methodologies that characterise base-

line biophysical interactions at tidal energy candidate sites. The project aimed to develop

monitoring strategies that provide a baseline understanding about biophysical relationships
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between fish, hydrodynamic properties, and environmental conditions in high-flow tidal habi-

tats targeted for tidal energy development. Thereby, environmental monitoring methods were

incorporated into the tidal energy resource assessment phase of potential tidal energy sites to

reduce the amount of redundant data collected by industry and regulators for environmental

assessments and support the development of environmental impact statements for tidal en-

ergy candidate sites. Investigating how physical site conditions influence fish abundance and

behaviour in high-flow tidal environments provides valuable insights about potential device

effects. Survey and data processing techniques applied in this study were intended to help

advance the development of standardised environmental monitoring methods that are feasible

for tidal energy developers to implement while meeting regulatory guidelines. Thesis chapter

contents are outlined in the following section along with research questions formulated for

each study.

1.3.1 Thesis outline

Chapter 1 is an introduction to the thesis that provides context and motivation for the

research objectives, presents previous work relevant to the thesis topic, and outlines the

general thesis structure with its individual chapters.

Chapter 2 aims to identify preferred habitat types for fish in the Banks Strait, Tasmania,

to inform on the potential location for tidal energy devices. Fish densities have been shown

to vary by habitat, where different fish species display preferences for bottom type, depth,

temperature, bathymetry and current speed. Mobile hydroacoustic surveys of the study site

were conducted during the AUSTEn field campaign where acoustic backscatter was processed

for fish abundance and correlated with the environmental conditions (e.g. diel stage, depth,

currents, and bottom type). Thereby, this study answers research question (1): Can habitat

preferences for fish be identified during tidal resource assessment efforts to inform about the

potential for fish to be located around tidal energy devices?

Chapter 3 also helps answer research question (1) by presenting a case study that incorpo-

rates environmental impact assessment measures into tidal energy resource characterisation

campaigns to explore fish densities and behaviours in response to tidal currents. A fixed

location, long-term monitoring system was developed that included a bottom-mounted plat-

form housing an Acoustic Doppler Current Profiler (ADCP) and four-frequency scientific

echosounder. This monitoring platform was deployed in the Banks Strait for 2.5 months at

a location with promising conditions for tidal energy development and provided an in-depth

understanding about fine-scale relationship between tidal currents and fish aggregations.

Thereby, the applied methodologies contribute to the ongoing discussion about best-practices

10



for environmental monitoring procedures at tidal energy sites and provide insights to research

question (2): How are fish presence and behaviour correlated with environmental conditions

at the Banks Strait tidal energy candidate site?

Chapter 4 evaluated the biological monitoring capabilities of the echosounder function of

Nortek’s Signature500 ADCP. Some of the latest generation of ADCPs, including Nortek’s

Signature series, have been upgraded to include echogram sampling capabilities that claim

to be able to take high-resolution measurements of biomass in the water column. This

study investigates this claim by post-processing data for fish abundance and distribution

metrics and comparing these to metrics obtained by a calibrated, biological echosounder

established in the field of fisheries acoustics. Obtaining fish abundance estimates in addition

to current speed from one instrument simultaneously would present a cost-effective advantage

for studies looking to link these biophysical parameters at tidal energy candidate sites. This

investigation examined research question (3): Is the echosounder sampling function of the

Nortek Signature500 adequate to describe biophysical processes at tidal energy sites, lowering

the need for dedicated studies with multiple instruments and deployments?

Chapter 5 builds upon Chapter 4 and employs the Signature500 to investigate biophysical

linkages at the Clarence Strait, Northern Territory, tidal energy candidate site. Using the

sampling and processing methods for the Nortek Signature500 established in Chapter 4, fish

abundance and distribution trends were surveyed over a ∼2-month deployment and linked

to environmental properties including diel stage, tidal stage (i.e. ebb and flood), current

speed, and turbulence parameters. Adding turbulence as a possible driver for fish abundance

and distribution trends observed at tidal energy candidate sites could signal potential device

implications known to alter hydrodynamic site properties. Exploring the consistency of

biophysical linkages observed across different tidal energy sites will also help elucidate the

extent to which site-specific monitoring studies are required. This study provides answers to

both research question (3) and research question (4): How do turbulence parameters compare

to other environmental conditions to influence fish abundance and distributions observed at

a tidal energy candidate site?

Chapter 6 provides a summary of the main findings, highlights, and conclusions from each

chapter. It also presents recommendations and guidelines that could be of value to the tidal

energy community and aid in the development of standardised environmental monitoring

procedures at tidal energy candidate sites. Broader study implications and future research

potentials are also discussed.
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1.3.2 Novelty

To date, EIA studies for tidal energy have primarily focused on the interactions between

marine animals and tidal turbines to assess the behaviour of animals in proximity to the tur-

bine and to determine potential mortality or injury risks to marine animals. The novelty of

this study lies in the development of environmental monitoring methods that can be applied

during the tidal resource assessment phase of tidal energy projects to evaluate site-specific

biophysical relationships between fish and hydrodynamic properties. Thereby, potential in-

teractions between tidal energy devices and the marine environment can be determined prior

to turbine installations that require significant investments from developers. Specific novel

contributions include:

• Pre-turbine installation studies in regions targeted for tidal energy to describe natural

fish distribution and behaviour in tidally dynamic environments and establish a baseline

for comparisons to post-installation studies.

• Concurrent, high-resolution sampling of tidal currents, turbulence, and biomass using

an ADCP and four-frequency scientific echosounder mounted to a single frame deployed

in a highly dynamic tidal energy candidate site.

• Assessing the biological monitoring capabilities of the new Nortek Signature500 ADCP

to determine whether this instrument is a viable research tool to describe biophysical

interactions at tidal energy candidate sites, potentially reducing the need for multiple

instrument deployments.

• Environmental monitoring studies conducted at a tropical tidal energy candidate site.

To date, there are no known published studies documenting environmental monitoring

efforts at tidal energy sites in tropical locations.

• Investigating turbulence parameters as physical drivers for fish abundance and distri-

butions observed at a tidal energy candidate site and evaluating its influence in relation

to other environmental conditions.
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Chapter 2

Relating fish distributions to physical char-
acteristics of a tidal energy candidate site in
the Banks Strait, Australia

With the tidal energy industry moving towards commercial-scale developments, it is

important to consider potential interactions between tidal energy converters (TECs) and the

marine environment prior to the installation of large-scale TEC arrays. The Banks Strait, a

tidal channel located in the north-east of Tasmania, Australia, was identified as a promising

candidate site for tidal energy by the Tidal Energy in Australia (AUSTEn) project. To

gain an understanding about potential overlap between TEC arrays and fish usage of the

Banks Strait tidal channel, fish density distributions were estimated from hydroacoustic

surveys during the tidal resource characterisation campaign. Differences in fish density were

examined according to bottom depth, bottom type, current speed, temperature and vertical

distribution. Fish densities were significantly higher at night and displayed preferences for

depths between 20 – 40 m and current speeds between 1.75 – 2 m/s. Fish density was

generally greatest in the bottom 10 m from the sea floor at all depths sampled. Variation

with temperature and bottom–type sampled was not significant. Future studies involving

long-term, stationary surveys of fish densities along with repeated surveys across different

seasons would provide a more holistic picture of fish distributions in the Banks Strait to

inform developers about potential device encounter probabilities.

2.1 Introduction

Australia’s commitment to the 2015 Paris Climate Agreement has produced a surge

in the development of renewable technologies that aim to reduce Australia’s greenhouse gas

emissions. After meeting the 2020 target for 33 TWh of additional renewable energy genera-

tion, Australia’s Renewable Energy Target scheme intends to add additional 33 TWh every
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year until the scheme ends in 2030 [43]. A largely untapped resource for renewable energy

generation is found in the vast capacity for ocean renewable energy (ORE) presented by

Australia’s coastline in form of Tidal Energy Converters (TECs) and Wave Energy Convert-

ers (WECs). Current estimates indicate that ORE resources for wave and tidal far exceed

Australia’s electricity demand, which peaked at 229 TWh in 2017 [11, 44].

In 2017, the Australian Renewable Energy Agency (ARENA), along with researchers

at the Australian Maritime College (AMC), University of Tasmania, initiated the Tidal

Energy in Australia (AUSTEn) project. In partnership with the University of Queensland

and Commonwealth Scientific and Industrial Research Organisation (CSIRO), the AUSTEn

project aims to characterise high-flow tidal streams in Australia for their potential to develop

tidal energy. If developed on a commercial scale, tidal energy has the potential to play a major

role in Australia’s future energy mix [45]. Regions characterised by near-shore, shallow, high-

velocity tidal currents are targeted for tidal energy developments as they are in proximity

to existing power grids, facilitate installation efforts more readily, and provide a high-energy

extraction potential.

The Banks Strait, located in the southeast region of the Bass Strait between Tasmania

and Clark Island, Australia, was identified as an excellent candidate site for tidal energy

developments (Fig. 2.1). Preliminary studies of this region involving a coarse-resolution

hydrodynamic model show tidal currents exceeding 2.5 m/s with a tidal range of 2 m [9, 46]

while sporadic bathymetry surveys by the Australian Navy indicate depths between 25 – 60

m. Along with its proximity to an existing power grid in the north-east of Tasmania, the

Banks Strait offers potentially advantageous conditions for the installation, generation and

transmission of electricity generated by TECs.

As an emerging technology, the effects of tidal energy devices on the marine environment

have yet to be fully described. One concern for tidal energy devices is the encounter proba-

bility between fish and turbines. Field studies monitoring fish behaviour upon encountering

turbine blades were conducted [26–28] and device encounter probability models were devel-

oped to address this concern [32]. No significant effects on fish behaviour from single device

deployments were concluded and fish-strike probability was determined to be less than 5% in

a laboratory flume study by Castro-Santos and Haro [29]. However, both approaches recog-

nised that encounter probability and subsequent effects to fish populations are a function

of the number of fish present during the operational phases of the turbine. As the industry

advances from single-device deployments to commercial-scale arrays that include hundreds of

turbines, the potential for fish and turbines to be co-located increase significantly. Additional

concerns for commercial-scale TEC developments include population-level responses in fish

by disrupting migratory pathways [23] and adding stressors in the form of underwater noise

[24] and electromagnetic fields [25]. Potential impacts to the physical characteristics within
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Figure 2.1: Location of the Banks Strait (a & b), simulated tidal currents in Banks Strait (c), and a
bathymetry map of the Banks Strait with the 173 km2 region surveyed during the March 2018 field
campaign highlighted in red (d).

a tidal channel have also been raised in the form of reduced current speeds, altered water

quality and nutrient supplies, and changes in sediment transport [20–22]. Addressing these

concerns and quantifying potential impacts for comparison with other energy sources is a

challenging, yet important step in evaluating the future of tidal energy [23].

Studies on the environmental impacts of tidal energy are limited and have not yet

encompassed device effects on the marine environment to the full extent, especially for large-

scale commercial developments [14]. In response to this uncertainty, environmental impact

assessments (EIAs) must be conducted that inform about the marine animals, habitats and

ecosystems at tidal energy candidate sites and evaluate potential impacts of TECs on the ma-

rine environment. Fish density assessments at tidal energy candidate sites provide important

insights for determining the impact of such devices on the marine environment.

Fish densities have been shown to vary by habitat, where different fish species display

preferences for bottom type, depth, temperature, bathymetry and current speed [32, 47, 48].

Environmental monitoring studies conducted at tidal energy sites to date suggest fish abun-

dance is associated with tidal- and diel cycles and that the likelihood of fish encountering
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tidal energy devices changes seasonally [31, 49, 50]. It has also been established, in other

oceanic environments, that fish presence and distribution are linked to a variety of hydro-

dynamic features ranging from small scales, such as turbulent eddies [51], to medium scales,

such as internal waves [52], to large-scale oceanic convergence zones [53]. However, relation-

ships between fish and hydrodynamic properties (e.g. currents and turbulence) in high-flow

tidal habitats have yet to be fully described. The aim of this study is to examine relative

fish density distributions throughout the Banks Strait tidal energy candidate site based on

depth, current speed, bottom-type, and temperature.

2.2 Methods

2.2.1 Data collection

A 16-day field campaign was undertaken by the AUSTEn project to characterise the tidal

resource of the Banks Strait region from March 13 to March 29, 2018. Mobile hydroacoustic

surveys of the study site were taken concurrent to field-campaign operations discussed in

the following paragraph. Hydroacoustic sampling was conducted with a single frequency,

narrowband, 7◦ circular-beam Simrad transducer (EK60) mounted to the vessel hull and

operating at 120 kHz, 0.2 millisecond pulse duration, and 2 Hz sampling rate. The transducer

face was located at a maximum depth of 4.4 m below the water line (depending on the vessel

draft) with a 1.5 m near-field range applied. As such, the upper metres of the water column

were not sampled and all depths referred to throughout this study are in reference to the

transducer face mounted on the hull of the vessel. System calibration was not performed

prior to this study and thus measurements were interpreted as indicating relative differences

only.

The region of interest (ROI) investigated during this campaign included a 173 km2 region

within the Banks Strait tidal channel (Fig. 2.2). Sampling stations within the study region

included 16 casts using an RBR Maestro Multi-Channel Logger for conductivity, temperature

and depth (CTD) measurements. Eight of the CTD stations included penetrometer casts

measuring the penetration depth upon impact with the surficial seabed sediments. Maximum

penetration depth is indicative for bottom-type, where penetration depths <1 cm is typically

rock, >1 cm <20 cm indicates sand and >20 cm is most likely a mud or silt composition

[54]. Each penetrometer station included three casts from which the mean penetration depth

was taken. A drop-camera was used to confirm bottom-types inferred from penetration-depth

measurements. Timing of survey transects within the ROI was subject to activities conducted

by the AUSTEn project that included bathymetry surveys, instrument deployments for long-

term monitoring, and station casts. Adverse weather also required the vessel to seek shelter

near shore for several days. Two ADCP instruments were deployed during the field campaign,
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including a Teledyne RDI Workhorse 300 operating at 300 kHz (station A) and a Nortek

Acoustic Wave and Current profiler operating at 1 MHz (station B) as indicated in Fig. 2.2.

Figure 2.2: Region surveyed in the Banks Strait during the March 2018 field campaign. Survey timing
and sampling activities are highlighted. ADCP station A represents the Teledyne RDI Workhorse
300 and ADCP station B the Nortek Acoustic Wave and Current profiler.

2.2.2 Data processing

Survey tracks occurring within the ROI were extracted and processed in Echoview®

software (10.0, Myriax, Hobart, Australia). Strong signals in the surface layer (i.e. region just

below the transducer face below the vessel hull) likely caused by entrained air bubbles from

turbulence and ship movement were removed by implementing a signal-dependent surface-line

threshold (Fig. 2.3A). A bottom-detection line was also created to remove bottom returns

and isolate the water column for continued data processing (Fig. 2.3B). Survey tracks were

split into 20 m distance bins (N = 50,133) and processed for volume backscatter (Sv) metrics.

Bin size was based on a previous fish distribution study at a tidal energy candidate site in the

Bay of Fundy [50]. Sv is used to describe the density of organisms within a sampled volume

of water and is the primary measurement tool for estimating fish densities and abundances

in hydroacoustic studies [49, 50, 55, 56]. Sv represents the sum of backscatter received from
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all scatterers (i.e. targets) within a sampled volume of water. Using Sv as a proxy for fish

density, however, carries limitations. For example, non-fish scatterers such as zooplankton

in high abundance or entrained air bubbles can produce an acoustic backscattering intensity

similar to those of fish targets. Although multi-frequency sampling reduces this uncertainty

by looking at the frequency responses of the targets sampled, single-frequency transducers do

not have this option. With a focus on fish schools in this study, a signal strength threshold

of -70 dB was determined through manual inspection to adequately remove non-fish targets

contributing to the backscattered signal (e.g. suspended sediments, zooplankton). Volume

backscatter is expressed logarithmically [Sv = 10log10(sv)] in units of decibels (dB re 1 m−1)

or, in its linear domain (sv), as m2m−3 defined as [41, 56]:

sv =

∑
σbs
V

Where σbs is the backscattering cross-section or reflective intensity of a target and V

the volume sampled. V is a function of the equivalent beam angle (ψ), an approximated

angle at which 99% of energy is transmitted from a transducer (7◦ in this case), and range

(R) squared (due to spherical spreading) [56]:

V = ψR2
(cτ

2

)
Where c is the speed of sounds (m/s) and τ pulse duration (milliseconds). Mean volume

backscatter (Svmean) was calculated for each 20 m distance bin (A), where the number of

samples (s) per bin and sample volume (V ) varied according to vessel speed and activity,

and depth [57]:

Svmean = 10log10

(∑inA
s

(
εstssvsVs

)∑inA
s

(
εsVs

) )

εs and ts represented categorical variables that indicated whether samples were within

the specified line- and signal-strength thresholds, where εs = 0 for samples outside of the

surface- and bottom-line thresholds and ts = 0 for samples below the specified minimum

signal-strength threshold (TSmin). Svmean values were then examined for differences accord-

ing to diel stage, current speed and direction, bottom-depth (i.e. distance from the water

surface to the seafloor) and vertical distributions within the water column. A separate pro-

cessing step exported Svmean in 2 m depth-cell intervals for each 20 m distance bin (Fig. 2.3).

Exported meta-data included sampling time, GPS location and mean bottom- and surface-

line depths per distance bin used to mask bottom- and surface backscatter. Sv measurements

within 100 m of each cast station were averaged and compared to the conditions present.
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Figure 2.3: Visualized processing steps for Sv data extraction. A is the surface interference that
includes (most likely) entrained air bubbles, B is the seafloor, C represents one 20 m distance bin, D
shows a 2 m depth-cell within the 20 m distance bin, and E shows probable fish targets that contribute
to the exported Sv strength.

A two-dimensional, 400 m grid hydrodynamic model of the Banks Strait region was con-

structed as part of the AUSTEn tidal resource assessment campaign, with depth-averaged

current speed and current direction simulated in 10 min intervals. The lateral open bound-

aries were forced using the TPXO7.2 global ocean model [58], with surface wind and sea

level pressure forcing generated using the ERA5 dataset [59]. Modelled current speeds were

matched to the respective time and location of each 20 m distance bin. Model performance

was assessed by correlating modelled current speeds with in-situ measurements taken from

two ADCP deployments in the study region during this field campaign (Fig. 2.2).

2.2.3 Data analysis

Data were subsampled into day-time and night-time surveys due to significant differences

in Sv that would mask any difference observed from the physical characteristics of the site.

Surveys occurring between sunset and sunrise (19:30 – 07:00 AEDT) were grouped into

night-time surveys (N = 19,249), while any surveys outside of this period were grouped into

day-time surveys (N = 30,884).

Current speeds associated with each 20 m distance bin were grouped into 0.25 m/s
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intervals, where the first interval represents mean Sv for current speeds between 0 and 0.25

m/s and the final interval includes currents between 2 and 2.25 m/s. Minimum current speed

extracted from the hydrodynamic model based on survey time and location was 0.03 m/s,

while the maximum was 2.08 m/s. Bottom-depth was grouped into 10 m intervals, where the

minimum bottom-depth sampled throughout the study region was 14.76 m and the maximum

depth was 74.87 m.

Autocorrelation of Sv among 20 m distance bins was removed by randomised data sub-

sampling that allowed for each sampling unit to be treated as an independent measurement.

Autocorrelation was found to be negligible after 40 lag-units for both day- and night-time

sampling. As such, datasets were resampled into a randomised order where each data point

was at least 40 units removed from the previous. The resampled day- and night-time datasets

were tested for residual autocorrelation according to the Ljung-Box Q-test and found to have

non-significant autocorrelation (p < 0.05). This enabled changes in mean Sv based on current

speed, current direction and bottom-depth to be examined.

Vertical distribution of Sv throughout the water column was explored by calculating the

mean Sv for all depth-cells that shared the same water depth (i.e. distance from transducer

face to depth-cell) and bottom-depth. For example, Sv depth-cells close to the bottom

between 26 m – 28 m were only grouped with depth-cells that had comparable bottom-depths

and not with regions that were significantly deeper, where 28 m would represent a mid-water

depth instead. Day- and night-time surveys were explored separately. Autocorrelation in

the vertical distribution of Sv was not of concern, as each cell presents a summary statistic

(mean) that is representative of a collection of spatially and temporally independent samples.

Statistical analysis was carried out using the statistical toolbox in MATLAB. Significant

differences in Sv according to diel stage, depth, and current speed were examined using robust

Analysis of Variance (ANOVA) tests in form of the Kruskal-Wallis test at the 1% significance

level (p <0.01). The Kruskal-Wallis test examines whether variables included in the analysis

share the same distribution, where a p-value <0.01 rejects the hypothesis that a shared

distribution exists. Non-parametric testing was necessary as assumptions of normality were

not met according to the Kolmogorov-Smirnov test at the 5% significance level (p <0.05).

2.3 Results

2.3.1 Diel differences

Significant differences in Sv values were observed during night-time sampling compared

to day-time sampling with a large increase in backscatter occurring during the hour of sunset

(19:00 – 20:00) and decreasing during the hour of sunrise (07:00 – 08:00). Median Sv between
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the hours of 22:00 and 06:00 were shown to be consistently in the region of -70 dB, while

median Sv during day-time sampling were around the -80 dB mark (Fig. 2.4). Sampling

conditions with respect to current speed and direction, bathymetry and bottom-type were

evenly represented during day- and night-time surveys.

Figure 2.4: Mean Sv sampled at different hours of the day. Blue circles indicate means, red horizontal
bars are medians, box height represents the 25th and 75th percentiles and whiskers the 5th and 95th

percentiles. Green lines represent the mean sunrise and sunset times that occurred during the 16-day
field campaign.

2.3.2 Changes with current speed, bottom depth, and bottom type

During daytime sampling, median Sv values varied from -83.43 dB during low current

speeds (0 to 0.25 m/s) to over -81.17 dB during medium (1 – 1.25 m/s) to -80.04 dB during

high current speed (2 – 2.25 m/s) events. Night-time sampling saw a similar trend at signif-

icantly increased Sv values, with -70.56 dB during low, -69.88 dB during medium and -70.69

dB during high current events (1.75 – 2.0 m/s). Highest median backscatter of -66.73 dB was

observed at night with currents between 1.5 – 1.75 m/s. Currents exceeding 2.0 m/s did not

occur during night-time sampling. Sv was found to decrease steadily along the bottom-depth

gradient, where deeper regions exhibited lower Sv during both day- and night-time sampling

(Fig. 2.5). No significant differences in Sv were found as a result from current direction.

Further investigation into vertical distributions by bottom-depth revealed low Sv in the

top layer (1.5 m – 15 m), especially in regions with depths exceeding 22 m for day- and

night-time sampling. Sv increased with depth, where the highest values were sampled closest

to the seafloor, especially in regions with bottom depths between 15 m and 40 m (Fig. 2.6).

Surveys in deeper pockets (40 m – 75 m) exhibited a mid-water column layer where Sv would
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Figure 2.5: Mean Sv grouped by diel stage, current speed, and bottom-depth. No depths above 70
m or current speeds above 2 m/s were sampled during night-time surveys. Boxplot statistics are
described in Fig. 2.4.

increase from the surface to about 40 m, then decrease 3 dB (day) and 4 dB (night) between

the 40 m and 50 m layer before increasing again towards the bottom (Fig. 2.6).

Modelled current speeds correlated with depth-averaged in-situ measurements from

ADCP station A at r = 0.906 and at ADCP station B at r = 0.843 (Fig. 2.7).

CTD casts were taken throughout the sampling site at bottom depths between 23 m and

60 m (Fig. 2.8). Vertical changes in the CTD metrics measured for each cast were minimal

(<5%) and the depth-averaged mean for each cast was taken (Table 2.1). Temperature

differences among stations varied between 18.14°C – 19.70°C. Differences in mean penetration

depths by station measured 2.77 cm at station 6, to 7.10 cm at station 8. All stations had

sandy bottom-types based on the methodology presented by [54]. Drop-camera observations

confirmed these measurements with the addition that station 6 was characterised by rubble

as well as sand. Sv values were significantly increased at station 1 and 2 where sampling

occurred at night and site conditions displayed shallow depths ( 25 – 30 m) with increased

temperatures (Table 2.1).

2.4 Discussion

Fish densities investigated in the form of volume backscatter (Sv) throughout the Banks

Strait were found to fluctuate based on the environmental conditions present and varied most

notably by diel stage, followed by bottom-depth and current speed. Highest fish densities
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Figure 2.6: Vertical distribution of Sv throughout the water column at different depths. The x–axis
indicates the bottom-depth sampled, while the y–axis denotes the water column in 2 m cell depths.
Bright colours indicate a higher concentration of fish targets in the water column. Note: colour-scale
change for night-time surveys.

were present at night in regions with 15 m – 30 m bottom-depth and depth-averaged current

speeds between 1.75 m/s and 2 m/s. Lowest fish densities were found during the day in

deep waters (60 m – 70 m) during current speeds between 0 m/s and 0.5 m/s. CTD stations

with higher temperature also displayed higher fish densities, although sampling conditions

for diel stage, bottom depth, and current velocity must be considered. Vertical distributions

in the water column were found to show increasing fish density with depth and the highest

concentration of fish occurred in the bottom 2 – 6 m. However, mid-water column distribution

differed by bottom-depth, where fish densities in regions beyond 50 m water depth for day-

time and 58 m during night-time surveys would decrease at three-quarter the water column

depth before increasing to its respective maximum in the lowest quarter of the water column

(Fig. 2.6). Further investigation into vertical distribution changes based on current speed

23



Figure 2.7: Modelled depth-averaged current speeds at stations A and B compared to in-situ ADCP
measurements.

Table 2.1: Depth-averaged results from CTD sampling stations.

Station
Mean Temp Max Depth Mean Sv Diel Stage

Mean Penetration
(◦C) (m) (dB re 1 m−1) Depth (cm)

1 19.42 26.24 -69.52 Night 6.37
2 19.22 26.64 -62.92 Night 4.03
3 19.70 35.93 -80.30 Day 3.63
4 19.62 55.57 -81.82 Day 5.50
5 19.41 23.22 -74.89 Day 6.90
6 18.60 41.00 -80.21 Day 2.77
7 18.35 28.43 -73.60 Day 6.90
8 18.77 57.67 -83.13 Night 7.10
9 18.82 50.08 -74.38 Day -
10 18.61 35.81 -78.25 Day -
11 18.52 37.13 -79.20 Day -
12 18.14 37.76 -74.49 Day -
13 18.39 44.69 -81.05 Day -
14 18.35 54.29 -82.58 Day -
15 18.33 60.39 -83.37 Day -
16 18.28 31.23 -80.63 Day -

would show if fish are prone to change position in the water column according to current

speeds and if certain depths are preferred during high- or low- current events.

Low fish densities found in the upper layer (0 – 6 m) may have been influenced by

the ‘surface line threshold’ masking noise interferences caused by entrained air bubbles at

the bottom of the vessel (Fig. 2.3A). The surface line was set to a minimum of 1.5 m and

advanced to maximum of 18.72 m depending on strong backscatter extending from the surface
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Figure 2.8: Bathymetry of the study region and sampling stations for CTD and penetrometer casts
as presented in Table 2.1.

or vessel hull. The median surface line depth was 2.21 m and extended beyond 6 m in only

3.6% of samples and beyond 10 m in only 0.27%.

Findings from environmental monitoring studies focused on fish density distributions in

other high-potential tidal energy sites showed some agreement and some disagreement with

results from this study. For example, Viehman et al. [49] described the distribution of fish at

the Fundy Ocean Research Center for Energy (FORCE) in the Bay of Fundy, Canada, using a

bottom-mounted hydroacoustics platform. Fish density in this region was found to be mostly

unaffected by diel stages and even displayed lower densities at night in the summer months.

In addition, the vertical distribution of fish showed higher densities in the upper layer with

an increase in the bottom layer (25 m – bottom) also being present. Another study utilising

mobile hydroacoustic transects at the Bay of Fundy study site shows the highest distribution

of fish densities to be present in the bottom 10 m of the water column [50]. The Bay of

Fundy study site is characterised by tidal currents exceeding 4 m/s, a tidal range of 12 m,

and a depth of 33 m during ebb. Differences in fish species composition and environmental

conditions attribute to variations in fish density and distribution found among study sites

and speaks to the fact that site-specific monitoring is important to adequately describe fish

distributions at tidal energy candidate sites.
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Vertical differences in CTD casts were minimal, as is to be expected in shallow (<100

m), well-mixed, turbulent systems. Penetrometer measurements indicate that a thin layer of

sand is likely present in all regions sampled throughout the Banks Strait at varying depths

[54]. Only station 3 showed areas of exposed rock and rubble as indicated by the drop camera.

Further investigation into the sediment layer based on hydrodynamic properties could provide

valuable insights into sediment transport estimates for the Banks Strait region.

This study presents an overview of fine-scale cyclical changes in fish density distributions

(e.g. diel and tidal cycle) in the Banks Strait. However, seasonal changes in fish species

composition have not been considered. Different fish species will interact differently with

their environment, resulting in varying fish abundance, distribution and behaviour, which

must be recognised when investigating long-term interactions between tidal turbines and the

marine environment [27, 50]. Additionally, the location, design and size of tidal turbine(s)

must be known to fully describe the spatial overlap with fish habitats. While the AUSTEn

project has identified the Banks Strait as a well-suited candidate site for tidal turbines,

exact turbine design and placement is decided by the industry looking to develop the site.

Engineering constraints for different turbine designs will affect its exact placement and thus

its spatial overlap with fish. It must also be recognised that spatial overlap between turbines

and regions that exhibit high fish densities is not necessarily an indication for fish injury

or mortality rates. Swimming behaviour of fish in close proximity to an operating turbine

will inform about fish-strike probabilities, which can then be extrapolated to the spatial

distribution of fish at tidal energy sites.

Fish assemblage studies from along the Tasmanian coast can be used to interpret the

likely species observed in this study; habitat association and behaviour are consistent with

the results from this study. ∼30 km east of the Banks Strait study site lies the Flinders

Commonwealth Marine Reserve that has been studied extensively for its fish species assem-

blage [47]. These studies have found higher fish abundance and species richness, as well as

larger individuals to be present at night and in shallow waters [48]. Reef-associated bot-

tom habitats also showed higher species richness, while sediment habitats showed species at

significantly higher trophic levels [47]. The most common fish species of the shallow, reef-

associated habitat assemblage included Degan’s leatherjacket (T. degeni), silverbelly (P.

melbournensis), jackass morwong (N. macropertus), velvet leather jackets (M. scaber), and

draughtboard shark (C. laticeps). The most common fish species of the shallow sediment-

associated habitat assemblage included the common gurnard perch (N. scorpaenoides), sand

flathead (Platycephalus bassensis), gummy shark (Mustelus antarcticus), and the tiger flat-

head (Platycephalus richardsoni).
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2.5 Conclusion

This study provides an overview of fish density distributions in the Banks Strait tidal

energy candidate site (Australia) with consideration given to diel stage, depth, current speed

and direction, temperature and bottom-type. Significant density changes between day- and

night-time surveys were observed, with differences in bottom-depth and current speed also be-

ing evident. Vertical distributions showed higher densities towards the bottom. Bottom-type

and temperature had negligible impacts on fish densities observed. Overlaying favourable

areas for turbine installation with physical conditions that display high fish densities will

help determine the potential for TECs and local fish populations to interact and help mit-

igate potential device effects to the marine environment early in the development process.

Further studies that address seasonality in the Banks Strait region are intended. Mobile

transects at different times throughout the year will inform about seasonal changes to fish

density distributions that may result from varying fish species assemblage. Furthermore, a

long-term, stationary study involving a bottom-mounted platform sampling fish and tidal

currents concurrently will give insights into fine-scale relationships between fish and currents

over several months.
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Chapter 3

Investigating biophysical linkages at tidal en-
ergy candidate sites: a case study for combin-
ing environmental assessment and resource
characterisation

As the tidal energy industry looks to expand into commercial-scale array installations,

uncertainty in methodology and outcome for environmental impact assessments can encum-

ber tidal energy developments. Incorporating environmental monitoring measures into site

characterisation campaigns can provide baseline information about biophysical relationships

and help recognise potential impacts to the marine environment early in the development

process. Concurrent measurements of fish and tidal currents were taken at a tidal energy

candidate site in Australia over ∼2.5 months during its tidal resource assessment. Fish

aggregation metrics (density, abundance, centre-of-mass (CM), dispersion, %-water column

occupied, evenness, and relative aggregation) were investigated for their relation to envi-

ronmental conditions (current speed, shear, temperature, diel stage, and tidal stage). Diel

stage was the most significant indicator for fish density, abundance, and %-water column

occupied. Fish density and abundance were elevated during strong currents, with vertical

fish distribution (CM and dispersion) also influenced by current speed. Environmental con-

ditions were able to explain up to 25% of variation in fish aggregation metrics using linear

models. This study shows that early-stage environmental monitoring can successfully provide

baseline information about fish aggregation responses to prevailing environmental conditions,

thus reducing uncertainty risks for stakeholders of tidal energy developments.

3.1 Introduction

An expanding renewable energy sector is essential for reducing global fossil fuel depen-

dence and meeting carbon-emission targets. Wave and tidal resources surrounding Australia’s
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coastline hold enormous potential for marine renewable energy (MRE) [11, 45]. Tidal energy

is an emerging form of MRE that utilises large, free-standing underwater turbines to generate

electricity from tidally driven ocean currents. Its dependable and out-of-phase power output

are favourable for integrated, distributed power networks [11], reducing the need for storage

capacity. With the potential for tidal energy growing in recognition globally, this emerging

energy sector is gradually moving from single-device prototype deployments to array-scale

grid-connected developments capable of becoming a commercial contributor to the renewable

energy sector [60].

Benefits from tidal energy are evident in form of clean, renewable, and predicable power

generation, yet placing large, rotating structures in the marine environment raises concerns

about potential environmental impacts [23]. Interactions of marine animals with turbine

blades [26], electromagnetic fields [33], noise output [24], reduced current speeds causing al-

tered water quality and nutrient supplies [20, 22], and changes in sediment transport [21] are

the primary environmental concerns that must be addressed before large-scale tidal energy

projects can be approved [14, 23]. Deciding on whether a commercial-scale renewable energy

project can move forward is predominantly left with the regulatory agencies that must de-

termine whether sufficient evidence exists to suggest that no significant harmful impacts to

the marine environment can be expected. Ambiguity and uncertainty about potential device

effects can be detrimental to the advancement of tidal energy projects as communities and

regulatory agencies will be cautious to support this new technology in the face of uncertain

outcomes.

Environmental impact assessments (EIA) performed at tidal energy candidate sites aim

to lower this uncertainty by evaluating how tidal energy devices might interact with the

marine environment and estimate the environmental impact. However, best-practices for

EIAs must first be developed by strategically targeted monitoring studies both pre- and

post- turbine installation that address some of the most pressing concerns about its environ-

mental implications. Efforts to compile outcomes from targeted monitoring studies into a

comprehensive dataset for environmental impact concerns of MRE devices were spearheaded

by Tethys, an online knowledge management system developed by the Pacific Northwest

National Laboratory (PNNL), USA, that aims to produce a streamlined EIA processes for

permitting future developments [14, 16]. While some studies to date address some of the most

pressing concerns about fish-turbine interactions at tidal energy sites [23], further research

is needed on how these relationships might be better understood to inform about potential

fish-turbine interactions prior to substantial investments from tidal energy developers.
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3.1.1 EIA efforts for tidal energy

Marine fish distribution and abundance are linked to a variety of hydrodynamic features

ranging from small scales, such as turbulent eddies [51], to medium scales, such as internal

waves [52], to large-scale oceanic convergence zones [53]. However, relationships between

fish and hydrodynamic properties (e.g. currents and turbulence) in high-flow tidal habitats

and how fish aggregations respond to dynamic physical conditions at these sites have yet

to be fully described. Some studies indicate that fish abundance decreases with increasing

current speed [34]. Others show evidence of larger fish remaining in high-current velocities

and that encounter probabilities for smaller fish increase at higher current speeds and larger

turbine blades [28, 32]. As such, the likelihood of fish strikes and subsequent injuries are

largely a function of the number of fish present during the operational phases of the turbine.

Previous investigations into biophysical interactions at tidal energy candidate sites include

seabird and fish schooling behaviour at the European Marine Energy Centre (EMEC) Fall

of Warness tidal site in Orkney, Scotland, using active acoustic target tracking methods

[61, 62], the Ocean Renewable Power Company (ORPC) tidal energy site in Cobscook Bay,

Maine, USA, investigating seasonal changes in fish abundance and species assemblage as

well as vertical distributions to estimate encounter probabilities [27, 63], and the Verdant

Power tidal turbine site in the East River, New York, USA, monitoring fish behaviour upon

encountering an operational and non-operational turbine over a three week period using

multi- and split-beam hydroacoustics [26].

Considering findings from these and other EIA studies, it becomes evident that the

effects of tidal devices on fish vary by location, where different species assemblages can be

expected to respond differently to their altered environment [34, 36]. Site-specific monitoring

is needed to gauge potential environmental impacts effectively. However, recognising signif-

icant impacts after turbine installation poses an enormous risk to tidal energy developers

that might be compelled to change their turbine design or location at momentous expense.

At a time when the development and expansion of renewable energy is greatly encouraged,

ways of reducing this risk for developers should be given serious consideration. Monitoring

fish-current interactions at tidal energy candidate sites in parallel with resource and other

site characterisation efforts can provide valuable insights for potential interactions between

fish and turbine structures prior to significant investment, and should be considered in the

development of a standardised EIA framework for tidal energy.

3.1.2 Tidal energy in Australia

The Tidal Energy in Australia (AUSTEn) project aims to characterise Australia’s tidal

energy potential by developing a national-scale model for tidal energy feasibility and conduct
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in-depth site assessment studies at two distinct candidate sites [45]. Preliminary results

from the high resolution national-scale tidal resource model developed by Hemer et al. [64],

showcased nine prospective tidal energy sites around Australia with estimated resources of

up to 1300 MW per site. One of the candidate sites for tidal energy was the Banks Strait,

located in the south-east region of the Bass Strait between Tasmania and Clark Island,

Australia. Long-term field studies over a one-year period were conducted to investigate

suitability of the Banks Strait for commercial-scale tidal energy development. Parameters

studied included hydrodynamic features (e.g. tidal currents and turbulence parameters),

biomass, bathymetry, waves, bottom-type, sediment transport, temperature, and salinity. A

high-resolution regional hydrodynamic model of the Banks Strait showed tidal currents in

excess of 2 m/s over a large contiguous area in both the westward and eastward directions

[65]. The area also displayed favourable bathymetry and bottom-type with depths between 15

m and 75 m, and a predominantly rocky bottom covered by sand-layers of varying thickness

[1]. Sediment samples were collected to support development of a sediment transport model

for the site [66]. Turbulence studies showed highly variable power densities across the 15 km2

study site as a result of wave-current interaction and ranged between 100 W/m2 and 900

W/m2 [67]. CTD casts revealed a well-mixed water column with nearly vertical temperature

and salinity profiles. Relative fish distributions were surveyed over a 16-day field campaign

in March 2018 by conducting hydroacoustic transects over the study site. Mean volume

backscatter (Sv), used as an index for fish density, was highest at night, in proximity to the

sea floor at bottom depths between 20-40 m and slightly elevated during strong currents [1].

However, it was concluded that long-term sampling methods are needed to further investigate

how fish interact with the predominant physical conditions for which the site was targeted

(e.g. tidal currents). As such, this study aims to examine pelagic fish aggregations (i.e.

density, abundance, and distribution throughout the water column) in response to changing

physical conditions to inform about potential environmental impacts at the first tidal energy

candidate site surveyed in Australia. It also aims to demonstrate how integrating EIA efforts

into a tidal energy project from its early stages can provide baseline information for EIA

assessments criteria relevant to tidal energy stakeholders.

3.2 Methods

Hydroacoustic sampling provides a proxy measure for density and distribution of marine

animals in form of acoustic backscattering. Advantages linked to hydroacoustic sampling

techniques include high spatial and temporal resolution, autonomous long-term sampling

duration, range (especially during poor visibility), and a remote sensing survey approach

[41, 42, 68, 69]. Given these advantages, hydroacoustics is increasingly used to characterise

animal behaviour in the marine environment, including EIA studies for tidal energy [26, 27,
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61, 63], and thus deemed most appropriate for this study.

3.2.1 Study location

A bottom-mounted mooring simultaneously recording acoustic backscatter and tidal

currents was deployed in the Banks Strait to investigate fish aggregation responses to chang-

ing environmental conditions including currents, temperature, diel- and tidal stage. The

mooring was deployed over a ∼2.5 month period (December 6th, 2018 to February 16th,

2019) at a location favourable for tidal turbines with consideration given to depth (29 m at

high tide), substrate (sand-gravel), currents (up to 2.2 m/s), and proximity to shore (Fig.

3.1; [70–72]). The study site measured a tidal range of 2 m and displayed physical conditions

representative for the entire 15 km2 Banks Strait region surveyed for its tidal energy resource

[1, 45, 64–67].

3.2.2 Data collection

The mooring included a biological echosounder in the form of a four-frequency Acoustic

Zooplankton and Fish Profiler (AZFP), which was equipped with four single beam, narrow-

band transducers sampling simultaneously at 38-67-120-200 kHz at a sampling rate of 0.25

Hz and 0.1 m vertical resolution (cells). Maximum sampling range was set to 30 m where

each sample (i.e. ping) was comprised of three-hundred 0.1 m cells in the vertical domain.

Transducers of the AZFP were positioned 1 m above the sea floor (Fig. 3.2). Data collected

from the 67 kHz transducer of the AZFP were subject to exceptionally strong side-lobe inter-

ferences due to poor positioning and thus not used for continued analysis. Minimum sampling

range of the remaining transducers was determined by calculating the near-field range (Rnf ),

a frequency dependent range up to which the acoustic beam has not fully formed yet, for

each transducer frequency according to its active radius a [73]:

a =
1.6

k sin

(
θ3dB

2

)

Rnf =
2a2

λ

where λ is the wavelength, k the wave number 2π
λ , and θ the half-power beam angle (e.g.

3dB beam angle). Sound speed was measured at 1508 m/s based on CTD casts taken during

deployment. Following the recommended 2Rnf exclusion distance, all samples <2 m range

were excluded for the 125 and 200 kHz transducers. For the 38 kHz transducer, all samples

<5 m were excluded due to side-lobe interferences being present up to a 5 m range. The

AZFP was calibrated prior to deployment at the ASL Environmental Sciences facilities in
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Canada as presented by Lemon et al. [74]. In-situ calibration to assess calibration drift

was not possible due to the dynamic nature of the study site and deployment depth. Tidal

currents were measured using a Nortek Signature 500 AD2CP (500 kHz) sampling at 1.5

m above the sea floor at a sampling rate of 1 Hz that was averaged over a period of one

minute and 1 m depth-cells. The Signature 500 AD2CP was serviced prior to deployment at

Nortek’s headquarters in Norway. Ebb was defined as tidal currents flowing eastward towards

the Tasman sea, and flood as currents flowing westwards into the Banks Strait. Vertical shear

was calculated across 1 m layers according to:

S =

√(
du
dz

)2

+

(
dv
dz

)2

where du/dz and dv/dz are the vertical gradients in the east and north velocity components,

respectively. The absolute mean difference in vertical velocity between the upper and lower

layers (S−1) was used for subsequent analyses. Collection settings of each instrument are

presented in Table 3.1.
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Figure 3.1: Banks Strait location (a-b), mod-
elled tidal currents (c) developed by Marsh
et al. [65], and coarse-resolution bathymetry
chart with the environmental monitoring
mooring deployment site indicated in red (d).

Figure 3.2: Components of the environmental
monitoring mooring deployed in the Banks Strait
for∼2.5 months. Contains four transducer heads
as part of the biological echosounder (AZFP),
control unit, ADCP, acoustic release buoy, and
a HOBO temperature logger.

3.2.3 Noise classification and removal

In hydroacoustics, volume backscatter (Sv) is the summation of both physical and bi-

ological sources. When sampling in dynamic environments, background noise varies in time

and intensity with the physical conditions present. Elevated background noise was evident
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Table 3.1: Instrument collection settings.

Settings Echosounder (AZFP) ADCP

38 kHz 67 kHz 120 kHz 200 kHz 500 kHz

Sampling range (m) 35 35 100 100 30

Cell size (m) 0.072 0.072 0.072 0.072 1

Beam angle (◦) 12 10 6 6 3

Sampling rate (Hz) 0.25 0.25 0.25 0.25 1

Pulse duration (τ) (milliseconds) 0.5 0.5 0.5 0.5 -

Measurement interval (s) - - - - 59

Averaging interval (s) - - - - 60

during periods of increased wind and current speeds, especially near the water surface (Fig.

3.3a & b). To ensure background noise was estimated and removed effectively for isolating

fish targets, a dynamic noise filter was implemented that addressed varying noise intensities

due to physical conditions (i.e. wind and currents). The applied methodology largely fol-

lowed the approach outlined by Fraser et al. [55] for automated acoustic target detection in

turbulent aquatic environments.

Data were first processed in Echoview (10.0, Myriax, Hobart, Australia) to undergo

standard post-processing steps for hydroacoustics data and derive Sv values solved for by the

sonar equation that accounts for time-varied-gain (e.g. transmission and absorption losses)

and transducer constants [41]. As such, each data point (e.g. cell) on an Sv echogram rep-

resents a volume backscattering coefficient measured in decibels referenced to dB re 1 m−1.

Following initial data inspection and quality control in Echoview, Sv data were resampled

into 0.1 m vertical cells and exported for use in MATLAB [75] for computational efficiency

and flexibility in data visualisation. Next, site-specific processing steps were implemented in-

volving a dynamic noise removal approach that 1) removed elevated surface backscatter from

wind and wave action, 2) dynamically classified and removed physically induced background

noise over time, and 3) used a dB-differencing approach to exclude non-fish signals based on

the frequency response across the different transducer frequencies used.

A 5 by 15 cell (e.g. 5×15) 2D statistical filter (Sv 5×15) was calculated from the raw

echogram (Sv raw) for each sampling frequency (Fig. 3.3c). A spatio-temporal cell-dimension

of 5×15 (e.g. 50 cm in the range-domain and 1 minute in the time-domain) was chosen based

on smaller cell-dimensions classifying larger fish schools as noise regions, and larger cell di-

mensions unable to sufficiently capture the variability in surface interference and background

noise changing with wind and currents (Fig. 3.3d). All cells within (Sv raw) exceeding the
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median value of Sv 5×15 were identified and those with surface connectivity removed (Fig.

3.3e). Surface connectivity was defined as follows: cells extending from the surface that

exhibited a signal strength consistently above the median value for that ping (consisting of

300 - 0.1 m vertical cells). The maximum depth (i.e. minimum range) of cells exhibiting

this characteristic were recorded for each ping and labelled as the surface-interference-line,

which was utilised as the adjusted water column depth (z) for all subsequent calculations.

Wind speeds at the study site were obtained from a weather station located on Swan Island

approximately 4.5 km south of the study site where daily wind speeds at 9 am, 3 pm, as

well as the daily maximum were recorded [76]. Surface noise conditions 30 minutes before

and after the recorded wind speed were used to evaluate advection effects of wind-induced

surface noise and current-induced turbulence on depth-integrated mean volume backscatter

(Sv) after the surface noise component was removed.

Sensitivity analysis was performed to identify appropriate noise filter parameters that

accounted for the changing background noise due to wind and currents. Parameters were cho-

sen based on the assumption that during low-current and low-wind speeds, noise conditions

(e.g. turbulence and wind stress-induced backscatter) were minimal, thus acoustic filtering

during these periods should also be minimal. Optimal filter parameters would account for

the changing noise levels with increasing wind and current speeds and produce comparable

median backscatter values regardless of current and wind conditions. As such, four 15-minute

periods were chosen that exhibited different current and wind characteristics, where Sv LCLW

was collected during 0.12 m/s currents and 15 km/h wind speeds (i.e. low current, low wind),

Sv HCHW at 1.81 m/s currents and 41 km/h winds (i.e. high current, high wind), Sv LCHW at

0.28 m/s currents and 46 km/h winds (i.e. low current, high wind), and Sv HCLW at 1.49 m/s

currents and 13 km/h winds (i.e. high current, low wind). Period selections were limited

to the half hour windows before and after the three wind measurements per day were taken

and consisted of day-time only samples within a 2.5 week window (December 24th, 2018 to

January 12th, 2019) to ensure that changes in median backscatter due to diel- and seasonal

changes in biomass played a minimal role in selecting optimal noise filter parameters. Upper

and lower boundaries for the current speed scenarios accounted for 96.5% of all sampled data

and 73% fell within the upper and lower wind speed boundaries.

Noise threshold, a minimal dB value for cells to undergo filtering, and percentile (Pi)

of the 2D statistical filter Sv 5×15 were adjusted on each run to investigate how the differ-

ent filtering parameters affected the standard deviation in median Sv (σMedian Sv) when Pi of

Sv 5×15 was subtracted from Sv raw for the four current- and wind speed scenarios (Fig. 3.4a).

Pi that produced the lowest σMedian Sv value for each noise threshold tested was recorded.

Optimal filters were chosen based on the lowest σMedian Sv among all noise threshold and

percentiles tested (Fig. 3.4b). Once optimal filter parameters for Sv 5×15 were identified,
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Figure 3.3: Dynamic noise removal processing approach to account for variable background noise and
surface interferences illustrated for a 48-hour sampling period. Range (y-axis) indicates range from
the bottom-mounted transducer. a) shows the current speed and wind speed measurements during the
48-hour window, b) the raw echogram (Sv raw) data collected from the 200 kHz transducer, c) 15-min
examples for low current and low wind speed (e.g. Sv LCLW ) and high current and high wind speed
(e.g. Sv HCHW ) conditions, d) the noise filtering statistic (Sv 5×15) for each scenario (e.g. Sv LCLW

and Sv HCHW ), and e) the cleaned echograms after Sv 5×15 was subtracted from Sv raw and surface
interference was removed. For visual simplicity, the processing example only shows conditions for low
current and low wind speed (e.g. Sv LCLW ) and high current and high wind speed (e.g. Sv HCHW ),
where the time-window for each does not adhere to the 30-minute window restriction before and
after the latest wind measurement as stipulated in the sensitivity analysis methods. Note that the
particularly high intensity return on the night of 12/26 was, in part, due to increased biomass presence
as shown in Fig. 3.6.

Sv 5×15 was subtracted from (Sv raw) to produce Sv clean, effectively removing variability in

background-noise to create a constant noise-level. Sensitivity analysis revealed that subtract-
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ing the 46th percentile of Sv 5×15 at a noise threshold of −81dB from Sv raw showed the lowest

difference in median Sv (σMedian Sv) among all current- and wind speed scenarios considered

(Fig. 3.4a and Fig. 3.4b). Finally, a minimum threshold of −75 dB was applied to separate

fish targets from the now constant background noise, where small- and non-fish scatterers

(e.g. zooplankton) below −75 dB were also removed. The described noise-removal method

was applied to all utilised frequencies (38, 125, and 200 kHz).
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Figure 3.4: Sensitivity analysis for the 200 kHz transducer to find an appropriate filter percentile (Pi)
and noise threshold for Sv 5×15 that produce the lowest difference in median backscatter (σMedian Sv

)
for Sv clean under various current- and wind speed scenarios.

3.2.4 Frequency differencing for fish density

Sampling the same target at multiple frequencies allows for fish targets to be isolated

from other scattering sources in the water column by comparing frequency responses in a pro-

cess known as dB differencing. By setting theoretical limits on how much the backscattering

strength (Sv) of each cell can vary across different frequencies, fish targets can be differ-

entiated from other scattering sources including zooplankton, turbulence, and entrained air

bubbles [55, 77, 78]. This is largely due to size-dependent Rayleigh and resonant scattering

effects occurring at these size classes, causing their scattering properties to vary substan-

tially across different frequencies [79]. Frequency responses of fish (for frequencies used in

this study) are largely dominated by geometric scattering and thus relatively constant [55,

77, 78]. In some cases, fish targets can even be isolated to the species level if prior knowledge

about the expected target strength and scattering properties are given [80, 81]. In this study,

dB differencing thresholds were intended to isolate general fish biomass from other scattering

sources and thus set to capture a multitude of fish species present in the Banks Strait. If

Sv clean differed more than 10 dB (positive or negative) among all frequencies sampled (i.e.
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38, 125, and 200 kHz), those samples were dismissed as non-fish targets (Fig. 3.5) in the

resulting echogram Sv F ilt (Fig. 3.6a). Applied thresholds followed examples set by Benoit-

Bird et al. [82] for general fish biomass isolation, as well as Fraser et al. [55] and Williamson

et al. [61], which isolated general fish schools from other scattering sources at a tidal energy

candidate site in Orkney, Scotland. For ranges between 2 m and 5 m, only Sv clean 200 and

Sv clean 125 were considered for the dB differencing process, as the near-field exclusion range

of the 38 kHz transducer extended to 5 m.

Figure 3.5: Example of dB differencing process applied. Samples outside of the -10 to 10 dB window
were dismissed as non-biological targets due to the strong frequency-dependent scattering properties.
b) contains more samples than a) and c) due to the dismissal of the first 5 m of Sv clean38

.

3.2.5 Calculating fish aggregation metrics

A variety of metrics were calculated from the filtered backscatter measurements (Sv F ilt)

to describe fish aggregation characteristics in the water column (Fig. 3.6). Calculations of ag-

gregation metrics were followed according to a study by Urmy et al. [83], which investigated

the vertical distribution of pelagic fauna in Monterey Bay, California (Table 3.2). Biomass

metrics considered in this study included depth-integrated mean volume backscatter (Sv) as

a measure of total fish biomass (i.e. density) in the water column, area backscatter (Sa)

describing the abundance of total fish scatterers, center of mass (CM) describing the mean

distance of fish from the transducer weighted by their density measure (Sv), and proportion

occupied (Pocc) reflecting the total percentage of water column occupied by depth-cells con-

taining fish. In addition, inertia (I ) was considered as an expression for the spread of fish in

the water column (i.e. dispersion) and calculated as the sum of squared distances from the

center of mass, weighted by its density measure (Sv), and normalised by the backscattering

area (Sa). Evenness was measured as the equivalent area (EA), which expresses the area

occupied if all samples contained the mean density. Evenness was calculated as the squared

integral of sv over depth (i.e. s2a) and divided by the depth integral of s2v. Using the reciprocal

of evenness, an index for aggregation can be derived (IA), where higher values show that

smaller areas are denser than the remaining water column distribution and indicates times
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when fish were more tightly packed. All calculations were performed in the linear domain

(sv = 10Sv) and are presented in Table 3.2. All aggregation metrics were averaged into one

minute bins, where H represents the number of vertical cells.

Table 3.2: Calculated biomass metrics as presented by Urmy et al. [83].

Measurement Biomass metric Abbrev. Formula Unit

Mean volume backscattering strength Density Sv 10 log10

(∫
sv(z)dz

H

)
dB re 1 m−1

Area backscattering strength Abundance Sa 10 log10

( ∫
sv(z)dz

)
dB re 1 m2m−2

Mean location in water column Centre of mass (Range) CM

∫
zsv(z)dz∫
sv(z)dz

m

Inertia Dispersion I

∫
(z − CM)2sv(z)dz∫

sv(z)dz
m−2

Proportion of water column occupied %occupied Pocc

∫
z|sv(z)dz
H

%

Equivalent area Evenness EA

( ∫
sv(z)dz

)2∫
sv(z)2dz

m

Index for aggregation Aggregation density IA
∫
sv(z)2dz( ∫
sv(z)dz

)2 m−1

3.2.6 Data analysis

Fish aggregation characteristics were investigated for their relation to environmental

conditions including current speed (CSPD), shear, temperature, time of day, and tide.

Thereby, time of day and tide were expressed as categorical predictors, where 1 indicated

daytime for time of day and flood for tide, and 0 indicated night-time and ebb, respectively.

Principal component analysis (PCA) was performed to assess collinearity among the differ-

ent fish aggregation characteristics calculated (response variables) and physical conditions

present (predictors), and gain a qualitative overview of how variables relate to each other.

Given the different units among variables and sensibility of PCA to different scales, a z-score

transformation was performed for each variable to have a zero-mean and one-unit variance

before performing PCA to ensure an unbiased comparison. Variance explained by the first

three principal components and their associated loadings (e.g. coefficients for the linear

combinations of variables that comprise each principal component) are reported (Fig. 3.8).

Assumptions of normality were tested using the Shapiro-Wilk test. The non-parametric

Kolmogorov-Smirnov test was used to test for statistical significance between distributions

using a significance level of p < 0.05. To indicate the relation between predictor and response

variables, Spearman’s rank-order correlation coefficient (rs) was calculated according to:

rs = 1− 6
∑
d2i

n(n2 − 1)
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Figure 3.6: Example of fish aggregation metrics calculated from Sv Filt for a 48-hour sampling window.
a) shows Sv Filt after noise filtering and dB differencing has been applied, b) through h) are the
corresponding fish aggregation metrics calculated from Sv Filt as shown in Table 3.2.

where rs is the rank-order correlation index, d is the difference in ranks, and n the number of

observations. A correlation matrix is given in Table 3.3. rs allowed predictors to be ranked

in order of importance for each calculated aggregation statistic.

To determine how much the variability in fish aggregations could be explained by envi-

ronmental predictors, linear models (LMs) were developed. The slope (i.e. estimate) for each

predictor, standard error, explained variance (R2), and root-mean-squared-error (RMSE) of

the best-fitted models are reported (Table 3.4). Repeated measurements at the same location

over time generated an autocorrelation structure within the residuals of the models, which

was remedied using autocorrelation transformation and involved calculating the autocovari-

ance (sk) of the time series at lag k and fitting an autocorrelation function (ACF; rk) into

the regression model according to:

ȳ = 1
n

n∑
i=1

yi
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sk = 1
n

n∑
i=k+1

(yi − ȳ)(yi−k − ȳ)

rk = sk
s0

yi = rk yi−1 + (1− r)b0 + b1(xi1 − rkxi1−1) + ...+ bp(xip − rkxip−1 + ei

where y is the original time series, s0 is the variance of the time series, yi the modelled response

variable, b
′
0 the transformed intercept calculated as b0

1−rk , b1...p the predictor coefficients, and

ei the error term. Transformed time series were evaluated for remaining autocorrelation using

the Durbin-Watson statistic (d) of the residuals:

d =

n∑
i=2

(ei−e2t−1)

n∑
i=1

e2i

where no autocorrelation is present when d is equal to 2 and the Durbin-Watson statistic

becomes insignificant (p > 0.05). A Gaussian distribution was assumed for all response

variables by inspecting histogram plots of the transformed data. Finally, power spectra were

calculated for all continuous aggregation statistics and predictor variables using fast Fourier

transform (FFT) to explore periodicities contained within each signal and how these compare

in intensity (Fig. 3.9).

3.3 Results

Current velocity ranged from 0.043 - 2.13 m/s during ebb and 0.04 - 1.97 m/s during

flood, with absolute differences in shear between lower to upper layers in the water column

ranging from 0.033 - 4.77 S−1 during ebb, and 0.023 - 4.2 S−1 during flood (Fig. 3.7).

Principal component analysis showed varying degrees of collinearity among the 12 vari-

able tested (Fig. 3.8). The first principal component (PC1) explained 38.7% of total variance,

the second (PC2) 19%, and the third 12.7%. In summary, the first four principal components

accounted for 79.1% of total variance explained. The combination of variables that comprise

each principal component are presented as loadings in Fig. 3.8. Sv, Sa, EA, and Pocc showed

strong alignment with PC1, suggesting that when fish abundance and density are high, a

higher percentage and area of the water column was occupied by fish. Time of day was anti-

correlated to these variables, indicating that Sv, Sa, EA, and Pocc were strongly linked to the

diel cycle. Current speed (CSPD) and shear showed almost identical alignments in principal

component space as current speed was the primary driver for shear. I was positively aligned

with PC1 and PC2, suggesting that dispersion was higher when more fish were present and

current speed and shear increased. Tidal stage (i.e. ’Flood/Ebb’) and current speed were
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Figure 3.7: Vertical profile of current velocity magnitude measured during ebb and flood tides at the
environmental monitoring mooring deployment site in the Banks Strait.

opposite in PC2 space as well, signalling a difference in current speed between flood and ebb

tides. Center of mass (CM) showed an opposite trend to the primary fish presence indicators

(e.g. Sv, Sa, Pocc, and EA), implying that periods of high fish aggregations were generally

more concentrated deeper in the water column. The relation between CM and temperature

also indicates that more fish were present in the upper water column when temperatures

were low. Sv and Sa, being the primary indicators for fish density and abundance, showed

strong collinearity, while EA and IA, calculated as reciprocals, were anti-correlated.

Fast Fourier transform analysis showed frequency domains of 6, 12, and 24-hour periods

to be the most prevalent for all variables with the order of importance changing among these

periods. Sv, Sa, I, Pocc, EA, and IA showed the strongest response at 24-hours with a second

intensity spike at 12-hours (Fig. 3.9). CM and temperature had their strongest response at

12-hours, while current speed and shear had their maximum intensities at 6-hours.

3.3.1 Patterns observed

Water temperature at the time of deployment measured 16◦C and increased throughout

the deployment to 20.1◦C at the time of retrieval in February. Daily variation in temperature

from day to night ranged between 0.1◦C to 1.5◦C. Shear was strongly dependent on current

speed, which were highly correlated at R2=0.93 (p < 0.05), and thus showed similar if not

identical influences on fish aggregations.
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Figure 3.8: Principal component analysis (PCA) showing collinearity among response and predictor
variables in the vector space of the first three principal components. a) shows the loadings and scatter
plot of each predictor and response variable in the vector space (eigenvectors) of PC1 and PC2, and
b) shows the same in the vector space of PC2 and PC3.
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Figure 3.9: Fourier power spectra as a function of period (log axes) for all fish aggregation metrics and
environmental conditions measured. Vertical lines (red) are plotted at 3, 6, 12, and 24 hour periods
(left to right, respectively).

Fish aggregation metrics grouped by predictor variable are presented in Fig. 3.10 with

a rank-order correlation matrix shown in Table 3.3. The highest rs in each row represent the

strongest predictor for the given response variable.

Diel stage had the strongest influence on fish aggregations. At night, Sv, Sa, Pocc,

I, and EA increased 131.6%, 137.9%, 66.5%, 31.5%, and 29.9% on average, respectively,
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Table 3.3: Correlation matrix for fish aggregation metrics and environmental conditions. All correla-
tions indexes were found significant at p < 0.05.

Response variables Predictor variable correlation (rs)

Day/Night
CSPD Shear Temperature Flood/Ebb

Day Night Day Night Day Night Day Night

Sv -0.64 0.19 -0.04 0.18 -0.05 0.24 0.30 0.18 0.06

Sa -0.64 0.15 -0.06 0.14 -0.07 0.19 0.28 0.18 0.06

CM 0.26 0.16 0.37 0.16 0.37 -0.36 -0.19 -0.27 -0.51

I -0.32 0.27 0.19 0.27 0.19 -0.03 -0.01 0.07 -0.13

Pocc -0.67 0.14 -0.30 0.14 -0.31 0.15 0.31 0.18 0.1

EA -0.49 0.03 -0.24 0.03 -0.24 -0.02 0.11 0.11 -0.13

IA 0.48 -0.01 0.24 0.00 0.24 -0.03 -0.1 -0.11 0.12

compared to their daytime values (p < 0.05). Abrupt changes were visible during the hours

of sunrise and sunset of the deployment period (Fig. 3.10). This relationship is confirmed in

the respective correlation indexes (rs) of Sv, Sa, Pocc, I, and EA with diel stage (Table 3.3).

Sunrise occurred between 05:30 and 06:00 and sunset between 20:30 and 21:00. Fish were

more concentrated in the lower water column at night when CM decreased 11.1% on average

from 10.4 m during the day to 9.3 m at night (p < 0.05). Fish density was elevated during

increased current speeds, where Sv was 82% higher by day and 16% higher by night during

high-currents (1.8-2 m/s) compared to low currents (0-0.2 m/s; p < 0.05). Fish density (Sv)

also increased with increasing temperature at rs=0.24 during the day and rs=0.30 at night.

Similar trends were evident for fish abundance, where Sa was 75% higher by day and 14%

higher by night during high currents compared to low-currents, and was shown to increase

with increasing temperature (rs=0.19 during the day and rs=0.28 by night; p < 0.05). A

preference for ebb tides was also evident, where both fish density (Sv) and abundance (Sa)

were slightly elevated at both day and night. Vertical distribution changed with current

speed where CM increased with increasing current speed, implying that more fish were

located in the upper water column during high currents than during low currents both day

and night, with a stronger response observed at night (rs=0.16 and rs=0.37 for day and

night, respectively; p < 0.05). More fish were sampled closer to sea floor when temperatures

increased as shown by CM decreasing with increasing temperature (rs=-0.36, -0.19, p <

0.05). A significant difference for temperature preference between day- and night-time was

evident when temperature approached its seasonal high (>19.5◦C) and CM was 17% lower

at night vs. day. Finally, a general preference for deeper depths was apparent at night and

during flood tides.

Dispersion (I), measuring the spread of fish in the water column, increased with in-
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creasing current speed (rs=0.27, 0.19) and was 69% higher at day (43% at night) during

high currents (1.8-2 m/s) compared to low currents (0-0.2 m/s), suggesting that high current

speeds caused fish to be more spread out and less aggregated. I was not greatly influenced

by temperature (<10% change; rs=<0.03). The percentage of water column occupied with

fish (Pocc) followed a similar trend to the predictors as Sv and Sa, except for with current

speed, where Pocc increased with increasing current speed during the day (rs=0.14), and

decreased with increasing current speed at night (rs=-0.30). Evenness (EA) and index for

aggregation (IA) showed opposite trends in their relation to environmental predictors as IA

was calculated as the reciprocal of EA. IA, a measure for relative aggregation densities of

fish, was shown to increase with increasing current speed during at night (rs=0.24) but was

not greatly influenced by current speeds during the day (rs=<0.05, p < 0.05). With respect

to temperature, IA showed a decreasing trend especially at night (rs=-0.1). Finally, IA was

found to be highest at day during flood tides.

Multiple linear regression results to predict fish aggregations using current speed, shear,

temperature, diel stage, and tidal stage are given in Table 3.4. Low, yet significant regressions

were found for all predictor-response relationships explored, with total variance explained in

best-fits models (r2) ranging from a low of 0.07 for IA to a high of 0.25 for Sv and Sa.

Table 3.4: Linear model outcomes for fish aggregation metrics using environmental conditions as
explanatory variables (p < 0.05).

Response Predictor estimates (N = 97964) Model fit

variables Intercept CSPD Shear Temp Day/Night Flood/Ebb
F-stat r2 RMSE

β0 SE β1 SE β2 SE β3 SE β4 SE β5 SE

Sv -75.30 0.07 -0.83 0.08 0.64 0.04 0.49 0.01 -3.32 0.02 0.48 0.02 6.68e+03 0.25 1.33

Sa -60.69 0.08 -1.08 0.08 0.71 0.04 0.46 0.01 -3.45 0.02 0.51 0.02 6.57e+03 0.25 1.36

CM 17.63 0.08 1.13 0.08 -0.15 0.04 -0.48 0.01 1.25 0.02 -1.25 0.02 2.70e+03 0.12 1.38

I 18.86 0.3 -4.66 0.38 4.78 0.2 0.13 0.04 -5.25 0.1 0.49 0.09 1.1e+03 0.1 5.4

Pocc 1.32 0.07 0.58 0.11 -0.35 0.05 0.47 0.01 -4.04 0.03 0.53 0.03 4.69e+03 0.19 1.27

EA 8.28 0.09 0.34 0.12 -0.33 0.06 0.19 0.01 -2.68 0.03 0.1 0.03 1.74e+03 0.08 1.7

IA 0.2 2.23e-03 -3.9e-0.3 2.5e-03 2.1e-03 1.3e-03 -4.7e-03 2.7e-04 0.05 6.2e-04 -5.3e-03 6e-04 1.35e+03 0.07 0.04

3.4 Discussion

Environmental monitoring efforts coupled with resource characterisation revealed signif-

icant biophysical relationships among fish aggregations and physical conditions at the Banks

Strait tidal energy candidate site. Biological activity was significantly increased at night with

more fish being present regardless of current speed, shear, temperature or tidal stage. Night-

time also showed a higher dispersion of fish in the water column (I) and a lowered centre

of mass (CM), implying that fish were more abundant, located closer to the sea-floor, and

more dispersed (i.e. less aggregated) at night versus day. At high current speeds, fish pres-

ence was also increased, located closer to the sea surface, and also more dispersed compared
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to periods of lower current speeds. A preference for higher temperatures was also evident,

when fish density and abundance were increased and sampled closer to the sea floor. Fish

abundance was also slightly elevated at ebb tides compared to flood tides when maximum

current velocities were highest and currents flowed west to east into the Tasman sea. Con-

sidering the time span of this study (∼2.5 months), seasonality likely played a role in the

temperature preferences for fish. Temperatures continuously climbed throughout the study

period, suggesting a greater abundance of fish during summer. Fish assemblage studies of

the Tasmanian coast by Last et al. [48] also showed summer and autumn seasons to display

higher fish abundance with larger individuals being sampled at night. Last et al. [48] also

found a preference for fish to remain deeper in the water column at higher temperatures.

Multiple linear regression models showed mixed success in predicting fish aggregation

metrics using current speed, shear, temperature, diel cycle, and tidal cycle as predictors.

Best-fitted models were identified for fish density (Sv) and abundance (Sa) with 25% variance

explained in both cases, which was largely driven by diel cycle as predictor (β = -3.3 dB

& -3.5 dB, respectively). With more than two-thirds of variance in fish aggregation not

explained by linear relationships, it can be assumed that fish aggregations at the study site

were driven by additional physical or biological components (or both) not included in this

study, such as primary productivity, seasonal predator-prey relations, turbulent eddies, and

internal waves [34, 51, 52, 84, 85]. Non-linear relationships with environmental conditions

might also better explain changes in fish aggregations. Expanding the number of concurrent

environmental measurements and examining non-linear relationships with these predictors

could improve the predictive power of fish aggregation models at tidal energy candidate sites.

However, this approach was not further pursued in this study to maintain a more simplistic

and thus more reproducible approach for exploring biophysical relationships during tidal

resource characterisation. Either way, current speed, the predominant resource targeted for

tidal energy development at this study site, was observed to play a minor, yet statistically

significant role in the fish aggregation behaviour observed.

Mobile surveys of the Banks Strait candidate site presented in Scherelis et al. [1] showed

similar trends where fish densities increased significantly at night with marginal increases at

higher current speeds. The study also showed that fish densities were highest in regions

with depths between 20-40 m with a predominantly sandy bottom. As such, the stationary

sampling location chosen in this study was suitable as a general representative for turbine

locations across the Banks Strait. Incorporating EIA efforts into tidal resource characterisa-

tion studies was able to yield a high-level overview fish aggregation changes at a tidal energy

candidate site in response to prevalent environmental conditions.
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3.4.1 Linking results to monitoring efforts at other tidal energy candidate
sites

Tidal currents and diel stage have also been shown to influence aggregation and dis-

aggregation of fish at other tidal energy candidate sites, with tidal turbine structures also

playing a role. At the European Marine Energy Centre (EMEC) tidal site in Orkney, Scot-

land, for example, Williamson et al. [61] monitored fish schools over a 14-day spring/neap

tidal cycle and found that larger schools occurred during peak flows of up to 4 m/s and

that school size and number of schools detected was approximately 1.75 times higher when

a turbine structure was present compared to observations at a reference site with similar

conditions but without a turbine structure. The vertical distribution of schools also varied

around the turbine structure over the diel cycle. A hypothesis set by Williamson et al. [61]

states that once tidal currents exceed the physiological limits for the swimming behaviour

of fish, a tidal-forcing process becomes predominant where fish are either advected with the

flow or seek shelter if available. This hypothesis would help explain the abrupt increase in

fish density and abundance (Sv and Sa) observed in this study once tidal currents exceeded

1.6 m/s. However, this response could also be confounded by the fact that some species

engage in tidal-stream transport, a process where tidal currents are used as on- and off-shore

migration pathways to foraging habitats [35, 86, 87].

Fish abundance at the Ocean Renewable Power Company (ORPC) tidal energy site in

Cobscook Bay, Maine, USA, was found to be highly variable over seasonal and diel cycles as

a function of the varying fish communities present. Highest overall abundance was noted in

the fall [27, 63]. In the winter and spring, highest fish counts were recorded during ebb tides

and low slack tides at sunset and sunrise. In the summer and fall, fish abundance was highest

at night during ebb, low slack, and flood tides. Interestingly, fish counts at this study site

were not linked to current speed as observed at other tidal power sites including the Banks

Strait [30]. Vertical distribution of fish at the ORPC site were shown to be highly variable,

resulting in equally variable estimates for encounter probabilities with turbine blades [88].

Spatial overlap between fish and turbine was also investigated at the Fundy Ocean Research

Center for Energy (FORCE) test site in Minas Passage, Canada. Vertical distribution varied

with the sample period, diel cycle, and tidal stage, indicating that the likelihood for fish-

turbine encounters change, but were found to be generally low at <0.002 [49]. Bevelhimer

et al. [26] monitored fish behaviour at a Verdant Power turbine site in the East River, New

York, USA, over a three week period using multi-beam hydroacoustics. Fish density and

swimming behaviour (direction, velocity, and linearity) were investigated during times when

the turbine was removed, present, operational, and non-operational. Fish density was nearly

twice as high when the turbine was absent than when it was present and fish were found to

adjust their swimming behaviour upon encountering the turbine, especially in its operational
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phase. The study found no evidence for fish being struck by turbine blades and suggests

that lower fish densities during the operational phase were likely due to fish adjusting their

swimming trajectory before entering the sampled area when passing by the turbine [26].

3.4.2 Study limitations

Fish aggregations metrics provide a high-resolution overview of aggregate variability

(i.e. changes in total fish abundance and density throughout the water column) and how

these relate to changing environmental conditions in the Banks Strait. Thereby, the pri-

mary metric used for calculating aggregation variability (Sv) describes all fish species with

a backscattering strength above the noise threshold. Species identity was not taken into

account and density measurements from both a school of fish and large individual fish with

a comparable backscatttering strength are indistinguishable from another in this dataset.

Filtering by behavioural features, such as determining fish school size by considering the

time in beam are not possible due to the infrequent sampling frequency of 4 seconds. Given

this sampling frequency, even large schools were possibly only sampled once when passing

through the acoustic beam, especially at higher current speeds, leaving the interpretation of

adjacent targets being from the same or from two distinct schools (or fish) open.

Suitability of acoustic filters differs for each dataset and must be adjusted based on

collection parameters, the site’s physical properties, and the study subject of interest [30, 55].

For example, collection parameters featuring an increased sampling rate or higher vertical

resolution would require an expanded filtering window to maintain the same spatio-temporal

resolution of 50 cm by one minute identified for this study. Thereby, acoustic filtering often

relies on manual inspection to evaluate the processing algorithm’s performance in suppressing

noise sources and isolating fish targets. The spatio-temporal filtering window of 5 by 15 cells

(Sv 5×15) was found most appropriate for this dataset but carries limitations. Large fish

schools that remained in the acoustic beam for more than one minute while occupying at

least 5 of the same vertical cells (i.e. 50 cm) continuously would be characterised as noise.

Furthermore, any fish or school with its signal directly connected to turbulence/air bubbles

protruding from the surface were dismissed as surface interference. Fish with no air-bladder

were also not accounted for as the acoustic scattering strength of fish is primarily a function of

its air bladder size [89]. Minimal signal strength was set to -75 dB. This threshold was chosen

based on the highest noise signature encountered in the processed dataset and simultaneously

determines the minimum size of scatterers in continued analyses. For comparison, a threshold

of -73 dB was deemed most appropriate by Fraser et al. [55] to study fish schools at a tidal

energy site with current speeds exceeding 4 m/s. According to a general target strength (TS)

to target length (TL) conversion formula by Love [90], -75 dB (converted from Sv to TS)

represents a fish size of approximately 6 cm. However, TS is known to vary with sampling
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orientation and morphological features of fish. As such, the minimum Sv threshold of -75

dB is only an estimate for the minimum fish size surveyed. Although complementary netting

activities are desirable in hydroacoustic studies to validate acoustic measurements and build

target strength models for determining species assemblage, the highly dynamic and turbulent

environment of tidal energy sites rendered netting impractical.

The noise classification and removal approach presented in this study differs from the

methodology outlined by Fraser et al. [55] in that it does not add the minimal signal threshold

(-75 dB in this case) back into the remaining targets of Sv clean. Fraser et al. [55] explains

this step as retaining sensitivity for strong targets in high backscatter conditions (i.e. strong

background noise). This approach is certainly useful to classify fish schools using target

proximity analysis, as it strengthens targets that pass the noise filter and makes them more

similar for morphological filtering. In this study, however, it was found that this step would

skew results by weighting fish targets with lower signal strengths more heavily. Adding the

minimal noise threshold into the filtered data Sv clean would unequally compensate for the

subtracted background noise by adding a larger proportion of signal to weaker targets that

pass the filtering process compared to stronger targets. As the calculated fish aggregation

metrics were heavily dependent on signal strength, a method where noise reduction is applied

to weak and strong targets equally was deemed more suitable.

Excluding 38 kHz from the dB differencing approach in the near-field 5 m range from the

dB differencing approach likely created a small bias in the CM metric and related statistics.

This is because more signals would pass the 10 dB differencing threshold when only two (i.e.

125 and 200 kHz) frequencies were compared instead of all three (i.e. 38, 125, and 200 kHz).

However, as this bias was consistent throughout the entire dataset, variation in CM still

holds true as a reflection for the change in fish aggregation.

Correlation among independent variables were not taken into account, meaning that

fish aggregation responses to one predictor may actually be driven by its high correlation

to another predictor. For example, ebb showing higher fish abundance could be due to the

flow direction during ebb tide, or due to the higher current speeds that occurred during ebb

tides (or both). This does not affect the statistical significance for tidal stage as a predictor,

but should be considered when interpreting flow direction as a cause for changes in fish

aggregations.

The AUSTEn campaign sampled several additional parameters of Banks Strait study

site not included in this study. This is because concurrent measurements of several param-

eters at once was limited due vessel time, instrument, and mooring availability. For the

duration of this study, the only concurrent measurements were from other ADCP moorings

also measuring tidal currents. Future studies incorporating, for example, optical instrumen-
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tation for organic matter (e.g. chlorophyll) to estimate primary productivity, concurrent

zooplankton sampling, or observing turbulence parameters as an additional environmental

predictor to directly quantify rather than infer its effect on the acoustic signal would serve

as general improvements to the study design. Another substantial improvement would be to

monitor over multiple seasons to explore how biophysical interactions change with seasonal

variation of fish species composition.

3.4.3 Broader study implications

Incorporating environmental monitoring efforts into early stage MRE projects allows

for baseline EIA requirements to be completed as part of the resource characterisation cam-

paign(s), which benefits developers by lowering the need for additional monitoring efforts to

satisfy regulatory EIA guidelines. Having an early-on, high-level overview of fish aggregation

responses to environmental conditions at tidal energy sites can start to answer some basic

questions about potential environmental impacts by highlighting times and regions where

potential fish-turbine interactions are increased. Targeted studies that explore these interac-

tion potentials further can then be introduced that incorporate turbine placement, design,

operating schedule, and other site- and developer-specific criteria to formulate recommenda-

tions for turbine developers about how to minimise environmental impacts. For example, an

encounter probability model for collision risk that incorporates results from this study about

fish aggregation responses to tidal currents into a high-resolution hydrodynamic model of the

study site, as well as turbine specifications such as placement and total swept area, would be

a useful tool for regulators and developers to gauge potential environmental impacts to then

address these accordingly. It follows that post-turbine installation EIA studies are conducted

that re-evaluate these interaction potentials to refine and conclude specific recommendations

to turbine developers.

3.5 Conclusion

This study showcases a pre-installation EIA study that is able to formulate a general

understanding of the biophysical linkages between fish aggregations and physical traits of a

tidal energy candidate site. The applied monitoring approach is able to serve as a framework

for gaining a baseline understanding about fish aggregation responses to environmental con-

ditions that tidal energy developers can incorporate into resource characterisation campaigns

of potential tidal energy sites. Some key points to follow to generate a comparable dataset at

a different tidal energy sites involve: 1) include an ADCP as part of the study design to get

concurrent flow velocity and direction measurements, 2) choose a mooring deployment site

that is regarded as a favourable location for tidal turbine installation within the candidate
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site, 3) allow for a study duration that spans at least multiple tidal cycles (sampling over

multiple seasons would be ideal), 4) choose sampling rate and vertical resolution settings

that are able to resolve variation in biomass at the scale of interest, 5) sample at multi-

ple acoustic frequencies to employ dB-differencing techniques that improve the efficiency

of isolating backscatter from fish in hydracoustic datasets, 6) identify appropriate acous-

tic filter parameters for the study site and intended study subject that mitigate tidal- and

wind stress induced backscatter (e.g. sensitivity analysis), 7) calculate biomass aggregation

statistics of interest, and 8) identify and correct for any underlying data structures present

(e.g. autocorrelation) that could possibly skew further analysis results. As an alternative

to a multi-frequency transducer, a broadband echosounder might also be used to investigate

target strength returns across different frequencies. This could potentially reduce costs fur-

ther by reducing the number of transducers used and warrants further investigation. As a

case study for implementing these framework recommendations to describe fish aggregation

responses to environmental conditions at a tidal energy candidate site, this study aims to

contribute to the development of a standardised environmental monitoring approach that

regulatory bodies and developers can follow in order to gain a more complete understanding

about the biophysical interactions that exist at tidal energy candidate sites.
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Chapter 4

Vertical-beam ADCP performance for mon-
itoring fish at tidal energy candidate sites

Uncertainties surrounding environmental impacts of tidal energy devices call for envi-

ronmental monitoring methods capable of effectively characterising interactions between tidal

turbines and marine animals. Physical properties of tidal energy candidate sites (e.g. cur-

rents and turbulence) are often examined using long-term Acoustic-Doppler-Current-Profiler

(ADCP) deployments during resource assessment. Some ADCPs have also been investi-

gated for their capacity to measure biomass and suspended sediments based on the returned

echo intensity. Biomass estimates from traditional ADCPs, however, are considered limited

compared to scientific-grade biological echosounders due to constraints in the calibration

process, sampling resolution, beam orientation, and multi-frequency use. The Nortek Sig-

nature500 ADCP challenges this assumption by featuring a vertical beam with improved

spatio-temporal sampling capabilities for echo intensity measurements. This study aims to

evaluate the biological monitoring capabilities of the Signature500 by comparing relative

fish abundance and distribution metrics to those derived from a calibrated, multi-frequency

biological echosounder (Acoustic-Zooplankton-and-Fish-Profiler; AZFP). A customised pro-

cessing method was developed for the Signature500 where a target’s actual and expected

time-in-beam given current speed were compared to better identify fish targets from other

scatterers, similar to the objective of dB-differencing using a multi-frequency echosounder.

Both instruments were deployed concurrently at a tidal energy candidate site in the Banks

Strait, Australia, and compared over a four-week period. Fish abundance estimates from

both instruments were aligned at r = 0.73. Obtaining improved biomass estimates from the

Signature500 over traditional ADCPs could make it a compelling instrument for tidal energy

developers by informing on both physical and biological properties of candidate sites with

little additional monitoring efforts.
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4.1 Introduction

Addressing environmental impact concerns for tidal energy devices requires environmen-

tal monitoring strategies that are able to describe biophysical interactions at tidal energy

candidate sites effectively. Thereby, a major focus of environmental impact studies for tidal

energy devices has been the interaction between fish and tidal turbines, and how this rela-

tionship changes at varying current speeds [2, 26, 27, 30, 32, 61, 63]. Long-term monitoring

studies sampling at high temporal and spatial resolutions are needed to identify abundance,

density, and vertical distribution changes of marine animals in response to tidal currents and

turbine structures at tidal energy candidate sites [2, 30, 49, 61, 91]. Hydroacoustics has

shown to be an effective tool for evaluating biophysical interactions at tidal energy candidate

sites, where both mobile transect [1, 63] and stationary [2, 49, 91] survey designs use scientific

echosounders to record volume- (Sv) and/ or point-backscatter (TS) to provide information

about fish or fish schools at the study site.

Scientific echosounders designed for biomass surveys are an effective instrument for in-

vestigating fish responses to changing environmental conditions [42, 92, 93], and, if paired

with a concurrently sampling ADCP, can provide valuable insights about fish responses to

changing current speeds [2, 30, 61, 91]. However, securing these highly specialised and costly

scientific instruments for long-term field deployments at tidal energy candidate sites requires

substantial investment into biological monitoring operations. This can pose a financial hurdle

for emerging tidal energy developers with limited financial capabilities that must prioritise in-

vestments into resource assessment and technological developments for this renewable energy

sector to expand. Field campaigns conducted for site-specific tidal energy resource assess-

ments primarily employ Acoustic Doppler Current Profilers (ADCPs) to gauge whether the

tidal resources are favourable for energy extraction and justify further development. Gaining

biomass estimates from ADCP deployments in addition to physical measurements (e.g. cur-

rent speed and turbulence) could provide a general understanding about fish abundance and

distribution dynamics at a tidal energy candidate site during its resource assessment with

little additional monitoring effort required, which would be an attractive option for tidal

energy developers to consider.

4.1.1 Biomass estimates using ADCPs

Using backscatter from ADCPs for biomass estimation has previously been investigated

and successfully implemented in several studies. For example, Deines et al. [94] devised a

working equation to interpret absolute and/ or relative backscatter coefficients from broad-

band ADCP measurements with slight modifications added by Gostiaux et al. [95], and

Mullison [96] for a more accurate signal-to-noise ratio estimate. Building on these assump-
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tions, ADCPs have since been applied to study temporal variability and diel vertical migra-

tion of zooplankton biomass [97, 98], fish schools [99], fish schooling behaviour [100], and fish

velocity [101] from mean volume backscatter (Sv). Other studies showed the applicability

of ADCPs for biomass measurements by validating backscatter measurements with net sam-

ples and acoustic-scattering models [102], or by comparing measurements from ship-mounted

ADCPs with scientific biological echosounders [103, 104].

When comparing backscatter measured by two independent instruments that operate at

different frequencies, it is important to consider the limitations of each instrument and how

outputs are expected to vary given the different sampling frequencies. Choosing a sampling

frequency to monitor fish abundance and distribution metrics is a trade-off between sampling

range, target resolution, transducer size, and target size. Higher frequency transducers are

typically smaller, have a narrower beam angle, and are subject to higher absorption coef-

ficients (α) that limit the viable sampling range compared to lower frequency transducers

[41]. However, given the higher number of cycles emitted, pulse duration can be shortened

for high-frequency transducers, allowing for a greater vertical resolution to distinguish two

targets in close proximity and a higher sampling rate [41]. Morphological features (e.g. target

size, air bladder presence, and shape) are important to consider when gauging the scattering

type expected for different size classes. Ideally, the wavelength (λ) should be similar to or

smaller than the target size (L) to avoid the Rayleigh scattering region of a target where

the backscattering strength is highly variable [41, 79]. In the geometric scattering range,

where L >> λ, target strength remains relatively constant at different frequencies, and is

thus the desired scattering type for fisheries studies [41, 77, 78]. In reality, however, even

the target strength of a fish sampled in the geometric scattering range will vary at different

frequencies (but not as significantly) due to, for example, differences in the beam position

(for single-beam transducers), changes in the sampling angle, reverberation (i.e. echoes from

unwanted targets) and other factors [41]. Therefore, the target strength of a fish at one

frequency cannot be assumed to be the same at other frequencies, but should be comparable

if geometric scattering applies for both frequencies and the incidence angle is kept constant.

The Signature500 ADCP is a new-generation current-profiling instrument by the Nor-

wegian scientific instrumentation company Nortek®, that, in addition to the four slanted

ADCP beams, includes a fifth beam on its vertical axis. Other ADCPs with this feature

include, for example, the RDI Sentinel V and Rowe SeaWAVE and Rowe SeaSEVEN. Given

this feature, the Signature500 is advertised to increase performance for wave, turbulence, and

biomass measurements over long-term deployments compared to traditional four-beam AD-

CPs. Launched in 2013, the Signature500 has since established itself in the scientific commu-

nity for studies concerning physical measurements of current speed and turbulence estimates,

and has frequently been used in tidal energy resource assessment campaigns including the
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Banks Strait, Australia [3, 45, 105], Western Passage, USA [106], Bay of Fundy, Canada [49],

and Fall of Warness, Scotland [107]. To date, however, there is limited information about

its biological sampling capabilities, with no freely available scientific works that have utilised

the echosounder function for long-term monitoring studies of biomass in dynamic marine

environments such as tidal energy candidate sites. Gaining insights about fish abundance

distributions in addition to current speed measurements using only one instrument would

present a great advantage for studies looking to link these biophysical parameters to attain

a baseline overview of, for example, fish-current interactions at a tidal energy candidate site.

This study aims to investigate the Signature500 as a viable instrument to derive in-

formation about fish abundance and distribution in response to current speeds measured at

tidal energy candidate sites. The biological sampling capabilities of the Signature500 were ex-

plored by 1) introducing a series of processing steps to derive fish abundance and distribution

metrics (i.e. centre of mass and dispersion) from the Signature500, and 2) comparing these

fish abundance and distribution metrics to those derived from an established, scientific-grade

biological echosounder in form of a four-frequency Acoustic Zooplankton and Fish Profiler

(AZFP) from ASL Environmental Sciences deployed concurrently [2].

4.2 Materials and procedures

4.2.1 Study location

A bottom-mounted mooring housing the Nortek Signature500 ADCP and biological

echosounder (AZFP) was deployed in the Banks Strait, Australia, a tidal energy candidate

site surveyed as part of the Tidal Energy in Australia (AUSTEn) project to evaluate its

commercial tidal energy development potential [45]. The deployment site was chosen based

on its favourable conditions for tidal energy development with consideration given to depth

(29 m at high tide) with a 2 m tidal range, current speed (up to 2.2 m/s), substrate (sand-

gravel), and proximity to shore (∼11.5 km; Fig. 4.1) [70–72]. The mooring was deployed

on December 6th, 2018, and retrieved February 16th, 2019. Results presented in this study,

however, are limited to a sampling period of four-weeks to show proof-of-concept for one full

28-day tidal cycle.

4.2.2 Data collection

The Nortek Signature500 was configured with a concurrent sampling plan for echosounder

and current speed measurements, where echosounder measurements were taken using the ver-

tical (5th) beam of the instrument at a sampling rate of 4 Hz and 0.072 m vertical resolution

with pulse compression applied for increased range resolution. The vertical resolution of 0.072
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m was chosen to equal that of the AZFP, which was the minimum resolution size possible

to balance memory storage and deployment length. Current speed was measured using the

four 25◦ slanted beams at a sampling rate of 1 Hz that was averaged over a period of one

minute and 1 m range bins. The Signature500 was serviced prior to deployment at Nortek’s

headquarters in Norway. The AZFP was configured with four transducers measuring at 38,

67, 125, and 200 kHz, 0.25 Hz sampling rate, and 0.1 m vertical resolution (i.e. sample

height) with a maximum sampling range of 30 m. Specific collection settings for each instru-

ment are reported in Table 4.1. Given the distinct operating frequencies of each instrument

(38-67-125-200 kHz vs 500 kHz), signal interferences between the AZFP and Signature500

were not a concern. Mooring design placed the four AZFP transducers 1 m above sea floor

and the Signature500 1.5 m above sea floor, with the instrument reporting a tilt angle of

< 2◦ during deployment (Fig. 4.2). The AZFP measured actively for 29 minutes, followed

by a 1 min ’passive’ listening period where no pings were emitted to gauge the system noise.

Noise determined during the 1-min passive data collection every 30-min was subtracted from

the 29-min active sampling period. Data collection of the 67 kHz transducer of the AZFP

was discarded in all post-processing and analysis steps due to its position on the mooring

that caused exceptionally high side-lobe interference from the frame.
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Figure 4.1: Banks Strait location (a-b),
modelled tidal currents (c) [65], and coarse-
resolution bathymetry chart (d) with the
environmental monitoring mooring deploy-
ment site indicated in red. Figure generated
by Scherelis et al. [2].

Figure 4.2: The environmental monitoring mooring
deployed in the Banks Strait that included a bio-
logical echosounder (AZFP) and its four transducer
heads, the Signature500 ADCP, an acoustic release
buoy and a HOBO temperature logger. Figure gen-
erated by Scherelis et al. [2].

The AZFP was calibrated prior to deployment at the ASL Environmental Sciences fa-

cilities in Canada as presented by Lemon et al. [74], allowing volume backscattering strength

measured by the AZFP (Sv AZFP ) to be referenced to the backscattering strength of a known
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Table 4.1: Instrument collection settings.

Settings Echosounder (AZFP) Signature500

Echosounder ADCP
38 kHz 67 kHz 120 kHz 200 kHz 500 kHz 500 kHz

Sampling range (m) 35 35 100 100 65 30

Sample height (m) 0.1 0.1 0.1 0.1 0.072 1

Beam angle (◦) 12 10 6 6 3 3

Sampling rate (Hz) 0.25 0.25 0.25 0.25 4 1

Pulse duration (τ) (ms) 0.5 0.5 0.5 0.5 0.5* -

Blanking distance (m) 5 - 2 2 0.5 0.5

Measurement interval (s) 4 4 4 4 0.25 59

Averaging interval (s) - - - - - 60

* indicates pulse compression was applied.

target in units dB re 1 m−1. In-situ calibration to assess calibration drift of the AZFP was

not possible due to the dynamic nature of the study site and deployment depth. Calibra-

tion of the Signature500 was not performed due to difficulties surrounding standard target

availability for a 500 kHz transducer and accurate placement within the beam. Instead, a

system offset was estimated as the difference between the calibrated 200 kHz AZFP trans-

ducer and Signature500 vertical beam transducer. Thereby, the system offset (C ) represents

a relative term intended to adjust backscattering values reported by the Signature500 to re-

flect the same magnitude scale as values reported by the AZFP (discussed further in section

4.2.3). Since no standard-target calibration was performed, measurements presented for the

Signature500 are to be interpreted as relative only.

4.2.3 Post-processing

AZFP and Signature500 data underwent several processing steps to extract fish abun-

dance and distribution metrics. Instruments were compared at multiple intervals along the

post-processing pathway to demonstrate how each data-cleaning and filtering approach im-

pacted the capacity of the Signature500 to show fish abundance metrics comparable to those

determined by the AZFP. A summary of the applied processing steps and data comparison

intervals performed are presented in Fig. 4.3.
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Figure 4.3: Processing steps for the three data streams involved (AZFP, Signature500 echosounder,
and ADCP).
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AZFP

The AZFP dataset used for evaluating the Nortek Signature500 echosounder perfor-

mance was previously processed, filtered, and analysed for fish aggregation metrics as pre-

sented in Scherelis et al. [2]. Hydroacoustic processing methods largely followed the approach

previously outlined by Fraser et al. [55] for automated acoustic target detection in turbu-

lent aquatic environments using multi-frequency echosounders. As such, data processing and

analysis methods applied to the AZFP dataset to derive fish abundance and distribution

metrics are already described, and thus only presented as a condensed version in this paper.

Furthermore, the AZFP dataset is freely available in a publicly accessible data repository

that includes raw data files, pre-processed values (e.g. values adjusted according to the sonar

equation), and post-processed fish aggregation metrics (e.g. fish density, abundance, centre

of mass, dispersion, %-water column occupied, evenness, and relative index for aggregation)

compiled by minute [3].

In summary, processing steps applied to the AZFP data to derive fish aggregation

metrics presented in Scherelis et al. [2] involved 1) standard pre-processing in Echoview

(10.0, Myriax, Hobart, Australia) to derive Sv values solved for by the sonar equation

that accounts for time-varied-gain (e.g. transmission and absorption losses) and transducer

constants [41], 2) removal of elevated surface backscatter caused by increased wind and wave

action, 3) a dynamic noise-removal approach that mitigated effects of physically induced

background noise variable over time, and 4) a dB-differencing approach involving the three

sampling frequencies (38, 125, and 200 kHz) to isolate fish targets. Finally, a minimum signal

threshold of -75 dB re 1 m−1 was applied in the 200 kHz domain to remove any remaining

small or non-fish scatterers.

Strong surface noise was present in both the AZFP and Signature500 datasets and

removed according to the approach presented by [2]. For the AZFP, this involved computing

a 5 × 15 sample median cell statistic (i.e. 50 cm in the range-domain and 1 minute in the

time-domain) for each sampling frequency. Samples within each ping that exceeded the

median value of that cell were identified and those with surface connectivity removed to

produce the surface-removed echogram Sv AZFPSR
(Fig. 4.4b,c). Surface connectivity was

defined as samples extending from the surface that displayed a signal strength consistently

above the median value of all samples within a ping. The maximum depth (i.e. minimum

sampling range) of samples exhibiting this characteristic were recorded for each ping and

labelled as the surface-interference-line, which was utilised as the adjusted water column

depth (z) for all subsequent calculations (i.e. only the water column portion below this

surface-interference-line was considered for further analyses).

To mitigate the effect of increased current speed on backscattering strength measured
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by the AZFP, an empirical noise estimation and filtering process was applied. Optimal

noise threshold parameters that identified and removed the added noise were determined by

sensitivity analysis to produce comparable median backscatter during periods of low and high

current- and wind speeds [2]. Sensitivity analysis revealed that this was best achieved by

subtracting (in the linear domain) the 46th percentile of Sv AZFP5×15 with a depth-integrated

median backscattering strength greater than -81 dBre1m−1 from the surface-removed AZFP

echogram (Sv AZFPSR
) to produce Sv AZFPFilt

(Fig. 4.4d).

Sampling at multiple acoustic frequencies is desirable in fisheries acoustics as it allows

for fish targets to be isolated from other scattering sources in the water column by comparing

the backscattering strength of a target across multiple acoustic frequencies (i.e. frequency

response). For the sampling frequencies employed by the AZFP (38-120-200 kHz), the fre-

quency response of fish is not expected to vary significantly as it would for other scattering

sources such as zooplankton, turbulence, and entrained air bubbles [55, 77, 78]. This is pri-

marily attributed to Rayleigh and resonant scattering effects occurring at these size classes,

while for most epipelagic fish, geometric scattering is the predominant scattering effect that

is relatively constant across the utilised frequencies [55, 77, 78]. Differences in backscattering

strength across the three sampling frequencies were limited to a largest absolute difference

of 10 dB to be considered a fish target (see section 3.2.4). If this fish target also satisfied the

-75 dB re 1m−1 target threshold, it was considered part of the final dB-differenced (i.e. ’fish

only’) abundance echogram (Sa AZFPdBdiff
- defined in section 3.2.4) from which fish abun-

dance and distribution metrics were derived (in the 200 kHz domain). As such, Sa AZFPdBdiff

was used as the reference metric to evaluate the performance of the Signature500 echosounder

for sampling fish biomass in this study.

Signature500 echosounder

Fish abundance was also estimated from the Signature500 vertical beam sampling in

echosounder mode. Raw backscatter (i.e. uncorrected for time-varied-gain (TVG), absorp-

tion losses, etc.) was exported as .mat files from the Nortek processing software Ocean

Contour and further processed using MATLAB to derive mean volume backscatter (Sv)

corrected for TVG, absorption losses, and transducer constants.

Echosounder measurements were collected with Nortek’s pulse compression method to

enable individual detections in groups of targets and of targets in close proximity to boundary

layers. Typically, range resolution (∆R) in echosounders is limited by the pulse duration as

∆R =
cwτ

2
, with cw and τ being sound speed in water and pulse duration, respectively. Pulse

compression in broadband systems enables range resolution to be independent of τ and be

determined by the inverse signal bandwidth of the instrument instead (1/B; Lavery et al.
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[108]), thus allowing for the increase in range resolution (∆R) from 0.377 m (without pulse

compression) to 0.072 m as applied here. The Nortek Signature500 operates with a bandwidth

of 25% of the centre frequency, and can be configured up to a minimum range resolution of

6 mm with pulse compression applied. Choosing an appropriate range resolution with pulse

compression is thus a trade off between data resolution, data storage, and deployment length.

However, the application of pulse compression also carries limitations. These are primarily

a function of the wider receiver bandwidths used in broadband, pulse compressed systems

that, in addition to larger data volumes and reduced processing speeds, introduce additional

complexities in the signal processing and analysis of acoustic backscatter [109].

Deriving mean volume backscatter (Sv) requires pulse duration (τ) as a known term

(to determine the sampling volume). With pulse compression applied, however, this term is

no longer equal to the instrument’s setting for pulse duration (τ). Instead, the actual pulse

duration must be determined by correlating the transmitted pulse with a replica of itself,

which requires information about the matched filter (MF) process and other system constants

to be fully resolved [109]. With limited information available to fully comprehend how

recorded backscattering strength might be affected by the applied pulse compression method

and other system constants, mean volume backscatter (Sv) was calculated as a variation of

the general solution to the SONAR equation. Unknown, instrument-specific factors needed

to calculate absolute backscatter values, such as pulse duration (τ), MF operation, two-way

beam angle, transducer efficiency, bandwidth, etc. [94, 109], were combined into a single

constant (C) to calculate an index for mean volume backscatter (S′v) as follows:

S′v Sig500
= 10log10(10E/10 − 10Er/10) + 20log10(R) + 2αR+ C,

where S′v Sig500
is the Signature500 recorded backscattering strength (dB re 1m−1) adjusted

to the same magnitude scale as the AZFP, E the raw echo intensity received by the transducer

(i.e. backscattering strength in dB re 1m−1), Er the system noise constant (estimated as the

lowest E recorded every 4 hours), R range along the centre beam (m), and α the absorption

coefficient (dB/m). The absorption coefficient (α) was determined from CTD-measured

sound speed (c; 1508 m/s ) based on salinity (34 ppt), temperature (16◦C), mid-water colum

depth (14 m), and acoustic frequency (500 kHz) to be 0.132 dB/m [110].

The system offset, C, was estimated by comparing backscatter recorded from the cali-

brated 200 kHz AZFP transducer and the Signature500 during periods when current speed

(CSPD) was low (< 0.2 m/s) and volume backscatter (Sv) high. More specifically, the system

offset C was calculated as the difference between Sv AZFP (200 kHz) and raw Nortek Signa-

ture500 samples (adjusted for TVG and integrated over 1 min and 1 m) at mid water column

(15 m) during low current speeds at a time when comparatively many fish were present in

the water column and sampled by each system (i.e. high relative backscatter) as follows:
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C = Sv AZFP − 10log10(10E/10 − 10Er/10) + 20log10(R) + 2αR

This approach estimated the Signature500 vertical beam system offset C at −99.1821

dB. Some ADCP manufactures, such as Teledyne RD Instruments, conduct in-house testing

for transducer properties and provide the system offset constant (also labelled ”characteristics

constant” by Deines et al. [94]) C to calculate absolute and/or relative backscatter strength

(Sv). These system parameter tests have not yet been conducted or published for the Nortek

Signature500.

Signature500 noise filtering. Given the high surface and current-induced backscatter

evident in S′v Sig500 (Fig. 4.4e,f), which was likely a function of suspended non-biological

particles being sampled at 500 kHz during high currents (as is the original intention of

an ADCP), an intensive data processing approach was developed that involved dynamic

noise filtering and a target-tracking algorithm paired with current speed measurements to

specifically isolate fish targets.

Surface interference in S′v Sig500 was removed by the same procedure as for the AZFP (see

section 4.2.3) to produce S′v Sig500SR
(Fig. 4.4g). To mitigate the effect of current speed on

backscattering strength and other background noise, a sensitivity analysis was performed to

determine how much background noise must be removed to minimise the variance in median

backscattering strength at high- and low current speeds (Fig. 4.5). Optimal noise filters to

address variable background noise were determined by testing different combinations of three

filtering parameters including: 1) filter window size as the m × n spatio-temporal cell (i.e.

range and time) from which the following filter parameters would be determined (z-axis), 2)

filter percentile as the nth percentile value of the m× n cell (x-axis), and 3) noise threshold

(dB), where filtering would only be applied if the nth percentile of the m× n cell was above

the specified noise threshold. Sensitivity analysis revealed that the variable background

noise component (i.e. current and turbulence induced backscatter) was best removed by

subtracting (in the linear domain) the 78th percentile of an 8 × 40 cell from S′v Sig500 if its

backscattering strength was above −81 dB re 1 m−1, producing S′v Sig500Filt
(Fig. 4.4h).

Once appropriate noise filter parameters were established, a minimum target strength (TS)

threshold was implemented where all samples of S′v Sig500 Filt >= −75 dB re 1 m−1 were

considered potential fish targets.

Signature500 echosounder target tracking. Comparing fish abundance estimates de-

rived from the AZFP and the Signature500 (using the S′v Sig500Filt
metric) showed a corre-

lation of r = 0.45 (see section 4.3.1), which leaves much to be desired for when applying

the Signature500 as a biological monitoring tool to measure fish abundance. Discrepancies
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Figure 4.4: Step-wise examples of the Signature500 and AZFP (200 kHz) echograms with optimal fil-
ter parameters for surface interference and noise-removal applied. a) and e) show the depth-averaged
current speed, b) and f) raw echograms of the the AZFP (Sv AZFP ) and Signature500 (S′v Sig500),
respectively, corrected for TVG and system offsets, c) and f) the echograms post surface interference
removal (Sv AZFPSR

and S′v Sig500SR
), and d) and h) the filtered echograms following surface inter-

ference and noise removal (Sv AZFPFilt
and S′v Sig500Filt

). Note: the lines occurring every 30 min in
the AZFP data are only a graphical representation of the 1-min passive sampling period (see section
4.2.2), where the last measurement of the 29-min active sampling period for each cell was stretched to
the beginning of the next 29 active sampling period at the start of each 30-min mark. Furthermore,
the faint returns of the ADCP drifting from mid water are suspected to be interferences from the 4
slanted ADCP beams that operated concurrently to the vertical echosounder measurements at the
same frequency (500 kHz).

between the two instruments were likely due to the Signature500 featuring only one measure-

ment channel (i.e. one transducer), a higher sampling frequency, a narrower beam width,

and other transducer properties that limit its capacity to isolate fish backscatter from other

scattering sources compared to the AZFP. To better identify fish targets using the Signa-

ture500 and improve upon its performance correlation with the AZFP (i.e. isolating fish

targets from other scattering sources more effectively), a target tracking algorithm was ap-

plied that identified the time and range of each potential fish target (i.e. samples that passed

the noise filter) within the beam and connected them with the adjoining targets in a nearest-

neighbour analysis approach. Thereby, this approach stipulated that connected targets must

directly follow one-another in their beam presence and must not vary more than one sample

height (e.g. 7.2 cm) in their transducer range (i.e. water depth). Time, number of connected

targets, and mean position within the beam were recorded for each track.

Next, the theoretical maximum number of samples taken (Smax) of a particle passing

through the 3 dB acoustic beam-angle (θ3dB) given the active current speed (CSPD) and
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Figure 4.5: Visualised sensitivity analysis to determine appropriate filters that mitigate background
noise for the Signature500 echosounder considering different filter percentiles (x-axis), noise thresholds
(y-axis), and filtering window sizes (z-axis). Best filter parameters (indicated by the red diamond)
were determined based on the lowest variance of the median backscatter during low current (Sv LC ;
0-0.2 m/s) and high current (Sv HC ; 1.4-1.6 m/s) scenarios.

sampling rate (4 Hz) was calculated for each range bin according to:

Smax =
2R× tan

(θ3dB
2

)
CSPD

× fs,

where R is the range from the transducer, and fs is the number of samples taken per second

(i.e. Hz). Once Smax was determined, the number of targets (i.e. samples that passed the

noise filter) within each track (TN ) was compared to the corresponding time and range of

Smax. If the number of targets in the temporal domain (i.e. excluding targets connected

in the vertical range domain) was equal to or below Smax (i.e. TN <= Smax), the track

was dismissed as a ’passive particle.’ In this case, the sampled target could be assumed to

not be actively swimming against the current and thus was dismissed as a non-fish track.

Conversely, this approach would also identify any particle that remained in the beam for

longer than the theoretical maximum if drifting with the currents, while also maintaining a

backscattering strength that satisfied the implemented acoustic filters - i.e. a fish actively

swimming against the current (Fig. 4.6).

Naturally, not all fish passing through the beam would be recorded as such given these

stipulations. For example, since Smax was derived from the cone’s base diameter (D) at range

R given angle θ3dB, any fish travelling below the current speed, but not passing through the

centre of the acoustic beam would also be dismissed as non-fish track. Further limitations to

these assumptions are discussed in section 4.4.1. The authors conclude that this methodology
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would produce a high number of false negatives (e.g. fish not counted), yet a low number of

false positives (e.g. non-fish particles counted as fish), and therefore provide a good repre-

sentation of the relative fish abundance present. Finally, to further mitigate the possibility

for including false positives caused by, for example, vertical drift during low current speeds,

a stipulation was added that targets must remain in the beam for at least 0.5 s longer than

that of a ’passive particle’ drifting with the currents along the diameter of the acoustic beam.

In summary, acoustic targets were counted as fish if the following conditions were satisfied:

TN > (Smax + fs · t)

where TN is the number of targets in each track, Smax the maximum number of samples of

a passive particle at the range bin of TN , fs the sampling rate, and t the additional time

required for a target to be present past the maximum of a passive particle (e.g. 0.5 s).

Figure 4.6: Process of classifying fish tracks based on time in beam and current speed (CSPD), where
a) shows a schematic of the acoustic cone diameter (D) at range (R) given the half power beam angle
(θ3dB), b) the expected number of samples (Smax) taken of an object drifting at the given CSPD
along D at range R, c) a magnified view (∼40 s) of consecutive targets where those outlined in green
satisfied the premise of TN > (Smax + fs · t) and were thus classified as fish tracks, and d) shows six
examples for classifying fish tracks based on the number of consecutive targets. Grayed-out areas in
b) and c) represent sampling ranges where a potential fish target travelling along the centre axis of
the beam might not be sampled (due to the sampling rate) and were thus dismissed.

The backscattering strength of each fish track was calculated as the mean of all single

targets comprising the fish track. Sampling ranges where Smax was less than 1 were dismissed.

Since Smax was inversely proportional to current speed, periods of high current speed had a

decreased sampling range compared to low current speeds. Given this proportionality, low

current speeds (<0.225 m/s) produced Smax values in excess of 30 samples and thus set the
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required number of consecutive targets (TN ) even higher, creating an unrealistic requirement

for fish to remain in the beam especially in the far ranges of the acoustic beam. As such,

Smax was limited to a minimum CSPD of 0.225 m/s, meaning that for current speeds <0.225

m/s, the required number of consecutive targets (TN ) only had to exceed Smax as calculated

for 0.225 m/s. The threshold of 0.225 m/s was chosen based on findings that fish sizes greater

than 6.5 cm (the theoretical cut-off size given a -75 dB re 1m−1 threshold based on a target

strength (TS) to target length (TL) conversion [90]) were not affected at lower current speeds

[111].

4.2.4 Data analysis

Once fish targets were identified by isolating targets whose time-in-beam exceeded that

of a passive particle drifting along the base diameter of the acoustic beam at the given current

speed, a sensitivity analysis was performed to evaluate how fish abundance estimates of both

instruments compare at different time intervals (Fig. 4.7). For the AZFP, fish abundance

was estimated as the total area backscatter (Sa) defined as [83, 112]:

Sa AZFPdBDiff
= 10 log10

(∫ z2
z1

10

Sv(z)

10 dz

)
,

where z1 and z2 are the specified start- and end depths for each 1 m range bin. For the

Signature500, the sum of the mean backscattering strength of all fish tracks in a m × n

spatio-temporal cells (i.e. 1 m by 30 min determined by sensitivity analysis - see Fig. 4.7)

were taken to derive an index for the total area backscatter from fish (i.e. index for fish

abundance) defined as:

S′a Sig500FT
= 10 log10

nf∑
i=1

s̄′v(i)∆R,

where nf is the number of fish tracks between ranges R1 and R2 represented by ∆R, and

s̄′v(i) equals the mean volume backscatter of all samples in one fish track (sv equals Sv in the

linear domain (sv = 10Sv/10).

4.3 Assessment

The primary metric used to assess the effectiveness of the Signature500 for identify-

ing fish abundance compared to the AZFP, was to assess the correlation for backscattering

strength pertaining to fish measured by each instrument (i.e. Sa AZFPdBDiff
for the AZFP

and S′a Sig500FT
for the Signature500 echosounder). A 30-minute time interval was chosen for

comparison, as the correlation for fish abundance sampled by both instruments (rs = 0.71)
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was not significantly improved at greater intervals, but variation in current speed among each

time interval was still present (Fig. 4.7). Given the complex shape of the distribution, Spear-

man’s rank correlation index (rs) was used to assess relative alignment for fish abundance

measurements from both instruments with- and without the fish tracking method applied

(Fig. 4.8). To assess how the instruments compare at different ranges and current speeds,

data was further grouped into 0.3 m/s current speed and 5 m sampling range bins (Table

4.2).

Distribution changes of fish in the water column measured by each instrument were

compared using the distribution metrics CM (centre of mass) and I (inertia). CM describes

the mean range of fish from the transducer weighted by the fish abundance in each time

interval (Sa), and I represents the spread of fish in the water column (i.e. dispersion),

defined as the sum of squared distances of fish from CM , weighted by the fish abundance

measure of each cell (Sa), and normalised by the total backscattering area (i.e. total fish

abundance) of all cells in that time interval (i.e. 30 min):

CM =

∫
zsa(z)dz∫
sa(z)dz

I =

∫
(z − CM)2s′a(z)dz∫

s′a(z)dz
,

where z is the water column depth (i.e. range from the transducer) and sa equals Sa in the

linear domain (sa = 10Sa/10).

Given the conditions for the applied target tracking approach (see section 4.2.3), where

sampling ranges of Smax < 1 were excluded, the minimum sampling range at high current

speeds was far greater (∼6 m) compared to low current speeds (∼2 m). Similarly, the

maximum sampling range also showed some alignment with the tidal cycle, where high current

speeds displayed a greater sampling range. To remove the bias of variable sampling ranges

with the tidal cycle on fish distribution metrics (CM and I), a sampling range between the

closest range bin during high current speed, and furthest range bin contaminated with surface

noise were considered for comparing fish distribution metrics (i.e. 6 m - 22 m; dotted line in

Fig. 4.9).

Finally, fish abundance and distribution metrics were investigated for changes in current

speed to determine if the Signature500 shows the same fish distribution trends as the AZFP at

different current speeds. Thereby, if a similar trend is identified by both instruments it would

indicate that the Signature500 is a viable instrument to deploy at tidal energy candidate sites

for information about fish abundance and distribution in response to current speeds. Linear

regression models were developed to determine how much the variability in fish abundance
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and distribution observed at the tidal energy candidate site could be explained by current

speed. The slope (i.e. estimate), standard error, explained variance (r2), and root-mean-

squared-error (RMSE) are reported (Table 4.3; Fig. 4.10). Autocorrelation present in each

original dataset (e.g. at the original sampling resolution) was mitigated at a time interval of

30 min.

4.3.1 Performance evaluation

Sensitivity analysis for an appropriate time interval to compile and compare fish abun-

dance estimates generated from the AZFP and Signature500 showed a logarithmic trend with

increasing interval size, where the correlation coefficient (rs) increased at greater intervals

but at a decreasing rate (Fig. 4.7). In order to retain current speed sensitivity, where each

time interval would encompass measurements from similar current speeds and thus allow for

comparisons among different current speeds, a time interval of 30 minutes was chosen for all

following comparison statistics.

The ability of the Signature500 to describe fish abundance and distribution metrics

was improved by applying the fish target tracking method described (see section 4.2.3).

S′a Sig500FT
showed a correlation coefficient of 0.71 with Sv AZFPdBdiff

. For comparison,

S′v Sig500Filt
, where noise filtering was applied but no fish tracking was performed, gives a

correlation of 0.45 with Sv AZFPdBdiff
(Fig. 4.8).

Variation in fish abundance detected by each instrument at different ranges and current

speed was apparent. The greatest alignment between both instruments was shown to be in

the mid- water column between 7-12 m and 12-17 m with correlation coefficients (rs) between

0.70 and 0.92 at various current speeds. At further ranges, correlation for fish abundance

detection dropped off with the 22-27 m range showing the lowest correlations between 0.36

and 0.72. At different current speeds, correlations between the two instruments showed mixed

results but was generally lowest at far ranges (> 17 m) and low current speeds (< 0.6 m/s;

Table 4.2).

Table 4.2: Correlation coefficient matrix (rs) for fish abundance as measured by the AZFP
(Sa AZFPdBdiff

) and Signature500 echosounder (S′a Sig500FT
). All correlations indexes were found

significant at p < 0.05.

Range from Current speed (m/s)

transducer (m) 0 - 0.3 0.3 - 0.6 0.6 - 0.9 0.9 - 1.2 1.2 - 1.5 1.5 - 1.8

2 - 7 0.86 0.81 0.74 0.51 0.52 -

7 - 12 0.90 0.92 0.88 0.83 0.70 0.78

12 - 17 0.72 0.87 0.82 0.88 0.88 0.93

17 - 22 0.55 0.58 0.64 0.81 0.81 0.79

22 - 27 0.39 0.36 0.58 0.61 0.57 0.73
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Figure 4.7: Sensitivity analysis showing
Spearman’s rank-order correlation coeffi-
cient (rs) when comparing S′a Sig500Filt

and
S′a Sig500FT

with Sv AZFPdBdiff
at different

time intervals.

Figure 4.8: Spearman’s rank-order correlation
coefficient (rs) for 30-minute time intervals of
S′a Sig500Filt

(target-tracking method not applied)
and S′a Sig500FT

(target-tracking method applied)
compared to Sv AZFPdBdiff

.

Fish distribution metrics (e.g. CM , and I) calculated from the 30 minute by 1 m com-

piled fish abundance (Sa) echogram showed mixed agreement between the two instruments

with correlation coefficients (rs) for Sa = 0.73, CM = 0.52, and I = 0.49 (Fig. 4.9).

Linear models generated to explain variation in fish abundance and distribution with

current speed for both the AZFP and Signature500 showed comparable outcomes. Although

the ability for linear models to explain variation in fish abundance and distributions derived

from each instrument differed slightly, both instruments showed a similar trend for fish abun-

dance and distribution changes with CSPD (Table 4.3). Fish abundance (Sa) increased at

higher current speeds as indicated by both instruments; however, the Signature500 showed a

greater response in fish abundance to current speed than the AZFP, with lower abundances

recorded at low current speeds, and higher abundances recorded at increased current speeds

compared to the AZFP (Fig. 4.10a). Centre of mass (CM), as recorded by the AZFP and

Signature500, also showed similar trends, with fish generally maintaining a shallower (e.g.

closer to the water surface) position at increasing current speeds. However, the CM derived

by the Signature500 only increases marginally compared to the AZFP at current speeds > 1.2

m/s (Fig. 4.10b). Dispersion (I) of fish was shown to be only marginally influenced by dif-

ferent current speeds, where both instruments indicated a slightly increasing trend at higher

current speeds (Fig. 4.10c).
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Figure 4.9: One-week dataset of fish abundance (Sa) and distribution metrics as measured
by the Signature500 echosounder and AZFP, and compiled into spatio-temporal cells of 1 m
by 30 min. a) shows the backscattering strength measured by the Signature500 echosounder
for determining fish abundance with no target tracking method applied (i.e. S′a Sig500Filt

), b)
the Signature500 dataset with the target tracking method applied (i.e. S′a Sig500FT

), c) the
AZFP dataset filtered for fish targets based on the frequency response at 38, 125, and 200
kHz (i.e. Sv AZFPdBdiff

), and d) through f) fish distribution metrics calculated according to
Sv AZFPdBdiff

and S′a Sig500FT
for the sampling range highlighted by the dotted line shown

in b) and c) (i.e. 6 m to 22 m). Note: the dB scale change from a) to b) is due to more
scatterers being summed per range bin and time interval if the target-tracking filter is not
applied. The legend in d) also applies to e) and f).
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Table 4.3: Linear model outcomes for fish abundance and distribution metrics with current speed
(CSPD) as explanatory variable (p < 0.05). Models were generated in the linear domain, where
sa = 10Sa/10.

Response Predictor estimates (N = 336) Model fit

variables β0 SE β1 SE F-stat r2 RMSE

AZFP Sig500 AZFP Sig500 AZFP Sig500 AZFP Sig500 AZFP Sig500 AZFP Sig500 AZFP Sig500

Sa 0.015 -0.004 0.007 0.004 0.011 0.022 0.007 0.004 2.34 38.9 0.004 0.102 0.055 0.0278

CM 10.48 11.245 0.21 0.16 2.27 1.01 0.21 0.15 122 43.3 0.27 0.12 1.6 1.19

I 15.18 15.48 0.66 0.64 2.58 1.02 0.64 0.63 16.2 2.67 0.04 0.01 16.2 4.86

Figure 4.10: Fish abundance (Sa), centre of mass (CM), and dispersion (I) as derived by the Sig-
nature500 and AZFP post-processing. Datasets were grouped by current speed (CSPD) in steps of
0.3 m/s with the dotted line displaying the best-fit line for measures of each respective instrument.
The green line within each boxplot represents the median, lower and upper edges the 75th and 25th

percentiles, and whiskers the 5th and 95th percentiles, respectively.

4.4 Discussion

The target tracking and evaluation method developed for the Signature500 echosounder

to better isolate fish targets from other scattering sources in the water column was able to

produce fish abundance and distribution estimates comparable to those derived by the AZFP.
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The AZFP sampled at 38, 125, and 200 kHz, which are established sampling frequencies in

fisheries acoustics due to the favourable trade-off between sampling range, target resolution,

absorption, and similarities between wavelength and target size (i.e. geometric scattering

range; [41]). The Signature500 echosounder only samples at one frequency (500 kHz), which

is more applicable for sampling small scatterers in the water column (e.g. zooplankton) to

avoid the Rayleigh scattering region where backscattering strength (i.e. target strength) is

more variable. Although most epipelagic fish generally fall into the geometric scattering

region for all sampling frequencies used (i.e. 38, 125, 200, and 500 kHz), target strength

comparisons between the two instruments are not reliable as the only metric for estimating

and comparing fish abundance and distribution metrics.

The dB-differencing approach of the AZFP allows for scatterers in the Rayleigh or

resonant frequency ranges (likely non-fish) to be identified and dismissed, thereby creating

more accurate fish abundance estimates [41, 55, 77]. The Signature500, sampling at only

one frequency, does not have this option, so incorporating the target tracking approach and

evaluating potential fish targets based on their time-in-beam to current speed relation allows

for fish scatterers to be identified with higher confidence, thereby generating fish abundance

estimates comparable to the dB-differencing approach employed for the AZFP. However,

this study is not suggesting that the Signature500 can act as a substitution for scientific

echosounders developed for fish abundance and distribution studies, but merely indicates

that trends in fish abundance and distributions observed with scientific echosounders can

also be observed with the Signature500 echosounder, and that the target-tracking method

applied does a better job at producing results comparable to those of an established scien-

tific biological echosounder than simply setting an equal target strength threshold and using

the recorded backscattering strength. Setting a target strength threshold different from the

AZFP in this case would not have caused a different number of targets to be compared be-

tween the two systems. An improved option for a system with a scientific-grade echosounder

for biomass assessment bundled with an ADCP may be found in the Nortek Signature100.

Released in 2018, this instrument features a dedicated transducer for biomass measurements

that operates at a frequency of 70 - 120 kHz and is therefore well suited for investigations

into the dynamics of zooplankton, krill, fish school, and small-scale physical processes [113].

However, measurement options for turbulence, wave height, direction, and ice tracking are

limited for the Signature100.

4.4.1 Study limitations

The Signature500 with fish tracking algorithm applied shows some differences for fish

abundance and distribution responses to current speed compared the AZFP. Although both

instruments indicate the same trend for fish abundance and distribution changes with in-

73



creased current speed, some discrepancies between the two instruments are evident, especially

at extreme low and high current speeds and further ranges. Fish abundance (Sa), derived by

the Signature500 echosounder tracking method is underestimated compared to AZFP mea-

surements at low current speeds (< 0.6 m/s). This underestimation can likely be attributed

to the high time-in-beam requirement (i.e. Smax) at low current speeds, where the swimming

behaviour of fish is only marginally affected compared to high current speeds, allowing fish

to pass through the beam faster than a passive particle even if technically swimming against

the current. At high current speeds it must also be recognised that proportionally larger

fish will be sampled that have the morphology and metabolic capacity to hold their position

in the beam for longer than a passive particle. Smaller fish captured by the AZFP that

drift with the current at high current speeds (> 1.4 m/s) will not have been captured by

the Signature500 target tracking method, as well as fish engaging in tidal stream transport

where tidal currents are utilised to reach offshore foraging grounds [35, 86].

Signature500 echosounder measurements also show a lower centre of mass (CM) at high

current speeds compared to the AZFP. This is likely a function of the cone-shaped acoustic

beam that creates an increasing diameter (D) at further ranges, which the algorithm uses to

calculate the expected number of samples (Smax) of particles passing through the beam. The

further the range, the higher the time-in-beam requirement to be considered a fish target.

The unaccounted variable that is likely responsible for the algorithm’s lower performance

at further ranges is that the longer fish are expected to remain in the beam to be counted

as a fish, the higher the probability for fish to not satisfy the time-in-beam requirement

by swimming, for example, at a tangent through the circular beam rather than through

its centre, thus not satisfying the stipulated Smax condition. Dispersion (I) measured by

each instrument shows a similar discrepancy at high current speeds as it is calculated as a

function of CM . Differences in the sampling frequencies between both instruments must

also be considered as a possible cause for discrepancies between both instruments. As fish

abundance (Sa) for the Signature500 is a function of both the number of fish targets and

their backscattering strength, the difference in backscattering strength of a target sampled

at different frequencies (e.g. 200 kHz for the AZFP and 500 kHz for the Signature500) also

plays into the inconsistencies for fish abundance and distribution metrics measured by each

instrument.

The moderate bifurcation observed in the correlation plot between S′a Sig500Filt
and

Sv AZFPdBdiff
shown in Fig. 4.8 is a function of the noise-removal algorithm mischarac-

terising the background during periods when large amounts of biomass are sampled over a

short time period. Due to the elevated number of biomass targets in the spatio-temporal

window chosen to characterise background noise (i.e. 8× 40 samples or 0.58 m × 10 s), the

noise-removal algorithm assumes a significant increase in the noise signal, causing a split in
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the scatter plot at the point where the noise-removal algorithm either subtracts the calcu-

lated noise profile (if above -81 dB re 1m−1) from the biomass signal or not. It is important

to note that this noise mischaracterisation only occurs when an exceptionally high number of

biomass targets are present (> -30 dB re1m−1 in Sv AZFPdBdiff
), and that the significance of

this fault is greatly reduced with the applied target-tracking approach where backscattering

strength has less weight in determining a fish target (see S′a Sig500FT
scatter plot in Fig. 4.8).

The minimum viable sampling range (i.e. fish targets close to the transducer) is depen-

dent on current speed, where a higher current speeds sets the minimum sampling range at a

further distance (Fig. 4.4). This is due to the condition that targets must be present in the

beam long enough to be sampled consecutively (i.e. at least 2x when passing through the

beam). Given the cone-shaped beam geometry, targets in the near-field range pass through

the beam faster than the sampling rate, especially at higher current speeds. Consecutive

targets cannot be guaranteed to be from the same scattering object under this scenario and

thus ranges up to the point where at least two samples can be taken from a potential fish

target passing through the beam are dismissed. As such, the presented method is limited

in the amount of fish biomass information it can provide in the near-field range close to the

transducer (i.e. near the sea floor in this case) at high current speeds. In this study, the

near-field range (up to 6 m) was omitted from further analysis to account for this bias.

Sediment clouds and sinking particles are assumed to have a minor impact on the fish

abundance identified using the Signature500 echosounder target tracking method given the

strict acoustic filters implemented. Potential fish targets are not only required to have a

strong backscattering strength (unlikely for small particles), but the target strength must

also exceed that of surrounding samples (unlikely for sediment clouds that occupy a larger

area; see section 4.2.3).

Potential improvements to the methodology presented would include an adaptive time-

in-beam requirement under different current speed scenarios. For example, if prior infor-

mation about schooling and swimming behaviour of fish are known, such as the maximum

swimming speed or behaviour when facing currents at various speeds, adjustments can be

made to the time-in-beam requirements that are able to capture fish reacting to the vari-

ous current speed stages. Furthermore, increased transparency on the Nortek Signature500

derivation of raw backscattering metrics reported (e.g. system constants and signal pro-

cessing methods) would greatly help identify limitations and opportunities for utilising this

instrument as a biological monitoring tool.
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4.4.2 Comments and recommendations

This study presents a methodology for estimating fish abundance and distribution met-

rics from a vertical-beam ADCP that is able to generate results comparable to those of a

multi-frequency scientific biological echosounder. While a high degree of correlation between

the two instruments was achieved for fish abundance, and the derived distribution metrics

(i.e. CM and I) were aligned to the point that a similar trend could be observed, this study

does not advocate for the replacement of scientific echosounders for environmental impact

assessment studies intended to generate conclusive recommendations for biophysical interac-

tions at tidal energy sites. Rather, this study showcases the benefits gained when measuring

backscatter from vertical-beam ADCPs as a complementary monitoring strategy during tidal

resource assessment. As the tidal energy industry advances and expands into larger and more

ambitious tidal turbine developments, insights about relative fish abundance and distribu-

tions gained during the tidal resource assessment phase can provide useful information for

tidal energy developers. This information can then be used to design more targeted environ-

mental impact assessment studies that focus on specific interactions potentials identified to

ensure sustainable development practices of tidal energy candidate sites.
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Chapter 5

Using a five-beam ADCP to monitor bio-
physical interactions at a tidal energy can-
didate site in the Clarence Strait, Australia

The Clarence Strait, located near Darwin in Northern Territory, Australia, was identi-

fied as a tidal energy candidate site with significant tidal energy resource potential by the

Tidal Energy in Australia (AUSTEn) project. Remaining uncertainties surrounding potential

effects of tidal energy devices on the marine environment, however, call for environmental

monitoring studies that evaluate fish responses to environmental conditions prior to their

installation. This study aims to observe fish abundance and distributions at the Clarence

Strait tidal energy candidate site and evaluate how these are linked to environmental con-

ditions (diel stage, tidal stage, current speed, and turbulence parameters). Samples of fish,

currents, and turbulence parameters were conducted with the Nortek Signature500 ADCP

from May 2019 to September 2019. Fish targets were identified using the echosounder con-

figuration for its vertical beam and applying a previously established noise removal and fish

target classification approach [4]. Overall, fish abundance was most influenced by diel stage

with a significant increase observed at night. Increased current speeds also showed higher

fish abundances while less turbulent regions within the water column were generally pre-

ferred by fish. The advantage of the sampling method presented in this study is that general

trends for fish responses to environmental conditions can be provided by applying only slight

modification to the sampling procedures employed during tidal resource assessments of tidal

energy candidate sites. Times and areas with increased interaction potentials can then be

further explored in more targeted environmental monitoring studies to make specific recom-

mendations to turbine developers that minimise fish-turbine interaction potentials. These

might include dedicated biological sampling equipment such as established and calibrated

multi-frequency biological echosounders that provide a more comprehensive understanding

about how fish of different sizes and species are influenced by environmental parameters at
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tidal energy candidate sites.

5.1 Introduction

In an effort to evaluate Australia’s tidal energy resource the Tidal Energy in Australia

(AUSTEn) project was initiated with the objective to map Australia’s tidal resources and

conduct site-specific characterisation studies at high potential tidal energy candidate sites

[10]. Two tidal energy candidate sites were evaluated for their resource extraction and tidal

turbine development potential as part of the AUSTEn project, namely the Banks Strait and

Clarence Strait that are located in the southern and northern coastal regions of Australia,

respectively. Tidal resource characterisation efforts involved extensive field campaigns that

included multiple survey expeditions intended to evaluate the physical and biological site

conditions from in-situ environmental monitoring operations. The Banks Strait field cam-

paign was launched in March of 2018 and completed in February of 2019, while the Clarence

Strait field campaign was launched in May of 2019 and completed in January of 2020. This

study focuses on the field activities conducted for the second field campaign intended to

characterise the tidal energy development potential of the Clarence Strait. Given the signif-

icant overlap between instrumentation, site conditions, and monitoring methods relevant to

both study sites, however, it is important to note that several parallels exist to the activities

conducted in the Banks Strait, which are discussed extensively in the following literature:

[1–3, 10, 45, 65–67, 105, 114].

5.1.1 Environmental impact assessments

With the tidal energy industry moving towards commercial-scale array installations,

environmental impact assessment studies that investigate potential device effects have become

a central focus for the licensing and permitting of large-scale tidal energy developments. One

of the most immediate environmental concerns for tidal energy is the encounter probability

between fish and turbines. In this regard, environmental impact assessment studies conducted

at tidal energy candidate sites to date provide insights into potential device effects pre-

installation [1, 2, 30] and evaluate interaction potentials between fish and tidal turbines

post-installation [26, 61, 88, 115]. Thereby, interactions between fish and tidal turbines very

much depends on whether fish are present in the region of the device in the first place [28,

38, 116, 117]. How fish respond to an altered physical environment resulting from tidal

turbine device installations, however, is still poorly understood, as few commercial turbine

installations currently exist. Instead, researchers investigate how fish and marine mammals

are linked to different physical and environment parameters at tidal energy sites under natural

conditions to then gain some indication for how changes to environmental parameters could
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influence potential fish-turbine interactions [2, 30, 61, 118].

Tidal energy candidate sites are subject to extensive turbulence regimes [119–121] and

hydrodynamic properties, including turbulence parameters, are known to change post-turbine

installation, especially in the wake of turbines [122–124]. As such, turbulence has been

shown to influence marine animal behaviour in dynamic aquatic environments including

tidal streams, where reduced flows and elevated turbulence intensities may provide foraging

opportunities and refuge from current flows [125], relate to the disorientation and dispersal

of fish [126], or increase prey availability affecting regional seal and seabird occupancy [118,

127]. A decrease in swimming stability and manoeuvrability in fish has also been attributed

to turbulence, making them more susceptible to predators and potentially decreasing their

ability to avoid collisions with turbine blades [23, 128, 129]. Given the highly dynamic

and turbulent characteristics of tidal energy sites, fish responses to turbulence and how

these might change post-turbine installation must be considered when evaluating the the

environmental implications of tidal turbine developments [23].

By investigating how fish abundance and distributions are influenced by environmental

parameters including turbulence, insights into potential co-location concerns between fish

and tidal turbines can be obtained. These insights might also indicate how changes in the

local turbulence regime by device installations might affect fish abundance and distribution

trends by identifying behavioural preferences of fish for specific turbulence conditions. For

example, lower turbulence regions around turbines could attract aggregations of small pelagic

fish that, in turn, could attract larger predatory fish to the region [23]. Measuring the influ-

ence of turbulence parameters against other environmental conditions known to influence fish

abundance and behaviour provides some relative indication for the importance of turbulence

for fish abundance and distributions at tidal energy sites. The influences of environmental

conditions, including turbulence, on fish behaviour varies by species and thus change with

location and season depending on the different species assemblages present [130]. For exam-

ple, Pavlov et al. [131, 132] found that increased turbulence decreases the maximum flow

velocity at which fish can hold station in a stream, which in turn raises the energy expendi-

ture costs to maintain position and is thus avoided by fish. In other studies, however, it has

been suggested that some fish seek out turbulence to find regions displaying higher current

velocities as in the case of juvenile salmon [133] - a practice from which fish species engaging

in tidal stream transport during on- and offshore migration would also benefit from [35, 86,

87].

Given these varying and often divergent findings for fish responses to environmental

parameters including turbulence, this study investigated fish abundance and distribution

trends at the Clarence Strait tidal energy candidate site and examined how fish responses

differed according to diel, current speed, and turbulence parameters observed.
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It also explored to what extend environmental impact assessment measures integrated

into tidal resource assessment campaigns conducted prior to site development efforts ex-

plained the variability we see in fish abundance and distributions at tidal energy candidate

sites. As such, environmental monitoring methods were conducted in association with the

tidal energy resource characterisation campaigns performed by the AUSTEn project at the

Clarence Strait tidal energy candidate site.

5.1.2 Clarence Strait site characterisation

The Clarence Strait is located 50 km north-east of Darwin between Melville Island and

mainland Australia, Northern Territory, and features a tropical climate. The strait spans

approximately 24 km in width and separates the Beagle Gulf on the West from the Van

Diemen Gulf on the East. Tidal currents in the Clarence strait are accelerated by passing

through channels formed by the uninhabited Vernon Islands and include the North, Howard,

and South channel with channel widths of 12.5 km, 4 km, and 1.5 km, respectively (Fig.

5.1).

Figure 5.1: Clarence Strait location (a) and bathymetry surveyed within the Clarence Strait (b). A
stationary mooring for long-term monitoring discussed in section 5.2.1 is indicated in red in panel b).

Physical site characteristics and environmental interactions were investigated during

an eight-month field campaign with several multi-day field expeditions carried out in May

2019, September 2019, and January 2020. Campaign activities included multi-beam surveys

for bathymetry, ADCP and echosounder deployments for long-term monitoring studies in

tidal channels that measured current speed, wave, and turbulence characteristics, as well as

relative fish abundance and distribution changes over time, CTD measurements for water

column properties (e.g. conductivity, temperature, salinity, turbidity), and sediment and

bottom-type assessments from bottom-grab, sub-bottom profiler, and penetrometer samples.

Tidal currents were measured at up to 1.40 m/s, 2.67 m/s, and 2.80 m/s for the North,

Howard, and South channel, respectively, during flood, and 1.91 m/s, 2.21 m/s, and 2.52 m/s
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during ebb. Ebb was characterised by an east-to-west flow axis and flood by a predominantly

west-to-east flow. Significant wave heights were measured at up to 1.48 m with an average of

0.3 m [10]. A 4 m tidal range is present in the Clarence Strait. Bathymetry surveys showed

depths from 10 m to 70 m for the approximately 63 km2 area surveyed, with tidal channels

generally showing deeper pockets of >60 m water depth (Fig. 5.1). Given the increased

current speed in the tidal channels, fine sediments are not able to settle out in these regions,

leading to the seafloor consisting mostly of exposed bedrock and rubble in these passages. In

less constricted areas where the sediment transport capacity is significantly reduced, which

allows for sediments to settle out, sediment coverage was found in form of mud banks in the

shallower regions around the islands. Given the shallow bathymetry and strong tidal currents

of the region, the water column was well-mixed with nearly constant temperature and salinity

profiles throughout the water column. A total of 34 conductivity, temperature, and depth

(CTD) casts were taken throughout the three field campaigns and measured temperatures

between 26.5◦C - 31.8◦C, salinity between 34.3 PSU - 35.59 PSU, and turbidity between 4.06

NTU - 9.63 NTU [10]. Little change occurred throughout the different seasons for salinity and

turbidity, and temperature showed differences of up to 5.2◦C from the dry (May-September)

to the wet season (January).

Fish species of the region

In the absence of dedicated biological sampling equipment needed to determine fish

species in this study, literature was reviewed to identify fish species known to frequent the

Clarence Strait region and the habitats they occur in. Thereby, it is important to note

that few studies included samples from within the Howard Channel or other high-flow tidal

channels given the constraints these areas pose for fishing activities and other biological sur-

veying methods. Previous fish and benthic surveys were completed around Darwin Harbour

using baited remote underwater video stations (BRUVS). BRUVS were deployed in the har-

bour at 22 sites during May-September (2011) and totalled 165 one-hour video samples for

species identification. 3075 individuals of 108 fish species from 41 families were recorded.

Fish species with the highest occurrence percentages out of all one-hour recordings included

the Northwest Threadfin Bream (Pentapodus porosus) at 49.7%, Blue Tuskfish (Choerodon

cyanodus) at 35.2%, Whipfin Ponyfish (Equulites leuciscus) at 32.1%, Stripey Snapper (Lut-

janus carponotatus) at 27.3%, Scribbled Angelfish (Chaetodontoplus duboulayi) at 27.3%,

Fringefin Trevally (Pantolabus radiatus) at 26.7%, Mackerel (Scomberomorus sp.) at 25.5%,

and Muller’s Coralfish (Chelmon muelleri) at 24.8% [134].

To enhance the diversity and abundance of recreational fish species in the Northern

Territory, the NT Department of Primary Industry (NT DPIR) explored the potential for

artificial reef construction. In its report on the design and siting for artificial reefs and
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fish attracting devices from June 2018, findings on the diversity and relative abundance

of fish species in the estuarine, coastal and marine waters of the Darwin region were in-

ferred from recreational catch numbers [135]. The most commonly caught fish were the

Barramundi (Lates calcarifer) and Golden Snapper (Lutjanus johnii), as well as smaller bait

fish including the Saddletail Snapper (Lutjanus malabaricus), Crimson Snapper (Lutjanus

erythropterus) and mullet fish (Mugilidae) [136]. Common fish found in soft sediment habi-

tats (i.e. sand and mud) included the Blue Threadfin (Eleutheronema tetradactylum), King

Threadfin (Polydactylus macrochir), Northern Whiting (Sillago sihama) and Pikey Bream

(Acanthopagrus pacificus). Fish that live in pelagic environments of the region and adjust

their preferred habitat based on prey availability include mackerel (Scomberomorus spp.),

trevally (Carangidae), Queenfish (Scomberoides commersonnianus) and Sailfish (Istiopho-

rus platypterus) [135]. Other fish targeted by fishermen in the region included (in common

names only) barracudas, billfish, blue salmon, cobia, cod, groper, coral trout, mangrove jack,

moonfish, queenfish, red emperor, tarpon, threadfin salmon, tuna and mud crabs [137].

5.2 Methods

Fish abundance and distribution were examined using the echosounder mode of the

Nortek Signature500 vertical beam. Although biomass estimates from ADCPs are typically

regarded as limited compared to scientific-grade biological echosounders due to sampling

resolution, beam orientation, difficulties in the calibration process, the Signature500 offers

improved biomass sampling capabilities by featuring an echosounder sampling mode for its

vertical beam with improved spatio-temporal sampling capabilities (4 Hz at up to 6 mm cell

size). Post-processing methods for the Signature500 to obtain fish abundance and distribution

metrics in the Clarence Strait, NT, were adopted from a previous study that evaluated the

Signature500 as a biological monitoring tool to determine fish abundance and distributions

at a tidal energy candidate site [4].

In the study presented by Scherelis et al. [4] the effectiveness of the Signature500

for surveying fish abundance and distributions at a tidal energy candidate site was evalu-

ated by comparing fish abundance and distribution metrics derived from the Singature500

echosounder to those derived from a calibrated, scientific biological echosounder in form of an

Acoustic-Zooplankton-and-Fish-Profiler (AZFP). Thereby, both the Signature500 and AZFP

were placed on a bottom-mounted mooring measuring in a concurrent sampling plan over a

one month field deployment at a tidal energy candidate site in the Banks Strait, Tasmania

[4]. Volume backscattering strength (Sv), area backscattering strength - a proxy for fish

abundance (Sa), and distribution metrics (centre of mass - CM and dispersion - I) were pro-

cessed for each instrument and compared (see section 4.2). A calibration offset of -99.1821
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dB was determined by comparing Sv measurements of the Signature500 echosounder to the

calibrated, 200 kHz AZFP transducer during times when current speed was low and the

number of fish targets present was comparatively high. This offset was applied to the Signa-

ture500 to gain backscattering values in the same magnitude scale as values reported by the

AZFP. Thereby, it is noted that since both transducers sampled at different frequencies and

standard-target calibration procedures for the Signature500 are difficult to implement due to

standard target availability and its accurate placement within the beam during field deploy-

ments, backscattering strengths and all subsequent variations presented by the Signature500

are to be interpreted as indexes for the absolute (i.e. calibrated) values only as noted by the

(′) as in S′v, for example [4].

Fish abundance estimates determined by the two instruments were correlated at r =

0.71, with the Signature500 tending to slightly underestimate fish abundances compared to

the AZFP during periods of lower fish presence, and slightly overestimate fish abundance

during periods of higher fish presence (Fig. 4.8; [4]). Given the success in capturing changes

and comparable trends for fish abundance and distribution metrics with the Signature500

compared to the AZFP in a tidally dynamic coastal environment, this study also applied

the processing methodology presented by Scherelis et al. [4] for Signature500 echosounder

measurements taken at the Clarence Strait, Northern Territory.

5.2.1 Data collection

A bottom-mounted mooring housing the Signature500 along with two additional battery

canisters and two acoustic release buoys was deployed in the Howard Channel at a depth of

∼53 m where the location displayed promising site conditions for tidal energy development

(Fig. 5.1). Deployed on May 23, 2019, the instrument sampled for 63 days until July 26,

2019, and was recovered during the September field campaign. The Signature500 was config-

ured with an alternating sampling program that included measurements for backscattering

strength, current speed, and turbulence parameters. Thereby, one sampling plan measured

backscatter from the vertical 5th beam and current speed from the four 25◦ slanted ADCP

beams for an ensemble length of 10 min that consisted of an active measurement time of

9:40 min followed by a 20 s idling period, allowing for measurements to be saved and stored

securely on the instrument’s memory card before switching to the other sampling plan. The

second sampling plan involved burst measurements for all five beams to derive turbulence

estimates over an ensemble length of 10 min also (9:40 active measurement time followed by

a 20 s idle period for instrument maintenance processes). Including a 20 s idle period was

recommended by the instrument’s manufacturer (Nortek®). Measurement settings for each

sampling plan are presented in Table 5.1.
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Figure 5.2: Mooring deployed in the Howard channel of the Clarence Strait (see Fig. 5.1 b) housing
the Signature500 ADCP with two additional battery canisters and two acoustic release buoys. The left
image shows the mooring at deployment (May 2019), and the right image after recovery (September
2019).

Table 5.1: Instrument collection settings.

Settings Signature500

Echosounder CSPD Turbulence
(500 kHz) (500 kHz) (500 kHz)

Beams used 1 (vertical) 4 (slanted) 5 (both)

Sampling range (m) 64 64 64

Sample height (m) 0.072 1 1

Beam width (◦) 2.9 2.9 2.9

Sampling rate (Hz) 4 1 4

Pulse duration (τ) (ms) 0.5* - -

Blanking distance (m) 0.5 0.5 0.5

Averaging interval (s) - - -

Ensemble length (min) 9:40 9:40 9:40

Idle time (min) 0:20 0:20 0:20

* indicates pulse compression was applied. ’Current speed’ abbreviated to
’CSPD’.

5.2.2 Post-processing

Backscatter recorded from the Signature500 was corrected for transmission losses and

system noise according to:

S′v = 10log10(10E/10 − 10Er/10) + 20log10(R) + 2αR+ C,
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where S′v is the volume backscattering strength (dB re 1 m−1) recorded, E the raw echo

intensity received by the transducer (i.e. backscattering strength in dB re 1 m−1), Er the

system noise constant (estimated as the lowest E recorded every 4 hours), R the range along

the centre beam (m), and α the absorption coefficient (0.187dB/m). The absorption coeffi-

cient (α) was determined from CTD-measured sound speed (c) at deployment (1542.55 m/s )

based on salinity (34.7 ppt), temperature (28.4◦C), depth (53 m), and acoustic frequency (500

kHz)[110]. The constant C represents an estimated system offset (−99.1821 dB) determined

by Scherelis et al. [4] (see section 4.2.3).

Noise filtering

Backscattering strength from the surface varied in depth and intensity with wind and

wave action present at the surface. The noise removal procedure applied in this study followed

approaches previously outlined in studies dealing with noise signatures in hydroacoustic sur-

veys at tidal energy candidate sites [2, 55]. Regions contaminated with surface backscatter

were removed by identifying samples with high backscatter intensity and surface connectivity.

Surface connectivity was defined as samples extending from the surface that consistently had

a signal strength above the median value for that ping (Fig. 5.3).

Figure 5.3: Example echograms for backscattering strength (S′v) measured by the Signature500
sampling in echosounder mode over an 8-hour period with surface interferences shown (a) and after
removal (b). Blank spaces indicate times when the instrument switched to 5-beam turbulence sampling
and no backscattering strength data were collected.

Increased background noise observed during times of increased current speed was ad-

dressed by implementing a dynamic noise filter that estimated and subtracted noise added
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from current speeds and other environmental conditions to produce comparable median

backscattering strengths during periods of low and high current speed conditions (Fig. 5.4).

Three filter parameters were evaluated at different settings to determine their effectiveness

for mitigating background noise during increased current speed conditions. These included

1) m× n cell windows (i.e. range and time) from which background noise was estimated, 2)

filter percentile as the nth percentile of all samples within the m× n cell window that would

be subtracted (in the linear domain) from all samples within the m×n window if it exceeded

a specified noise threshold, and 3) a specified noise threshold where acoustic noise filtering

would only be applied if the nth percentile of the m×n windows exceeded the specified noise

threshold. Thereby, the noise threshold is representative for a background noise condition

during low current speeds (< 0.2 m/s).

Figure 5.4: Example echograms collected by the Signature500 during different current speed conditions
at the study site. a) indicates the current speed sampled from the 4 slanted ADCP beams, b) and
c) the concurrently collected raw echograms (post surface interference removal) measured from the
vertical beam during peak flow (b) and slack flow (c) as indicated by the red bars. d) and e) show
the respective echogram examples after noise filtering was applied.

To determine which combination of acoustic filter parameters would best remove current

speed induced noise, a sensitivity analysis was performed that evaluated multitude of com-

binations for the three acoustic filter parameters used, and identified the variance in median

backscattering strength for low- and high current speed scenarios. Acoustic filter settings

that produced the lowest variance between low and high backscattering scenarios were deter-

mined to be most successful at removing current speed induced noise. Finally, after optimal

noise filters were applied, a signal strength threshold of -68 dB was implemented to remove

any remaining small or non-fish scatterers.
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Deriving fish abundance and distribution metrics

To better separate backscatter of fish from other scattering sources in the water column,

a customised filtering process was applied that utilised the dynamic sampling capabilities

of Signature500 taking echosounder and current speed measurements simultaneously from

its vertical and slanted beams, respectively. This process is previously outlined in [4] and

involves a target tracking and classification approach where a target passing through the

beam is tracked, and the number of targets that make up this track (i.e. time-in-beam) is

compared to the expected time-in-beam of a passive particle drifting with the currents. If

the time-in-beam exceeded that of the theoretical time-in-beam for a passive particle drifting

with the currents by at least 0.5 s, it was considered a fish target. If a target was swimming

with the flow, it was considered a passively drifting object and not a fish target. Thereby, the

theoretical time-in-beam (i.e. maximum number of samples - Smax) was calculated based on

current speed (CSPD), geometry of the vertical beam (i.e. 3 dB acoustic beam-angle θ3dB),

range (R) from the transducer, and sampling rate (fs) according to:

Smax =
2R× tan

(θ3dB
2

)
CSPD

× fs

The number of targets within each track (TN ) was compared to the corresponding time and

range of Smax, where a fish target would be determined as such if TN exceeded Smax (i.e.

TN > Smax; Fig. 5.5).

As noted in section 5.2, this target tracking and classification approach was previously

applied and validated by comparing derived fish abundance and distribution metrics to those

obtained from a calibrated, multi-frequency biological echosounder (AZFP) [4]. Similar to

what a dB-differencing approach attains in fish target classification for the multi-frequency

AZFP by evaluating the frequency response of a fish target across multiple frequencies (38-

67-125-200 kHz for the AZFP), this target-tracking and time-in-beam evaluation approach

was shown to improve fish target classification. The Signature500-AZFP correlation for fish

abundance was much higher when using this technique (r = 0.71) than when only total

backscatter was considered (r = 0.45).

To ensure that all measurements within a track were in fact consecutive measurements

from the same target, no gaps were allowed to exist within a track (i.e. no missed pings

were considered for classifying a fish track). Furthermore, all sampling ranges up to where

a passive particle could travel along the diameter of the beam at the given current speed

without detection (due to the limited sampling rate) were dismissed. Since Smax was di-

rectly proportional to current speed, periods of high current speed had a decreased sampling

range compared to low current speeds. To avoid any potential biases resulting from varying

87



sampling ranges with the tides and surface conditions, only parts of the water column that

were not affected by these processes were considered for further analysis (i.e. 10 m to 46.5

m range).

Figure 5.5: Fish tracking and classification process based on the time-in-beam of fish targets. a)
indicates the maximum number of samples (Smax) for a particle passing through the diameter of the
acoustic beam at a given range (left y-axis) and current speed (right y-axis) over an 8-hour period.
b) shows a one-minute inset of Smax with potential fish targets superimposed on the graphic at their
respective backscattering strengths (S′v) indicated by the colorbar. c) shows the same one-minute
inset with the fish tracking and classification procedure applied, where green indicates fish tracks
with target numbers (TN ) that satisfied the required number of samples (Smax) at the given range
and current speed (i.e. TN > (Smax + fs · t)), and red indicates target tracks that did not meet this
requirement. Greyed-out areas represent sampling ranges where a potential fish travelling along the
centre axis of the beam could not be reliably classified and were thus dismissed.

Fish abundance was estimated from the number fish tracks that passed the time-in-

beam stipulation (TN > Smax) and minimum target threshold (-68 dB) within a 1 m by 10

min spatio-temporal cell. Total area backscatter (S′a) was calculated as the sum of mean

backscattering strength of all fish tracks within a cell to derive an index for fish abundance

according to:

S′a Sig500FT
= 10 log10

nf∑
i=1

s̄′v(i)∆R,

where nf is the number of fish tracks between ranges R1 and R2 represented by ∆R, and

s̄′v(i) equals the mean backscattering strength of one fish track (sv equals Sv in the linear

domain (sv = 10Sv/10). As such, a fish abundance echogram was created that expressed

an index of the total fish abundance within a spatio-temporal cell of 1 m by 10 min (Fig.
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5.6a). As a one-dimensional expression of total fish abundance present throughout the water

column the sum of S′a for all depth cells was taken (Fig. 5.6b).

Vertical distribution changes in fish abundance at the study site were evaluated using

the statistical measures centre of mass (CM) and inertia (I). CM describes the mean range

of fish from the transducer weighted by fish abundance (S′a). Inertia (I) indicates the spread

of fish in the water column (i.e. dispersion), which was calculated as the sum of squared

distances of fish from CM , weighted by the fish abundances index (S′a) for each cell, and

normalised by the total backscattering area (i.e. total fish abundance) sampled during the

10-minute time interval (Fig. 5.6c, d).

CM =

∫
zs′a(z)dz∫
s′a(z)dz

I =

∫
(z − CM)2s′a(z)dz∫

s′a(z)dz
,

where z is range from the transducer (i.e. depth) and s′a equals S′a in the linear domain

(sa = 10Sa/10).

Estimating turbulence parameters

Turbulence intensity (TI) and total turbulent kinetic energy (TKE) were estimated

from along-beam velocities sampled during the 5-beam burst measurements as part of the

alternating sampling plan configured for the Signature500. Instrument configuration for burst

measurements are presented in Table 5.1. TI and TKE were estimated according to the

methodology outlined by Guerra et al. [138] for calculating turbulence parameters collected

from the 5-beam Signatures ADCPs from Nortek. Guerra et al. [138] noted that the inclusion

of a fifth beam allows for a true measurement of vertical velocities and the estimation of five

(out of six) Reynolds stresses, total TKE, and anisotropy directly from along-beam velocities

and included a step-by-step processing guide with MATLAB code for calculating the different

turbulence parameters from a raw data structure collected with a Nortek Signature1000

ADCP [138]. Turbulence parameters TI and TKE were investigated for their relation to fish

abundance and distributions, as they describe the extent of fluctuating velocities throughout

the water column.

Data were quality controlled using the manufacturer’s recommendations where data

showing <50% beam correlation and <30 dB amplitude were removed, which affected 1.87%

of all turbulence data sampled. Sampling ranges above 46 m (top ∼10% of the water column)

were dismissed from further processing to avoid potential side lobe interference near the sur-

face. Doppler noise (σ2N ), created as a byproduct of velocity calculations by the instrument,

was evaluated as 7.66 cm/s by consulting the high-frequency spectra of horizontal velocity
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Figure 5.6: Fish abundance and vertical distribution metrics sampled for five days from June 1st to
June 5th (2019) in the Howard channel of the Clarence Strait (NT, Australia). a) shows the total area
backscatter (S′a) from fish tracks within a 1 m by 10 min cell, where the solid line shown at ∼50 m
indicates the sea surface and the greyed-out areas at <10 m represent ranges where fish could not be
reliably classified under maximum current speed conditions. b) represents the depth-integrated area
backscatter (i.e. S′a for the entire water column), c) the centre of mass (CM) and d) the dispersion
(calculated as inertia - I) of fish in the water column, which were derived according to fish tracks
observed between the dotted lines shown in a) (10 m to 46.5 m).

measurements and observing values where the spectrum flattens out to noise saturation [139,

140]. An ensemble length of 9:40 min was chosen to ensure that tidal currents within each

ensemble did not change much and larger trend changes (e.g. with the tidal cycle or weather)

between ensembles was captured. Estimates for turbulence parameters TKE and TI were

calculated for all ensembles sampled from May 23rd to July 24th; N = 4079). Turbulence

intensity is commonly referred to when assessing overall turbulence levels and describes the

proportion that turbulent fluctuations attribute to total velocity measurements. It is often

expressed as a percentage and related to the mean velocity as follows [107, 139]:

TI =

√
u′2 − σ2N
ū

where u is the streamwise velocity component, u′2 the velocity variance, σ2N the Doppler

noise from the instrument, and ū the mean streamwise velocity. Total turbulent kinetic energy
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(TKE) describes the amount of energy contained in turbulent fluctuations per unit mass and

is a function of the streamwise, cross-stream, and vertical velocity fluctuations (u′, v′, and

w′, respectively), and is calculated as [105, 107]:

TKE =
u′2 + v′2 + w′2

2

Given the possibility of measuring true velocity along the vertical (5th beam) of the Sig-

nature500, TKE was calculated directly from along-beam velocity measurements as demon-

strated by [138, 141] as follows:

TKE =
1

4sin2θ

[(
b′21 + b′22 + b′23 + b′24

)
− 2
(
2cos2θ − sin2θ

)
b′25 −

(
cotθ − 1

)
φ3
(
b′22 − b′21

)]
where the along-beam velocity fluctuation variances are given by b′21...5 for beams 1

through 5, φ3 indicates the instrument’s roll measured by the internal motion sensor, and θ

the angle of the slanted ADCP beams (25◦ for the Signature500).

TI and TKE were estimated for each 10 min ensemble length and 1 m range bin (Fig.

5.7). Next, these two dimensional variables were compressed into two one-dimensional metrics

for direct comparison to the fish abundance and distribution metrics (S′a, CM , and I; Fig.

5.6). Therefore, the mean of TI and TKE (TI and TKE) described relative magnitudes of

each metric throughout the water column during each ensemble, and their vertical profiles

(i.e. relative depths throughout the water column - ZTI and ZTKE) were calculated as the

mean distance (z) of TI and TKE from the transducer, weighted by the relative magnitudes

at each depth as follows:

ZTI =
Σ
(
z × TI

)
ΣTI

ZTKE =
Σ
(
z × TKE

)
ΣTKE

5.2.3 Data analysis

Physical site conditions involving current speed (CSPD), tidal stage (flood/ ebb),

diel stage (day/ night), and turbulence parameters, including total turbulent kinetic energy

(TKE), turbulence intensity (TI) and their vertical profiles (ZTKE and ZTI) were investi-

gated for their influence on fish abundance (S′a) and distributions (CM and I). Assumptions

of normality were tested using the Shapiro-Wilk test. The non-parametric Kolmogorov-

Smirnov test was used to test for statistical significance between distributions using a signif-

icance level of p < 0.05. Spearman’s rank-order correlation coefficient (rs) was calculated to
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Figure 5.7: Total turbulent kinetic energy (TKE) and turbulence intensity (TI) measured for five days
from June 1st to June 5th (2019) in the Howard Channel of the Clarence Strait (NT, Australia). a)
shows a time series of total TKE for each 1 m depth cell and 10 min ensemble. Current speed is shown
in blue according to the right y-axis. The alternating white areas show times when the instrument
switched from 5-beam turbulence sampling to the echosounder and current speed sampling plan. b)
shows a time series of mean TKE (TKE) and mean TI (TI), and c) the relative depths of TKE and
TI throughout the water column.

indicate the relation between individual predictor and response variables and is presented in

Table 5.2.

Next, multiple linear regression models were developed to investigate the variance ex-

plained in the response variable (S′a, CM , I) by all predictors in combination. Thereby,

z-score transformation was applied to eliminate differences in units and magnitude scales

reported for each variable to where a value of 0 indicates the mean and 1 that the variable

measures one standard deviation from the mean. This approach allows for the relative impor-

tance of predictors in a linear model to be estimated based on their standardised coefficients

(β). Furthermore, stepwise regression was applied to determine if the model could be im-

proved by adding combinations of physical conditions measured (i.e. predictor interactions)

to the model, or by removing insignificant predictors (p > 0.05). Note that this stepwise lin-

ear model building approach aims for the best-fit model with the least amount of predictor

variables. Pre-defined predictor interactions tested for included current speed (CSPD) with

all turbulence parameters (TKE, TI, ZTKE , ZTI), and interactions among all turbulence

parameters. Best-fitted models for each response variable (S′a, CM , I) are presented in Table

5.3 and Table 5.4 with the equation, slope (βXn), standard error, explained variance (r2),

and root-mean-squared error (RMSE) reported. Best-fit model equations identified using

stepwise linear regression in Table 5.4 are presented in Wilkinson-style notation.
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5.3 Results

Depth-averaged current speeds in the Howard Channel from May through July (2019)

reached a maximum of 2.45 m/s with a mean of 1.19 m/s during flood, and a maximum of

1.94 m/s with a mean of 1.01 m/s during ebb (Fig. 5.8).

Figure 5.8: Vertical profile of current speed measured during ebb and flood tides in the Howard
Channel from May through July. Variable measurements at the surface were caused by the tidal
range at the study site that caused measurements in the surface layers to fluctuate.

TKE increased with increasing current speeds and was generally greatest towards the

seafloor, with higher magnitudes represented during semidiurnal flood tides (Fig. 5.7) when

current speeds were also higher. Turbulence intensity (TI) showed the opposite relation with

current speed compared to TKE, but a similar pattern regarding its vertical distribution

throughout the water column (Fig. 5.7).

5.3.1 Patterns observed

A rank-order correlation matrix (rs) between predictor and response variables is pre-

sented in Table 5.2. Fish abundance (S′a) was significantly higher at night, showing an

average increase of 26% between the hours of 18:30 and 07:00 the next day (p < 0.05). Ad-

ditionally, fish were located higher in the water column and more dispersed at night, with

CM increasing 2.17 m and I 118% on average. Fish abundance also increased with increas-

ing current speeds both day (rs = 0.32) and night (rs = 0.43), with the most significant

increase occurring from 0 - 1.5 m/s (Fig. 5.9 b,c). Vertical distribution of fish also changed

with increasing current speeds from 0 - 1.8 m/s both day and night, where fish continuously
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occupied regions higher in the water column (rs = 0.35 and rs = 0.51 for day and night,

respectively) and increased in dispersion (rs = 0.45 and rs = 0.58 for day and night, repres-

sively). When current speeds exceeded 1.8 m/s, fish were centred lower in the water column

and more aggregated, showing a mean CM change of 3.1 m and 15.5% decrease in dispersion

(Fig. 5.9b,c) when current speeds exceeded 1.8 m/s. Tidal stage had a limited influence on

fish abundance observed, which was higher at flood tides during the day compared to ebb

tides (27% increase; rs = 0.1), and slightly lower with ebb tides at night compared to flood

tides (-9.3%; rs = -0.06). Vertical distribution showed no significant differences between tidal

stages, except for daytime fish dispersion (I), which was slightly elevated during flood tides.

Figure 5.9: a) fish abundance (S′a), b) centre of mass (CM), and c) dispersion (I) of fish sampled in
the Howard Channel for the entire study duration. Metrics are grouped by diel stage (day and night)
and binned by current speed in intervals of 0.3 m/s (x-axis). The dotted line displays the best-fit
line at each respective diel stage. The red line within each boxplot represents the median, lower and
upper edges of each boxplot the 75th and 25th percentiles, and whiskers the 5th and 95th percentiles.

Fish abundance and vertical distributions showed varying degrees of alignment with

turbulence parameters. Generally, fish abundance was higher when total turbulent kinetic

energy (TKE) and turbulence intensity (TI) was reduced and concentrated lower in the
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water column as indicated by ZTKE and ZTI (see Table 5.2). The only exception was noted

during the day, when fish abundances observed were slightly increased with higher TKE (rs

= 0.05). Vertical distribution of fish also showed some response to turbulence parameters,

where fish were located higher in the water column and more dispersed during times of

increased TKE. Conversely, fish were located closer to the seafloor and more aggregated

when turbulence intensity (TI) was high, and when turbulence parameters reached higher

into the water column as indicated by higher ZTKE and ZTI values. These patterns were

consistent for day and night observations.

Table 5.2: Correlation matrix for fish abundance and distribution metrics with physical site conditions.
(∗) indicates correlation coefficients that are not significant (p > 0.05). Current speed is indicated by
CSPD, mean turbulence intensity and turbulent kinetic energy by TI and TKE, respectively, and
their vertical profiles (i.e. index for the depth that these turbulence parameters occur at) by ZTI and
ZTKE .

Response Predictor variable correlation (rs)

variables Diel CSPD Tidal Stage TKE ZTKE TI ZTI

Stage Day Night Day Night Day Night Day Night Day Night Day Night

S′a -0.37 0.32 0.43 0.1 -0.06 0.05 -0.11 -0.08 -0.08 -0.09 -0.11 -0.03* -0.14
CM -0.23 0.35 0.51 0.03* 0.02* 0.11 0.12 -0.1 -0.08 -0.16 -0.23 -0.09 -0.07
I -0.47 0.45 0.58 0.06 -0.01* 0.16 0.1 -0.17 -0.1 -0.24 -0.22 -0.12 -0.05

Best-fitted multiple linear regression models identified from a stepwise regression ap-

proach to predict fish abundance (Sa) and vertical distributions (CM and I) from physical

site conditions including diel stage, tidal stage, current speed (CSPD), total turbulent kinetic

energy (TKE, ZTKE), and turbulence intensity (TI, ZTI) are given in Table 5.3. Significant

regressions were found for all predictor-response relationships explored, with total explained

variance (r2) in best-fit models ranging from 0.19 for CM , over 0.26 for S′a, to 0.33 for I . In

all cases, diel stage and current speed were found be to the most important predictors, fol-

lowed by mean turbulent kinetic energy (TKE). Turbulence intensity (TI) and the vertical

changes in turbulence parameters (ZTKE and ZTI) were less influential and often found to

be insignificant predictors for the best-fit models generated (Table 5.3).

Table 5.3: Multiple linear regression outcomes for fish abundance and distribution metrics using
physical site conditions as explanatory variables, where (∗) indicates not meeting the 5% significance
level (p > 0.05).

Response Predictor coefficients (N = 4079) Model fit

variable Intercept Diel Stage CSPD Tidal Stage TKE ZTKE TI ZTI F-stat r2 RMSE
β0 SE β1 SE β2 SE β3 SE β4 SE β5 SE β6 SE β7 SE

S′a 0.34 0.02 -0.83 0.03 0.34 0.01 0.03* 0.03 -0.13 0.02 -0.01* 0.02 -0.01* 0.01 -0.04* 0.02 204 0.26 0.86

CM 0.13 0.02 -0.34 0.03 0.39 0.01 0.03* 0.03 0.07 0.02 0.05 0.02 -0.03 0.01 0.01* 0.02 130 0.19 0.90

I 0.33 0.02 -0.75 0.03 0.44 0.01 -0.02* 0.03 0.04 0.01 -0.00* 0.02 -0.02* 0.01 0.04 0.02 276 0.33 0.82

Interaction terms between current speed and turbulence parameters were considered in

a stepwise linear model, where predictors and predictor interaction terms with insignificant

model contribution (p > 0.05) were removed. ∆r2 in Table 5.4 shows that adding interac-

95



tion terms to the model does not significantly improve the explained variance (r2) for fish

abundance and distribution metrics. Best-fit models that considered predictor interaction

terms were able to explain 27%, 19%, and 32% of variance in fish abundance, centre of mass,

and dispersion, respectively. Significant interaction terms identified included vertical posi-

tion of turbulence intensity with current speed (CSPD · ZTI) and total turbulent kinetic

energy (TKE · ZTI) for fish abundance, and current speed with turbulent kinetic energy

(CSPD · TKE and CSPD · ZTKE) for the centre of mass (CM).

Table 5.4: Stepwise linear regression model outcomes that included interaction terms for current speed with
turbulence parameters and excluded insignificant predictor variables (p > 0.05). Model equations are shown in
Wilkinson style notation below. Improvements in the r2 score compared to model outcomes in Table 5.3 are given
as ∆r2.

Response Predictor coefficients (N = 4079) Model fit

β0 β1 β2 β3 β4 β5 β6 β7 F-stat r2 ∆r2 RMSE

S′a
a 0.35 -0.83 0.34 -0.11 -0.05 0.08 -0.05 - 245 0.268 < 0.01 0.86

CMb 0.15 -0.33 0.39 0.07 0.06 -0.03 0.05 0.08 134 0.19 < 0.01 0.901

Ic 0.33 0.76 0.44 - - - - - 956 0.32 < 0.01 0.823
a Model: Sa = β0 + β1(DielStage) + β2(CSPD) + β3(TKE) + β4(ZTI) + β5(CSPD · ZTI) + β6(TKE · ZTI)
b Model: CM = β0 + β1(DielStage) + β2(CSPD) + β3(TKE) + β4(ZTKE) + β5(TI) + β6(CSPD · TKE) +
β7(CSPD · ZTKE)

c Model: I = β0 + β1(DielStage) + β2(CSPD)

5.4 Discussion

Fish abundance and distributions sampled at the Clarence Strait tidal energy candidate

site varied with changing environmental conditions for diel stage, tidal stage, current speed,

and turbulence parameters. Fish were more abundant, less aggregated (i.e. more dispersed),

and located higher in the water column at night compared to daytime observations. In-

creased biological activity at night is consistent with observations made at other tidal energy

candidate sites including the Banks Strait, Australia [1, 2], Ocean Renewable Power Com-

pany (ORPC) tidal energy candidate site in Cobscook Bay, Maine [27, 63], and Fundy Ocean

Research Center for Energy (FORCE) test site in Minas Passage [49]. Increased dispersion

at night was also identified at the Banks Strait tidal energy candidate site, yet the centre

of mass (CM) was lower, indicating that fish were generally closer to the seafloor at night

in the Banks Strait compared to the Clarence Strait. Fish abundance and distributions in

response to current speed at different tidal energy candidate sites was also observed. Where

the Clarence Strait (as shown here), Banks Strait, [1, 2], and European Marine Energy Cen-

tre (EMEC) tidal site in Orkney, Scotland [61] showed increased fish abundances at higher

current speeds, studies at the ORPC tidal energy sites in Cobcook Bay, Maine, for example,

did not show linkages between fish counts and current speed [30]. Similar discrepancies were

also observed for the vertical distributions of fish, where the Clarence Strait showed higher
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dispersion and an elevated centre of mass (CM) with increasing current speeds, the Banks

Strait showed high dispersion and a lower CM [2]. Variable distribution of fish throughout

the diel- and tidal cycle were also observed at the EMEC tidal site in Orkney, Scotland

[61], and ORPC site in Cobscook Bay, Maine [88], suggesting that preferences in fish for

environmental factors are likely to vary by location and species assemblage.

Tidal stage showed some differences in fish abundance, with flood tides displaying higher

fish abundances during the day and lower abundances at night. No significant differences

were found in the mean location of fish in the water column (CM) with tidal stage, and

dispersion was slightly increased during flood tides during the day with no significant effects

observed at night. Similar results were found for the Banks Strait, Australia, where the

tidal stage with higher current speeds (ebb tide in this case) showed higher fish abundances

[2]. Whether discrepancies by tidal stage, such as higher fish abundance during flood tide

as shown in this study, are due to the west-east flow direction, higher current speeds that

occurred during flood tides, or both, remains unclear.

With installed tidal turbines altering the natural flow structure at tidal energy sites,

ecological responses in the environment must be considered [115, 124]. Investigating fish

responses to different turbulence scenarios at tidal energy candidate sites could prove to be

an important metric for gauging how changes in the natural flow structure after turbine

installations might be reflected in the abundance and vertical distribution of fish. For exam-

ple, the wake of tidal turbines, characterised by reduced current speeds and high turbulence

intensities [115], have been associated with possible attraction areas for fish by providing

flow refuge and foraging opportunities [125], while also being linked to greater dispersal and

disorientation in fish that increase their energetic costs and heighten predator exposure [51,

126]. Findings from this study show that less turbulence was generally preferred by fish,

where lower TKE and TI showed greater fish abundances. Vertical distribution and dis-

persion of fish showed opposite responses to TKE and TI. When turbulent kinetic energy

(TKE) was increased, fish were located higher in the water column and more dispersed.

Thereby, TKE was highest closer to the seafloor during periods of increased current speeds

as reflected by ZTKE , and alludes to the fact that fish avoided the most turbulent regions

close to the seafloor. When turbulence intensity (TI) was highest (during lowest current

speeds), fish were lower in the water column, more dispersed, and slightly less abundant.

Multiple regression models showed mixed success in predicting fish abundance and distribu-

tion metrics, with diel stage and tidal stage being the main drivers and turbulence parameters

playing a minor role in comparison (Table 5.3). In some cases, turbulence parameters even

played a statistically insignificant role and were thus eliminated from best-fit models in the

step-wise regression process. It is also important to note that 67% - 81% of variances were

not explained by the linear model approach. This unexplained variance can be attributed
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to the possibility that fish abundance and distribution metrics at the study site were driven

by additional physical or biological components (or both) not included or sampled in this

study (e.g. primary productivity, seasonal predator-prey relations, internal waves, etc. [52,

84, 85]). Furthermore, the remaining error of the Signature500 in estimating fish abundance

and distribution metrics also most certainly play a role here.

The mixed response to turbulence observed, where fish abundance seems to have dif-

ferent responses to turbulent kinetic energy and turbulence intensity, is possibly linked to

the Turbulence Attraction and Avoidance hypothesis presented by [128]. Here it is proposed

that fish sense and seek out regions with increased turbulence levels due to the roughness

elements that offer potential shelter from current flow, but then look for areas where expo-

sure to turbulence is minimised and potential destabilisation effects can be avoided. In the

end, post-installation monitoring studies will show how fish are influenced by tidal turbine

structure during the operation and non-operational phase, and how these findings compare

to the natural conditions observed.

5.4.1 Study limitations and future research

With the echosounder function on the vertical beam being an additional feature to the

Signature500’s original intention of measuring currents, turbulence, and wave features, sev-

eral post-processing steps are required to extract meaningful information on fish abundance

and distributions. Thereby, every additional processing step carries limitations. The strict

filtering procedure for fish samples based on target tracking and time-in-beam measures dic-

tate, for example, that proportionally larger fish with the morphological capacity to hold

their position in strong current are selected for, and that fish species exhibiting behavioural

traits where these environments are preferred are also more likely to be sampled.

Additional limitations to the applied noise filtering and target tracking procedure include

constraints in sampling range and noise classification. Given the sampling rate of 4 Hz, it is

not possible to identify consecutive targets as a cohesive track close to the transducer at high

current speeds, when targets travelling with the currents pass through the acoustic beam

too quickly for the instrument to take a second sample. To be consistent throughout the

study period, the minimum sampling range must be adjusted based on the maximum current

speeds. As such, it was set to 10 m in this case. Furthermore, the noise classification and

removal procedure estimated background noise over a spatio-temporal dimension of 29 cm

by 3 s, which was identified by the optimal noise filter sensitivity analysis (see section 5.2.2).

Any fish school that remained in the beam for longer than 3 seconds while simultaneously

filling out at least 4 range bins (i.e. 29 cm of water column), would be classified as a cell

with high background noise and limit individual fish target tracking success by removing
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any samples with lower backscattering strengths than surrounding samples. A dedicated

section detailing the survey limitations of the Signature500 for sampling fish abundance and

distributions is presented in [4].

In short, the Signature500 has limitations in its ability to describe biological features

in the water column including fish abundance, distribution, and aggregation metrics, but is

able to provide general trends for these metrics at tidal candidate energy sites [4]. Ideally,

biological sampling should be done with a calibrated, scientific biological echosounder that

is not only able to describe trends, but also provide greater confidence in noise filtering and

fish target selection, as well as additional information about fish sizes and perhaps even fish

species if the scattering profile of certain fish species across different sampling frequencies is

known in advance [80, 81]. Information about fish sizes could be of great value for assessing

fish-turbulence interactions at tidal energy candidate sites and would allow for investigations

into the effect of different turbulence length scales on fish. Turbulence length scales (i.e.

different eddy sizes) have been shown to affect fish differently based on the critical length

scale principle that describes the size ratio between turbulent eddies and fish length. Different

interaction effects such as varied critical swimming velocities [142] and destabilisation in the

swimming behaviour of fish [143] have been observed in relation on the critical length scale.

Therefore, to gain a better understanding about how turbulence affects fish at tidal energy

candidate sites, more information about the species assemblage and fish sizes are needed. A

combined sampling approach for turbulence with an established, multi-frequency biological

echosounder, broadband system, or split-beam echosounder with target tracking capabilities

are needed to yield a better understanding of how fish populations respond to changes in

turbulence parameters at tidal energy candidate sites.

Although some disparities in biophysical linkages were noted between the Banks Strait

tidal energy candidate site located in a temperate climate and the Clarence Strait tidal energy

candidate site in a tropical climate, it cannot be concluded that these were exclusively due

to the different climate regimes. Several other discerning factors between the two tidal

energy candidate sites could also be argued to cause the variations observed, such as an

increased depth, higher tidal velocities, different habitat type, and calmer surface conditions

at the Clarence Strait compared to the Banks Strait. To better understand how tropical

site conditions such as increased temperatures with less seasonal variation, elevated salinity,

higher solar irradiance, and a distinct fish species assemblage play into the differences in

biophysical linkages observed at a temperate site, physical site characteristics that are not

dependent on climate conditions must be more comparable.
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5.5 Conclusion

This study examined fish abundance and distribution trends in response to environmen-

tal and hydrodynamic site conditions at a tidal energy candidate site in the Clarence Strait,

Australia. Diel stage, tidal stage, current speed, and turbulence parameters were examined

as environmental predictors, where diel stage was shown to be the most influential predictor

for biological activity, followed by current speed. Turbulence parameters were shown to have

a comparatively minor influence, where fish showed a general preference for regions with

less turbulence, but that their distribution in the water column was mainly dependent on

the along-channel current speeds that were present. In addition, this study showcased the

versatile application potential of the Signature500 to include sampling plans for turbulence,

backscattering strength, and current speed in one deployment. However, it must be noted

that the Signature500 was only able to indicate relative trends for fish abundance and distri-

bution changes in this study and should be used with caution when it comes to biomass study

applications. Further studies with specialised biological echosounders are recommended for

conclusive insights on how fish at tidal energy candidate sites interact with turbulence and

would be expected to respond once natural turbulence structures are altered following turbine

installations.
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Chapter 6

Conclusions

This thesis sought to advance environmental monitoring procedures that describe inter-

actions between physical and biological processes at tidal energy candidate sites. The study

was motivated by the need for standardised environmental monitoring practices that inform

about biophysical linkages at tidal energy candidate sites and the demand for cost-effective

monitoring strategies that developers of this emerging renewable energy sector can implement

to meet regulatory EIA criteria. Through dedicated case studies this study demonstrated how

environmental monitoring applications can be adopted into tidal resource assessment cam-

paigns, introduced processing methods for large hydroacoustic datasets collected in dynamic

oceanographic environments, and examined biophysical linkages between fish and environ-

mental parameters at two distinct tidal energy candidate sites in Australia. Strategies and

methodologies demonstrated may be adopted at other tidal energy candidate sites to gain

a baseline understanding about how fish utilise these marine habitats. Chapter 1 intro-

duced the state of the industry to date, described some of the current needs of industry and

regulators with respect to EIA studies, and presented the research objectives and novelty

components of this thesis. Chapters 2 - 3 focused on fish abundance and distributions in-

vestigated at the Banks Strait. Chapter 4 utilised a portion of this dataset to evaluate the

biological monitoring capacity of the Signature500, and Chapter 5 focused on the Clarence

Strait tidal energy resource assessment campaign to investigate biophysical interactions.

6.1 Synthesis of findings, conclusions, and recommenda-
tions

Research questions (RQs) were addressed in a combined study approach where each

technical thesis chapter (Chapters 2 – 5) was geared towards answering one specific research

question, but ultimately, components from other chapters also contributed in answering the

research questions.
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Research question 1: Can habitat preferences for fish be identified during tidal

resource assessment efforts to inform about the potential for fish to be located around

tidal energy devices?

Chapter 2 provided a spatial overview of fish densities throughout the Banks Strait

candidate site considered for tidal energy development, where surveys were carried out in

collaboration with tidal resource assessment activities. Fish densities were related to envi-

ronmental conditions including diel stage, depth, current speed and direction, temperature,

and bottom-type, with significant increases in abundance and density observed at night and

towards the bottom. Preferences for bottom-type and temperature differences were not found

to be significant. However, given the ‘snapshot’ survey results of the study, fish responses to

dynamic environmental conditions, such as current speed, warranted further investigations

into the temporal domain, specifically how fish presence in the water column changes at

one location over time. As such, a long-term, stationary study involving a bottom-mounted

platform sampling fish and tidal currents concurrently was developed to give insights into

fine-scale relationships between fish and tidal currents over several months (Chapter 3).

Research question 2: How are fish presence and behaviour correlated with envi-

ronmental conditions at the Banks Strait tidal energy candidate site?

The long-term monitoring approach for fish and environmental conditions described in

Chapter 3 revealed significant biophysical relationships among fish aggregations and physical

conditions at the Banks Strait tidal energy candidate site. Biological activity was signif-

icantly increased at night with more fish being present regardless of current speed, shear,

temperature or tidal stage. Fish were more abundant, located closer to the seafloor, and

more dispersed (i.e. less aggregated) at night versus day. With increasing current speeds

(0 - 1.8 m/s), fish presence also increased, was located closer to the sea surface, and more

dispersed. A preference for higher temperatures (>16◦C) was also evident, when fish density

and abundance were increased and sampled closer to the sea floor. Tidal stage showed a

slight influence, where fish abundances were slightly elevated during ebb tides when maxi-

mum current velocities were highest (up to 2.13 m/s) and flowed west to east into the Tasman

sea. Chapter 3 also informed about research question (1) and presented a case study for an

environmental monitoring approach that can formulate a baseline understanding about the

biophysical linkages between fish aggregations and prevailing environmental conditions at

tidal energy candidate sites during resource characterisation. Thereby, it is important that,

due to the stationary sampling approach, the sampling location (i.e. deployment site) must

be representative of conditions suitable for tidal turbine installation and exemplify environ-

mental characteristics found throughout the tidal energy candidate site. Also, given the

applied post-processing method, fish schools were likely excluded due to the noise-removal
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process (see section 3.4.2). Furthermore, when determining fish aggregation response to

environmental conditions, correlations among independent variables, where the relation to

one predictor (e.g. tidal stage) might actually be driven by its high correlation to another

predictor (e.g. current speed), were not considered.

Incorporating environmental monitoring methods into site characterisation campaigns

was also the focus for Chapter 4, where the Nortek Signature500, an instrument frequently

used to assess physical site characteristics (e.g. currents, waves, turbulence), was investigated

for its capability to also survey biological features at tidal energy candidate sites. As such,

research question (3) was formulated:

Research question 3: Is the echosounder sampling function of the Nortek Signa-

ture500 adequate to describe biophysical processes at tidal energy sites, lowering the

need for dedicated studies with multiple instruments and deployments?

Chapter 4 presents a methodology for estimating fish abundance and distribution met-

rics from the Signature500 echosounder function that can generate results comparable to

those of a multi-frequency biological echosounder – the Acoustic Zooplankton and Fish Pro-

filer (AZFP) in this case. Both instruments were deployed in the Banks Strait and sampled

side-by-side over a month-long period. The methodology for isolating fish targets from gen-

eral backscatter measurements was able to generate a high degree of correlation (r = 0.71)

between the two instruments for fish abundance (S′a) and showed distribution metrics (i.e.

centre of mass - CM , and dispersion - I) that were aligned enough for similar trends between

the two instruments to be observed (r = 0.52 and r = 0.49, respectively). Given the remain-

ing discrepancies and limitations of the Signature500 for measuring biomass including fish,

however, it is recommended that scientific biological echosounders are used for environmental

impact assessment studies intended to generate conclusive recommendations for biophysical

interactions at tidal energy sites.

Despite its limitations, the echosounder function of the Signature500 was shown to have

value as a complementary monitoring strategy during tidal resource assessment. As the

tidal energy industry advances and expands into larger and more ambitious tidal turbine

developments, insights into fish abundance and distributions gained during the tidal resource

assessment phase are useful for tidal energy developers. Building on information provided by

the Signature500, more targeted environmental impact assessment studies can be designed

that focus on specific interactions potentials identified and enable sustainable development

practices of tidal energy candidate sites to continue. Based on this rationale, the Signa-

ture500 was also used during the tidal resource characterisation campaign of the Clarence

Strait to examine fish abundance and distribution trends in response to environmental and
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hydrodynamic site conditions. In addition to the sampling plan employed for the Banks

Strait, however, the instrument also measured turbulence parameters of the Clarence Strait

tidal energy candidate sites and was programmed to alternate between both sampling plans.

This allowed for research question (4) to be answered:

Research question 4: How do turbulence parameters compare to other environ-

mental conditions to influence fish abundance and distributions observed at a tidal

energy candidate site?

Diel stage, tidal stage, current speed, and turbulence parameters were examined as

environmental predictors for fish abundance and distributions in a high-flow tidal channel

(Howard Channel) of the Clarence Strait, Australia. Diel stage was shown to be the most

influential predictor for biological activity, followed by current speed. Turbulence parameters

(TKE and TI) had a statistically significant, yet comparatively minor influence, where fish

showed a general preference for regions with less turbulence. Fish distributions in the water

column were not significantly influenced by turbulence parameters and were mainly subject

to along-channel current speeds. In addition to informing about biophysical relationships

between fish and environmental parameters at the Clarence Strait tidal energy candidate

site, this study also showcased the versatility of the Signature500 by sampling turbulence,

backscattering strength (i.e. fish), and current speed during one deployment. As noted

in Chapter 4, however, the Signature500 was only able to indicate relative trends for fish

abundance and distribution changes and, given its limitations outlined in Chapter 4, should

be used with caution in studies of biomass.

6.1.1 Considering site comparisons

With biophysical monitoring studies conducted at both the temperate Banks Strait and

tropical Clarence Strait tidal energy candidate sites, it raises the question how fish compare in

their response to environmental conditions encountered at these locations. Fish abundance

and distribution changes with diel stage, tidal stage, and current speed occurred at both

sites. Fish were more abundant and less aggregated (i.e. more dispersed) at night, yet the

centre of mass (CM) was shown to be lower at the Banks Strait compared to the Clarence

Strait, indicating that fish were generally closer to the seafloor at night in the Banks Strait

compared to the Clarence Strait. Increasing current speeds also showed an increase in fish

abundance at both sites. However, where the Clarence Strait displayed higher dispersion and

an elevated centre of mass (CM) with increasing current speeds, the Banks Strait showed a

higher dispersion and a lowered CM . A response to tidal stage was evident at both sites,

where the tidal stage with the higher flow speed (i.e. ebb at the Banks Strait and flood at
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the Clarence Strait) exhibited higher fish abundances. Whether this was due to the higher

current speeds or the flow direction, however, could not be determined. With environmental

preferences for different fish species known to vary, it is expected that biophysical linkages

at tidal energy candidate sites are likely to vary.

Further investigations comparing the Clarence Strait as tropical with the Banks Strait

as temperate tidal energy candidate site were considered for this study, but ultimately deter-

mined to be unrealistic due to inconsistent site characteristics between the two study regions

and limitations in the sampling procedure that provided relative changes in biological activ-

ity over the study period. Given different site characteristics between the two study regions,

such as increased depth, higher tidal velocities, different habitat type, and calmer surface

conditions at the Clarence Strait compared to the Banks Strait, interpreting climate condi-

tions as drivers for the differences in biophysical linkages observed was not possible. Ideally,

physical site characteristics independent from climate conditions would be more comparable

across sites and be considered as control variables when investigating how biophysical link-

ages at tidal energy candidate sites in tropical conditions differ from temperate sites. Also,

the applied sampling approach for the Clarence Strait only provided fish abundances as a

relative metric that indicated increases and decreases relative to the entire sampling period.

As such, direct comparisons in backscattering strength between the two sites was not pos-

sible and quantifying observed backscattering metrics in absolute measurements (e.g. fish

numbers /m3) would require a ground-truthing approach using additional, more direct sam-

pling methods (e.g. net samples or video footage). Finally, the different sampling approach

between the two sites, where fish abundance and distribution metrics were determined with

a calibrated, multi-frequency biological echosounder (38-125-200 kHz) for the Banks Strait,

and a new generation ADCP capable of basic biomass measurements at one-frequency (500

kHz) without a dedicated calibration process applied at the Clarence Strait also complicated

the comparison approach.

With in-stream tidal energy developments to date being predominantly located in tem-

perate environments, comparatively little information about potential environmental impacts

at tropical tidal energy is available. As the tidal energy industry matures and commercial

tidal energy developments are being considered across different environments and marine

habitats, EIA studies that focus specifically on tropical tidal energy candidate sites are

needed to better understand how tidal turbine installations might affect these regions com-

pared to temperate sites. Using comparable sampling methods and controlling for differences

in physical site characteristics, findings about biophysical interactions at tropical tidal energy

candidate sites can be put in context to temperate sites to identify how optimal environmen-

tal monitoring procedures at tropical tidal energy sites might differ. By focusing on the

unique characteristics of tropical locations, such as increased temperatures with less seasonal
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variation, elevated salinity, higher solar irradiance, and a distinct fish species assemblage with

different environmental preferences, a more effective regulator framework can be established

for tropical tidal energy candidate sites.

6.1.2 Novel contributions

Novel contributions of this research include environmental monitoring approaches con-

ducted in combination with tidal resource assessment campaigns to determine baseline bio-

physical interactions at tidal energy candidate sites. As a cost-effective solution for pre-

installation EIA studies, concurrent measurements of fish and hydrodynamic features were

taken from a single monitoring platform that operated autonomously at both a temperate

and tropical candidate site during its tidal resource assessment. Hydroacoustic processing

techniques were optimised and newly developed to identify biophysical interactions that in-

form about elevated interaction potentials between fish and tidal turbines. Furthermore, as

the first study to evaluate the biological monitoring capabilities of the Signature500 ADCP

from Nortek, this research tested the instrument’s capabilities for describing biophysical in-

teractions at tidal energy candidate sites and outlined its limitations compared to a more

established biological echosounder. Thereby, the versatility of the instrument was also shown

by measuring fish abundance and distribution trends, turbulence parameters, and tidal cur-

rents during one deployment over multiple months.

6.1.3 Recommendations

Following recommendations were identified from this research to help guide industry

developers and regulatory entities in surveying biophysical interactions at tidal energy can-

didate sites. As a framework for generating a comparable hydroacoustic dataset during the

resource characterisation campaigns of potential tidal energy sites, some key points include:

• Combine a biological echosounder setup with an ADCP to obtain biomass, current

speed, and flow direction information concurrently.

• Choose a deployment site for the mooring that is suitable for tidal turbine installation

and representative of the areas being developed within the candidate site.

• Allow for a study duration that spans at least one full tidal cycle (i.e. 28 days).

Sampling over multiple seasons would be ideal.

• Choose sampling rate and vertical resolution settings that can resolve variation in

biomass at the scale of interest.
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• Sample at multiple acoustic frequencies to employ dB-differencing techniques that im-

prove the effectiveness of isolating fish from other scattering sources within the water

column during post-processing.

Recommendations for data processing and analysis methods for long-term hydroacoustic

datasets collected in dynamic tidal environments to investigate fish aggregation responses to

environmental conditions include:

• Construct a sensitivity analysis to identify appropriate filter parameters for the study

site and study subject that mitigate tidal- and wind stress induced backscatter.

• Determine appropriate biomass aggregation metrics to calculate.

• Identify and, if needed, correct for any underlying data structures present (e.g. auto-

correlation) that could skew further analysis results.

If asked whether the Signature500 is an appropriate instrument to use for biophysi-

cal monitoring studies at tidal energy candidate sites, the answer would be a conditional

yes. It is suited for a first order approximation but does not replace conventional biological

echosounders. By featuring an echosounder function for its vertical beam, the current ADCP

technology beam can provide results that are comparable to those of a calibrated biological

echosounder and identify general trends of fish in response to environmental conditions. In

addition, the versatility of the instrument to include multiple sampling plans in the same

deployment (e.g. echosounder, current speed, and turbulence) makes it a convenient instru-

ment for long-term deployments during tidal resource assessment campaigns. However, given

the limitations of the instrument in terms of calibration difficulties, beam width, and sam-

pling frequency, the echosounder dataset generated requires extensive post-processing steps

to extract meaningful biological information. Using the instrument’s reported values with-

out further addressing the instrument’s sampling limitations simply does not perform well

enough compared to a dedicated biological echosounder. As such, it is recommended that

the Signature500:

• Undergo additional post-processing steps to isolate fish targets from other scattering

sources in the water column as demonstrated in Chapter 4.

• Only be used to gain relative estimates for fish abundance and distributions in the

water column.

• Not be used as basis for policy and regulatory decisions. Any critical issues should be

further investigated with dedicated biological echosounders or other surveying equip-

ment to confirm.
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Finally, as a general recommendation for biophysical monitoring studies at tidal energy

candidate sites, it is highly advantageous to compile data on as many environmental condi-

tions as possible for the study duration. For example, consulting nearby weather stations

for wind and wave patterns, research institutions about studies conducted nearby, or simply

adding a CTD logger to the deployment platform could help to uncover connections that

were previously not taken into account.

6.2 Broader study implications and considerations

EIA guidelines that satisfy both regulatory and industrial interests poses a challenging

predicament as the tidal energy sector develops. On the one hand, minimal environmental

impacts from tidal energy devices must be ensured, while on the other hand, environmen-

tal monitoring expectations to the developer must not cause excessive financial strains that

encumber expansion possibilities of this emerging sector. As such, well-defined monitoring

strategies are needed that are viable for industry developers to implement and have shown

to provide adequate information about potential environmental impacts to make informed

decisions about site developments. Compiling findings from various EIA studies and evalu-

ating different study designs in terms of instrumentation used, survey duration, and applied

processing methods would inform about monitoring strategies that do and do not work to

help build a standardised monitoring approach that tidal energy developers and regulators

can utilise throughout various project development stages.

Findings presented throughout this thesis contribute to the development of a standard-

ised EIA approach by presenting different monitoring frameworks able to generate a baseline

understanding about fish responses to environmental conditions that can be incorporated

into resource characterisation campaigns of potential tidal energy sites.

Methodologies outlined are able to describe biophysical relations at tidal energy can-

didate sites prior to turbine installation and can help mitigate potential device effects to

the marine environment early in the development process. For example, by examining how

fish relate to hydrodynamic properties in the region, fish-turbine interaction potentials can

be estimated by considering the placement of turbines within the region and studying the

effects of turbines on the surrounding hydrodynamic properties such as current speed and

turbulence parameters using hydrodynamic models.

Data processing and analysis steps introduced throughout this thesis may be adopted

at other tidal energy candidate sites to generate a comparable dataset that describes how

fish populations utilise these marine habitats. As such, this thesis serves as a case study

for implementing the presented methodologies that describe fish aggregation responses to

environmental conditions at tidal energy candidate sites in Australia. In cases where only
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a general trend for biophysical interactions can be determined, as with the Signature500,

results can be expanded on in more targeted EIA studies that focus on specific interactions

potentials identified to ensure sustainable development practices of tidal energy candidate

sites.

As the tidal energy industry aims for commercial-scale array installations, environmen-

tal impact assessments incorporated into tidal resource assessment campaigns could provide

a cost-effective solution for tidal energy developers. Meeting regulatory EIA criteria during

site characterisation campaigns may lower the need for additional monitoring efforts later on

and expedites the license and permitting process for tidal energy developments. Environmen-

tal impact studies requires time, specialised equipment, and qualified personnel to process,

analyse and interpret the data. As presented throughout this thesis, there is substantial

overlap between tidal resource characterisation and environmental impact assessment stud-

ies that could each benefit by sharing equipment and expertise. Tidal currents, turbulence,

wave action, bathymetry, substrate, and CTD measurements collected to gauge the tidal

energy extraction potential and identify areas suitable for device installation provide an ex-

tensive habitat profile of the tidal energy candidate site. By adding, for example, biological

echosounders to the sampling process, biological activity in the region can be surveyed con-

currently and allow for preferences in relation to habitat type and environmental conditions

to be evaluated. In addition, logistical matters including vessel time, mooring real estate,

and station deployment and recovery operations can be shared for cost-effectiveness.

Developing offshore areas for tidal energy draws considerable attention from local com-

munities that utilise these regions for recreational and commercial purposes. Gaining com-

munity support is crucial to the long-term success of tidal energy developments as local

communities can have substantial influence on the project planning and management stages.

Conflicts and misunderstandings could lead to legal disputes that carry additional costs,

delays, and cause communities at other potential development sites to be less forthcoming

and accepting to new tidal energy projects in light of previous disputes. Incorporating en-

vironmental monitoring components from the early developmental stages that identify and

minimise potential environmental impacts generates confidence for the community in the site

development process and builds support for future tidal energy projects.

6.2.1 Additional considerations

The significant benefits that follow from commercial scale tidal energy developments

have the potential to vastly outweigh any potential adverse effects if developments are lo-

cated, scaled, and operated in an environmentally conscious and responsible manner [40].

While interactions between tidal turbines and the environment are certain to occur, the po-
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tential outcomes that arise from this interaction encompass more than the adverse effects

primarily focused on in environmental impact assessment studies. Gravity or anchor founda-

tions placed on the seafloor can benefit the local marine ecosystem by, for example, creating

new habitat for marine animals in the region by providing shelter and increased food avail-

ability for benthic organisms [144]. Marine access and activity restrictions enforced around

ORE developments would also create de facto marine reserves around ORE project sites that

may benefit fish and other marine animals. Stressors experienced by marine animals in form

of fishing, noise pollution, and other environmental disturbances caused by human activities

may be significantly decreased around ORE devices [145].

Other than mitigating emissions to help meet global climate targets, commercial scale

tidal energy developments also promote substantial economic growth by supporting local

supply chains and generating skilled labour positions in often remote coastal regions [146,

147]. Furthermore, given the advantage of predictable power generation, tidal energy de-

velopments could be positioned around a country’s coastline for phased power generation

that provides a base load to the country’s power needs and thus requires minimal energy

storage capacity. Challenges associated with the installation and maintenance of commercial

scale tidal energy developments pose some of the major difficulties in tidal energy becom-

ing cost-competitive at larger scales [14, 148]. At smaller scale, tidal energy already offers

secure and reliable energy generation options to remote communities that primarily rely on

diesel generators for power generation, and can provide power to offshore aquaculture farms

and other marine-based platforms. Thereby, the number and size of turbines can be scaled

according to the platform’s energy needs.

6.3 Further research and next steps

This research presented baseline biophysical interactions between fish and environmental

conditions at tidal energy candidate sites. It follows that similar studies are to be conducted

post-turbine installation to investigate how biophysical interactions may have changed and

if any impacts to the marine environment can be detected. This will also provide insights

about the validity of pre-turbine installation monitoring studies by indicating whether an

endorsement determined by baseline EIA studies also translates to a post-installation en-

vironment. Any significant interactions showing in post-installation EIA studies that were

previously not found could also help refine pre-installation EIA studies to be more beneficial.

Targeted studies that focus on a more specific topic, such as fish behaviour in the

wake of turbine blades, would ideally be carried out with more dedicated biological sampling

equipment to answer the research question at hand. For example, if fish in the wake of turbine

structures is found to be a concern due to the risk of increased predator exposure, dedicated
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sampling equipment that is able to resolve fish behaviour in response to turbulence parameters

at high temporal and spatial resolutions must be considered. An improved system over the

Signature500 that features a scientific-grade echosounder integrated with an ADCP may be

found in the Signature100, which includes a dedicated transducer for biomass measurements

on its centre beam operating at 70 - 120 kHz with a beam width of 15◦ at 70 kHz and

8.7◦ at 120 kHz, and the option for standard calibration procedures [113]. Measurement

options for turbulence, wave height, direction, and ice tracking, however, are limited for the

Signature100. It is also recommended that seasonal changes in fish species assemblage be

considered that encompass year-round conditions at the tidal energy candidate site and allow

for a more complete understanding of potential tidal turbine implications. Furthermore, EIA

studies that focus on tropical tidal energy candidate sites in general are needed to better

understand how tidal turbine installations might affect these regions differently compared to

temperate sites.

Potential implications for marine mammals and seabirds are yet to be examined. Diving

seabirds and marine mammals that use high-flow tidal streams as foraging habitats are also

at risk for collision, disturbance, displacement, and habitat loss from tidal energy develop-

ments [23]. Studies that assess seabird and marine mammal abundance around the Banks

Strait and Clarence Strait will further elucidate any biological implications from tidal energy

developments at these tidal energy candidate sites.

As for the future of tidal energy in Australia, the AUSTEn project identified several

key components and next steps for developing tidal energy candidate sites in Australia. In

its final report, the AUSTEn project noted that in order for tidal energy to add commercial

value and make the best use of Australia’s tidal resource, tidal energy converters require

a 20 – 26 m rotor diameter and must be optimised to operate at peak currents of 2 m/s.

Furthermore, given the cost-competitive wind and solar technologies on the national grid,

it was determined that tidal energy in Australia is best used in remote locations to provide

power security as a backup power source, for industrial purposes such as chemical or fuel

processing plants, and in other on- and-off-grid scenarios where tides are a readily available

and the predominant energy resource. Incorporating tidal energy into a renewable energy

network would allow for increased power stability and cost-saving opportunities. Currently, a

cost-per-kilowatt of 1200 $/kW (AUD) is targeted for Australian tidal energy developments

to commence [10].
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Abstract—With the tidal energy industry moving 

towards commercial-scale developments, it is important to 
consider potential interactions between tidal energy 
converters (TECs) and the marine environment prior to the 
instalment of large-scale TEC arrays. The Banks Strait, a 
tidal channel located in the northeast of Tasmania, 
Australia, was identified as a promising candidate site for 
tidal energy by the Australian Tidal Energy (AUSTEn) 
project. To gain an understanding about potential overlap 
between TEC arrays and fish usage of the Banks Strait tidal 
channel, fish density distributions were estimated from 
hydroacoustic surveys during the tidal resource 
characterization campaign. Differences in fish density were 
examined according to bottom–depth, bottom – type, current 
speed, temperature and vertical distribution. Fish densities 
were significantly higher at night and displayed preferences 
for depths between 20 – 40 m and current speeds between 
1.75 – 2 m/s. Fish density was generally highest in the 
bottom 10 m from the sea floor at all depths sampled.  
Variation by temperature and bottom–type sampled was not 
significant. Future studies involving long-term, stationary 
surveys of fish densities along with repeated surveys across 
different seasons would provide a more wholistic picture of 
fish distributions in the Banks Strait to inform developers 
about potential device encounter probabilities. 

 
Keywords—Australian Tidal Energy, Banks Strait, 

environmental monitoring, fish density distribution, 
hydroacoustics 

I. INTRODUCTION 

ustralia’s commitment to the 2015 Paris Climate 
Agreement has produced a surge in the development 

of renewable technologies that aim to reduce Australia’s 
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greenhouse gas emissions. By 2020, Australia’s renewable 
energy portfolio is targeted to reach 33 TWh, requiring 
23.5% of Australia’s electricity generation to be from 
renewable sources [1]. To meet this target, a total of 6000 
MW of installed capacity from renewable sources is 
necessary. A largely untapped resource for renewable 
energy generation is found in the vast capacity for ocean 
renewable energy (ORE) presented by Australia’s 
coastline in form of Tidal Energy Converters (TECs) and 
Wave Energy Converters (WECs). Current estimates 
indicate that ORE resources for wave and tidal far exceed 
Australia’s electricity demand, which peaked at 229 TWh 
in 2017 [1 – 2].  
 

In 2017, the Australian Renewable Energy Agency 
(ARENA), along with researchers at the Australian 
Maritime College (AMC), University of Tasmania, 
initiated the Australian Tidal Energy (AUSTEn) project. In 
partnership with the University of Queensland and 
Commonwealth Scientific and Industrial Research 
Organisation (CSIRO), the AUSTEn project aims to 
characterize high-flow tidal streams in Australia for their 
potential to develop tidal energy. If developed on a 
commercial scale, tidal energy has the potential to play a 
major role in Australia’s future energy mix [3]. Regions 
characterized by near-shore, shallow, high-velocity tidal 
currents are targeted for tidal energy developments as 
they are in proximity to existing power grids, facilitate 
installation efforts more readily, and provide a high-
energy extraction potential. 
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The Banks Strait, located in the southeast region of the 
Bass Strait between Tasmania and Clark Island, Australia, 
was identified as an excellent candidate site for tidal 
energy developments (Fig. 1). Preliminary studies of this 
region involving a coarse-resolution hydrodynamic model 
show tidal currents exceeding 2.5 m/s with a tidal range of 
2 m [4 – 5], while sporadic bathymetry surveys by the 
Australian Navy indicate depths between 25 – 60 m. Along 
with its proximity to an existing power grid in the north-
east of Tasmania, the Banks Strait offers potentially 
advantageous conditions for the installation, generation 
and transmission of electricity generated by TECs.  

As an emerging technology, the effects of tidal energy 
devices on the marine environment have yet to be fully 
described. One concern for tidal energy devices is the 
encounter probability between fish and turbines. Field 
studies monitoring fish behavior upon encountering 
turbine blades were conducted [6 – 8] and device 
encounter probability models were developed to address 
this concern [9]. No significant effects on fish behavior 
from single device deployments were concluded and fish-
strike probability was determined to be less than 5% in a 
laboratory flume study by Castro-Santos and Haro [10]. 
However, both approaches recognized that encounter 
probability and subsequent effects to fish populations are 
a function of the number of fish present during the 
operational phases of the turbine. As the industry 
advances from single-device deployments to commercial-
scale arrays that include hundreds of turbines, the 
potential for fish and turbines to be co-located increase 
significantly. Additional concerns for commercial-scale 
TEC developments include population-level responses in 

fish by disrupting migratory pathways [11] and adding 
stressors in the form of underwater noise [12] and 
electromagnetic fields [13]. Potential impacts to the 
physical characteristics within a tidal channel have also 
been raised in form of reduced current speeds, altered 
water quality and nutrient supplies, and changes in 
sediment transport [14 – 16]. Addressing these concerns 
and quantifying potential impacts for comparison with 
other energy sources is a challenging, yet important step 
in evaluating the future of tidal energy [11]. 

 
Studies on the environmental impacts of tidal energy are 

limited and have not yet encompassed device effects on 
the marine environment to the full extent, especially for 
large-scale commercial developments [17]. In response to 
this uncertainty, environmental impact assessments (EIAs) 
must be conducted that inform about the marine animals, 
habitats and ecosystems at the tidal energy candidate sites 
and evaluate potential impacts of TECs to the marine 
environment. Fish density assessments at tidal energy 
candidate sites provide important insights for determining 
the impact of such devices on the marine environment.  
 

Fish densities have been shown to vary by habitat, 
where different fish species display preferences for bottom 
type, depth, temperature, bathymetry and current speed 
[9, 18 – 19]. Environmental monitoring studies conducted 
at tidal energy sites to date suggest fish abundance is 
associated with tidal- and diel cycles and that the 
likelihood of fish encountering tidal energy devices 
changes seasonally [20 – 22]. It has also been established, 
in other oceanic environments, that fish presence and 
distribution are linked to a variety of hydrodynamic 
features ranging from small scales, such as turbulent 
eddies [23], to medium scales, such as internal waves [24], 
to large-scale oceanic convergence zones [25]. However, 
relationships between fish and hydrodynamic properties 
(e.g. currents and turbulence) in high-flow tidal habitats 
have yet to be fully described. The aim of this study is to 
examine relative fish density distributions throughout the 
Banks Strait tidal energy candidate site based on depth, 
current speed, bottom-type, and temperature. 

II. METHODS 

A. Data collection 
A 16-day field campaign was undertaken by the 

AUSTEn project to characterize the tidal resource of the 
Banks Strait region from March 13 to March 29, 2018. 
Mobile hydroacoustic surveys of the study site were taken 
concurrent to field-campaign operations. Hydroacoustic 
sampling was conducted with a Simrad 120 kHz, 7° 
circular-beam transducer mounted to the vessel hull, 
operating at 0.2 millisecond pulse duration and a 2 Hz 
sampling rate. 

 

 
Fig. 1.  Location of the Banks Strait (a & b), simulated tidal currents 

in Banks Strait (c), and a bathymetry map of the Banks Strait with the 
region surveyed during the March 2018 field campaign highlighted in 
red (d).  
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The region of interest (ROI) investigated during this 
campaign included a 173 km2 region within the Banks 
Strait tidal channel (Fig. 2). Sampling stations within the 
study region included 16 casts using an RBR Maestro 
Multi-Channel Logger for conductivity, temperature and 
depth (CTD) measurements. Eight of the CTD stations 
included Penetrometer casts measuring the penetration 
depth upon impact with the surficial seabed sediments. 
Maximum penetration depth is indicative for bottom-type, 
where penetration depths < 1 cm is typically rock, > 1 cm < 
20 cm indicates sand and > 20 cm is most likely a mud or 
silt composition [26]. Each penetrometer station included 
three casts from which the mean penetration depth was 
taken. A drop-camera was used to confirm bottom-types 
inferred from penetration-depth measurements. Timing of 
survey transects within the ROI was subject to activities 
conducted by the AUSTEn project that included 
bathymetry surveys, instrument deployments for long-
term monitoring, and station casts. Adverse weather also 
required the vessel to seek shelter near shore for several 
days. Two ADCP instrument were deployed during the 
field campaign, including a Teledyne RDI Workhorse 300 
(station A) and a Nortek Acoustic Wave and Current 
profiler (station B). 

B. Data processing 
Survey tracks occurring within the ROI were extracted 

and processed in Echoview® software (10.0, Myriax, 
Hobart, Australia). Strong signals in the surface layer, 
likely caused by entrained air bubbles from turbulence and 
ship movement were removed by implementing a signal-

dependent surface-line threshold (Fig. 3A). A bottom-
detection line was also created to remove bottom returns 
and isolate the water column for continued data 
processing (Fig. 3B). A -70 dB target-strength threshold 
was applied to remove non-fish targets contributing to the 
backscattered signal (e.g. suspended sediments, 
zooplankton). Survey tracks were split into 20 m distance 
bins (N = 50,133) and processed for volume backscatter (Sv) 
metrics. Bin size was based on a previous fish distribution 
study at a tidal energy candidate site in the Bay of Fundy 
[21]. Sv is used to describe the density of organisms within 
a sampled volume of water and is the primary 
measurement tool for estimating fish densities and 
abundance in hydroacoustic studies [20 – 21, 27 – 28]. Sv 
represents the sum of backscatter received from all 
scatterers (i.e.  targets) within a sampled volume of water 
and is expressed logarithmically in units of decibels (dB re 
1 m-1) or, in its linear domain (sv), as m2×m-3 defined as [28 
– 29]: 

𝑠𝑠𝑣𝑣 =
∑𝜎𝜎𝑏𝑏𝑏𝑏
𝑉𝑉

 

 
Where σbs is the backscattering cross-section or reflective 
intensity of a target and V the volume sampled. V is a 
function of the equivalent beam angle (ψ), an 
approximated angle at which 99% of energy is transmitted 
from a transducer (7° in this case), and range squared (due 
to spherical spreading) [28]: 
 

𝑉𝑉 = 𝜓𝜓𝑅𝑅2(
𝑐𝑐𝑐𝑐
2

) 
 
Where c is the speed of sounds (m/s) and τ pulse duration 
(milliseconds). Mean volume backscatter (𝑠𝑠𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) was 
calculated for each 20 m distance bin (A), where the 
number of samples (s) per bin and sample volume (V) 
varied according to vessel speed and activity, and depth 
[30]. 

𝑠𝑠𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
∑ (𝜀𝜀𝑏𝑏𝑡𝑡𝑏𝑏𝑠𝑠𝑣𝑣𝑏𝑏𝑉𝑉𝑏𝑏𝑖𝑖𝑖𝑖 𝐴𝐴
𝑏𝑏 )
∑ (𝜀𝜀𝑏𝑏𝑉𝑉𝑏𝑏𝑖𝑖𝑖𝑖 𝐴𝐴
𝑏𝑏 )

 

 
Line- and target-strength thresholds were accounted for, 
where ε = 0 if samples were outside of the surface- and 
bottom-line thresholds, and t = 0 if samples were below the 
specified minimum target-strength threshold. sv values 
were then converted to its logarithmic form [Sv = 10 × 
log(sv)] and examined for differences according to diel 
stage, current speed and direction, bottom-depth (i.e. 
distance from the water surface to the seafloor) and 
vertical distributions within the water column. A separate 
processing step exported mean Sv in 2 m depth-cell 
intervals for each 20 m distance bin (Fig. 3). Exported meta-
data included sampling time, GPS location and mean 
bottom- and surface-line depths per distance bin used to 
mask bottom- and surface backscatter. Sv measurements 
within 100 m of each cast station were averaged and 
compared to the conditions present. 

 

 
Fig. 2.  Region surveyed in the Banks Strait during the March 2018 

field campaign. Survey timing and sampling activities are 
highlighted. ADCP station 1 represents the Teledyne RDI Workhorse 
300 and ADCP station 2 the Nortek Acoustic Wave and Current 
profiler. 
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A two-dimensional, 400 m grid hydrodynamic model of 
the Banks Strait region was constructed as part of the 
AUSTEn tidal resource assessment campaign, with depth-
averaged current speed and current direction simulated in 
10 min intervals. The lateral open boundaries were forced 
using the TPXO7.2 global ocean model [31], with surface 
wind and sea level pressure forcing generated using the 
ERA5 dataset [32]. Modelled current speeds were matched 
to the respective time and location of each 20 m distance 
bin. Model performance was assessed by correlating 
modelled current speeds with in-situ measurements taken 
from two ADCP deployments in the study region during 
this field campaign (Fig. 2). 

C. Data analysis 
Data was subsampled into day-time and night-time 

surveys due to significant differences in Sv that would 
mask any difference observed from the physical 
characteristics of the site. Surveys occurring between 
sunset and sunrise (19:30 – 07:00 AEDT) were grouped into 
night-time surveys (N = 19,249), while any surveys outside 
of this period were grouped into day-time surveys (N = 
30,884).  
 

Current speed associated with each 20 m distance bin 
were grouped into 0.25 m/s intervals, where the first 
interval represents mean Sv for current speeds between 0 
and 0.25 m/s and the final interval includes currents 
between 2 and 2.25 m/s. Minimum current speed extracted 
from the hydrodynamic model based on survey time and 
location was 0.03 m/s, while the maximum was 2.08 m/s. 
Bottom-depth was grouped into 10 m intervals, where the 
minimum bottom-depth sampled throughout the study 
region was 14.76 m and the maximum depth was 74.87 m.  

 

Autocorrelation of Sv among 20 m distance bins was 
removed by randomized data subsampling that allowed 
for each sampling unit to be treated as an independent 
measurement. Autocorrelation was found to be negligible 
after 40 lag-units for both day- and night-time sampling. 
As such, datasets were resampled into a randomized order 
where each data point was at least 40 units removed from 
the previous. The resampled day- and night-time datasets 
were tested for residual autocorrelation according to the 
Ljung-Box Q-test and found to have non-significant 
autocorrelation (p < 0.05). This enabled changes in mean Sv 
based on current speed, current direction and bottom-
depth to be examined.  

 
Vertical distribution of Sv throughout the water column 

was explored by calculating the mean Sv for all depth-cells 
that shared the same water depth (i.e. distance from water 
surface to depth-cell) and bottom-depth. For example, Sv 
depth-cells close to the bottom between 26 m – 28 m were 
only grouped with depth-cells that had comparable 
bottom-depths and not with regions that were 
significantly deeper, where 28 m would represent a mid-
water depth instead. Day- and night-time surveys were 
explored separately. Autocorrelation in the vertical 
distribution of Sv was not of concern, as each cell presents 
a summary statistic (mean) that is representative of a 
collection of spatially and temporally independent 
samples. 
 

Statistical analysis was carried out using the statistical 
toolbox in Matlab [33]. Significant differences in Sv 
according to diel stage, depth, and current speed were 
examined using robust Analysis of Variance (ANOVA) 
tests in form of the Kruskal-Wallis test at the 1% 
significance level (p < 0.01). The Kruskal-Wallis test 
examines whether variables included in the analysis share 
the same distribution, where a p-value < 0.01 rejects the 
hypothesis that a shared distribution exists. Non-
parametric testing was necessary as assumptions of 
normality were not met according to the Kolmogorov-
Smirnov test at the 5% significance level (p < 0.05).  

III. RESULTS 

Significant differences in Sv values were observed 
during night-time sampling compared to day-time 
sampling with a large increase in backscatter occurring 
during the hour of sunset (19:00 – 20:00) and decreasing 
during the hour of sunrise (07:00 – 08:00). Median Sv 
between the hours of 22:00 and 06:00 were shown to be 
consistently in the region of -70 dB, while median Sv during 
day-time sampling were around the -80 dB mark (Fig. 4). 
Sampling conditions with respect to current speed and 
direction, bathymetry and bottom-type were evenly 
represented during day- and night-time surveys. 
 

 
Fig. 3.  Visualized processing steps for Sv data extraction. A is the 

surface interference that includes (most likely) entrained air bubbles, 
B is the seafloor, C represents one 20 m distance bin, D shows a 2 m 
depth-cell within the 20 m distance bin, and E shows probable fish 
targets that contribute to the exported Sv strength. 
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During daytime sampling, median Sv values varied from 
-83.43 dB during low current speeds (0 to 0.25 m/s) over -
81.17 dB during medium (1 – 1.25 m/s) to -80.04 dB during 
high current speed (2 – 2.25 m/s) events. Night-time 
sampling saw a similar trend at significantly increased Sv 

values, with -70.56 dB during low, -69.88 dB during 
medium and -70.69 dB during high current events (1.75 – 
2.0 m/s). Highest median backscatter of -66.73 dB was 
observed at night with currents between 1.5 – 1.75 m/s. 
Currents exceeding 2.0 m/s did not occur during night-
time sampling. Sv was found to decrease steadily along the 
bottom-depth gradient, where deeper regions exhibited 
lower Sv during both day- and night-time sampling (Fig. 5). 
No significant differences in Sv were found as a result from 
current direction. 

Further investigation into vertical distributions by 
bottom-depth revealed low Sv in the top layer (1.5 m – 15 
m), especially in regions with depths exceeding 22 m for 
day- and night-time sampling. Sv increased with depth, 
where the highest values were sampled closest to the 
seafloor, especially in regions with depths between 15 m 
and 40 m (Fig. 6). Surveys in deeper pockets (40 m – 75 m) 
exhibited a mid-water column layer where Sv would 
increase from the surface to about 40 m, then decrease 3 dB 

(day) and 4 dB (night) between the 40 m and 50 m layer 
before increasing again towards the bottom (Fig. 6). 

Modelled current speeds correlated with in-situ 
measurements from ADCP station A at R = 0.906 and at 
ADCP station B at R = 0.843 (Fig. 7).  

CTD casts were taken throughout the sampling site at 
depths between 23 m and 60 m (Fig. 8). Vertical changes in 
the CTD metrics measured for each cast were minimal (< 
5 %) and the depth-averaged mean for each cast was taken 
(Table I). Temperature differences among stations varied 
between 18.14°C – 19.70°C. Differences in mean 
penetration depths by station measured 2.77 cm at station 
6, to 7.10 cm at station 8. All stations were subject to a 
sandy bottom-types based on the methodology presented 
by [26]. Drop-camera observations confirmed these 
measurements with the addition that station 6 was 
characterized by rubble as well as sand. Sv values were 
significantly increased at station 1 and 2 where sampling 

 
 

Fig. 5.  Mean Sv grouped by diel stage, current speed, and bottom-
depth. No depths above 70 m or current speeds above 2 m/s were 
sampled during night-time surveys. Boxplot statistics are described 
in Fig. 4. 

 

 
Fig. 6.  Vertical distribution of Sv throughout the water column at 

different depths. The x–axis indicates the bottom-depth sampled, 
while the y–axis denotes the water column in 2 m cell depths. Bright 
colors indicate a higher concentration of fish targets in the water 
column. Note: color-scale change for night-time surveys. 

 
 

Fig. 7.  Modelled current speed at station A and B compared to in-
situ ADCP measurements. 

 
 

Fig. 4.  Mean Sv sampled at different hours of the day. Blue circles 
indicate means, red horizontal bars are medians, box height 
represents the 25th and 75th percentiles and whiskers the 10th and 95th 
percentiles. Green lines represent the mean sunrise and sunset times 
that occurred during the 16-day field campaign. 
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occurred at night and site conditions displayed shallow 
depths (~25 – 30 m) with increased temperatures (Table I). 
 

IV. DISCUSSION 

Fish densities throughout the Banks Strait were found to 
fluctuate based on the environmental conditions present 
and varied most notably by diel stage, followed by bottom-
depth and current speed. Highest fish densities, in form of 
volume backscatter (Sv), were present at night in regions 
with 15 m – 30 m bottom-depth and depth-averaged 
current speeds between 1.75 m/s and 2 m/s. Lowest fish 
densities were found at day in deep waters (60 m – 70 m) 
during current speeds between 0 m/s and 0.5 m/s. CTD 
stations with higher temperature also displayed higher 
fish densities, although sampling conditions for diel stage, 

bottom-depth, and current velocity must be considered. 
Vertical distribution in the water column were found to 
show increasing fish density with depth and the highest 
concentration of fish occurred in the bottom 2 – 6 m. 
However, mid-water column distribution differed by 
bottom-depth, where fish densities in regions beyond 50 m 
for day-time and 58 m during night-time surveys would 
decrease at ¾ of the water column depth before increasing 
to its respective maximum in the final quarter of the water 
column. Further investigation into vertical distribution 
changes based on current speed would show if fish are 
prone to change position in the water column according to 
current speeds and if certain depths are preferred during 
high- or low- current events. 
 

Low fish densities found in the surface layer (0 – 6 m) 
may have been influenced by the ‘surface line threshold’ 
masking noise interferences caused by entrained air 
bubbles (Fig. 3A). The surface line was set to a minimum 
of 1.5 m and advanced to maximum of 18.72 m depending 
on strong backscatter extending from the surface. The 
median surface line depth was 2.21 m and extended 
beyond 6 m in only 3.6% of samples and beyond 10 m in 
only 0.27 %.   

 
Findings from environmental monitoring studies 

focused on fish density distributions in other high-
potential tidal energy sites showed some agreement and 
some disagreement with results from this study. For 
example, Viehman et al. [20] described the distribution of 
fish at the Fundy Ocean Research Center for Energy 
(FORCE) in the Bay of Fundy, Canada, using a bottom-
mounted hydroacoustics platform. Fish density in this 
region was found to be mostly unaffected by diel stages 
and even displayed lower densities at night in the summer 
months. In addition, the vertical distribution of fish 
showed higher densities in the surface layer (0 – 10 m 
during ebb) with an increase in the bottom layer (25 m – 
bottom) also being present. Another study utilizing mobile 
hydroacoustic transects at the Bay of Fundy study site and 
shows the highest distribution of fish densities to be 
present in the bottom 10 m of the water column [21]. The 
Bay of Fundy study site is characterized by tidal currents 
exceeding 4 m/s, a tidal range of 12 m, and a depth of 33 m 
during ebb. Differences in fish species composition and 
environmental conditions attribute to variations in fish 
density and distribution found among study sites and 
speaks to the fact that site-specific monitoring is important 
to adequately describe fish distributions at tidal energy 
candidate sites.  

 
Vertical differences in CTD casts were minimal, as is to 

be expected in shallow (< 100 m), well-mixed, turbulent 
systems. Penetrometer measurements indicate that a thin 
layer of sand is likely present in all regions sampled 
throughout the Banks Strait at varying depths [26]. Only 
station 3 included measurements with penetration depths 

TABLE I 
DEPTH- AVERAGED RESULTS FROM SAMPLING STATIONS 

Station 

Mean  
Temp 
(°C) 

Max  
Depth 

(m) 
Mean 

Sv 

Diel  
Stage 

Mean  
Penetration 
Depth (cm) 

1 19.42 26.24 -69.52 Night 6.37 
2 19.22 28.64 -62.92 Night 4.03 
3 19.70 35.93 -80.30 Day 3.63 
4 19.62 55.57 -81.82 Day 5.50 
5 19.41 23.22 -74.89 Day 6.90 
6 18.60 41.00 -80.21 Day 2.77 
7 18.35 28.43 -73.60 Day 6.90 
8 18.77 57.67 -83.13 Night 7.10 
9 18.82 50.08 -74.38 Day - 
10 18.61 35.81 -78.25 Day - 
11 18.52 37.13 -79.20 Day - 
12 18.14 37.76 -74.49 Day - 
13 18.39 44.69 -81.05 Day - 
14 18.35 54.29 -82.58 Day - 
15 18.33 60.39 -83.37 Day - 
16 18.28 31.23 -80.63 Day - 

 

 
Fig. 8.  Bathymetry of the study region and sampling stations for 

CTD and Penetrometer casts as presented in Table I. 
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of 0 cm, indicating the presence of some rock or rubble, 
which was confirmed by the drop camera. Further 
investigation into the sediment layer based on 
hydrodynamic properties could provide valuable insights 
into sediment transport estimates for the Banks Strait 
region.  
 

This study presents an overview of small-scale cyclical 
changes in fish density distributions (e.g. diel and tidal 
cycle) in the Banks Strait. However, seasonal changes in 
fish species composition have not been considered. 
Different fish species will interact differently with its 
environment, resulting in varying fish abundance, 
distribution and behavior, which must be recognized 
when investigating long-term interactions between tidal 
turbines and the marine environment [20 – 21]. 
Additionally, the location, design and size of tidal 
turbine(s) must be known to fully describe the spatial 
overlap with fish habitats. While the AUSTEn project has 
identified the Banks Strait as a well-suited candidate site 
for tidal turbines, exact turbine design and placement is 
decided by the industry looking to develop the site. 
Engineering constraints for different turbine designs will 
affect its exact placement and thus its spatial overlap with 
fish. It must also be recognized that spatial overlap 
between turbines and regions that exhibit high fish 
densities is not necessarily an indication for fish injury or 
mortality rates.  Swimming behavior of fish in close 
proximity to an operating turbine will inform about fish-
strike probabilities, which can then be extrapolated to the 
spatial distribution of fish at tidal energy sites. 
 

Fish assemblage studies along the Tasmanian coast are 
consistent with the results from this study. ~30 km east of 
the Banks Strait study site lies the Flinders Commonwealth 
Marine Reserve that has been studied extensively for its 
fish species assemblage [18]. These studies have found 
higher fish abundance and species richness, as well as 
larger individuals to be present at night and in shallow 
waters [19]. Reef-associated bottom habitats also showed 
higher species richness, while sediment habitats showed 
species at significantly higher tropic levels [18]. The most 
common fish species of the shallow, reef-associated habitat 
assemblage included Degan’s leatherjacket (T. degeni), 
silverbelly (P. melbournensis), jackass morwong (N. 
macropertus), velvet leather jackets (M. scaber), and 
draughtboard shark (C. laticeps). The most common fish 
species of the shallow sediment-associated habitat 
assemblage included the common gurnard perch (N. 
scorpaenoides), sand flathead (Platycephalus bassensis), 
gummy shark (Mustelus antarcticus), and the tiger flathead 
(Platycephalus richardsoni).  

V. CONCLUSION 

This study provides an overview of fish density 
distributions in the Banks Strait tidal energy candidate site 
(Australia) with consideration given to diel stage, depth, 

current speed and direction, temperature and bottom-
type. Significant density changes between day- and night-
time surveys were observed, with differences in bottom-
depth and current speed also being evident. Vertical 
distributions showed higher densities towards the bottom.  
Bottom-type and temperature had negligible impacts on 
fish densities observed. Overlaying favorable areas for 
turbine installation with physical conditions that display 
high fish densities will help determine the potential for 
TECs and local fish populations to interact and help 
mitigate potential device effects to the marine 
environment early in the development process. Further 
studies that address seasonality in the Banks Strait region 
are intended. Mobile transects at different times 
throughout the year will inform about seasonal changes to 
fish density distributions that may result from a varying 
fish species assemblage. Furthermore, a long-term, 
stationary study involving a bottom-mounted platform 
sampling fish and tidal currents concurrently will give 
insights into fine-scale relationships between fish and 
currents over several months. 
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Interaction uncertainties between tidal energy devices and 

marine animals have the potential to impede the tidal energy 

industry as it moves closer towards commercial-scale array 

installations. Developing standardised environmental impact 

assessment (EIA) practices would allow for potential impact 

concerns to the marine environment to be identified and 

mitigated early during project development. In an effort to 

help formulate a standardised EIA framework that addresses 

knowledge gaps in fish-current interactions at tidal energy 

candidate sites, Scherelis et al. [1] presented a case study 

for investigating changes in fish aggregations in response to 

changing environmental conditions including tidal currents 

at a tidal energy candidate site in Australia prior to tur- 

bine installation. Here, we present the dataset utilised for 

this study titled “Investigating biophysical linkages at tidal 

energy candidate sites: a case study for combining environ- 

mental assessment and resource characterisation” [1] . The 

dataset includes tidal current information from an Acous- 

tic Doppler Current Profiler (ADCP), volume backscattering 

measurements from a four-frequency biological echosounder 

(Acoustic Zooplankton and Fish Profiler – AZFP) as an indica- 
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tor for fish biomass, and fish aggregation metrics calculated 

from volume backscatter in post-processing. ADCP and AZFP 

were installed on a bottom-mounted mooring and engaged 

in a concurrent sampling plan for ∼2.5 months from Decem- 

ber 2018 to February 2019. The mooring was deployed in 

the Banks Strait, a tidal energy candidate site located in the 

northeast of Tasmania, Australia, at a location favourable for 

tidal turbine installations considering current speed, depth, 

substrate, sediment type and proximity to shore. The ADCP 

dataset includes current velocity and direction measurements 

at 1 m vertical and 1-min time intervals. The raw AZFP 

dataset includes volume backscattering strength collected in 

4-s time intervals with a vertical resolution of 0.072 m in 

raw, and 0.1 m in pre-processed form. Several post-processing 

steps were implemented to mitigate changes in background 

noise due to current speed and wind stress, and to isolate 

acoustic fish returns from remaining scattering sources. Once 

isolated, volume backscatter containing fish targets under- 

went post-processing to determine fish aggregation metrics 

including density, abundance, centre of mass, dispersion,% 

water column occupied, evenness, and index for aggrega- 

tion. Each aggregation metric was then binned by minute 

matched with corresponding environmental conditions for 

current speed, shear, temperature, diel stage, and tidal stage. 

Raw and processed datasets for the AZFP and ADCP are pro- 

vided. Post-processed data includes the derived fish aggrega- 

tion metrics along with corresponding environmental condi- 

tions. The described datasets are freely available on the Aus- 

tralian Ocean Data Network (AODN). 

© 2020 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license. 

( http://creativecommons.org/licenses/by/4.0/ ) 

Specifications table 

Subject Oceanography 

Specific subject area Environmental impact assessment and appraisal for tidal energy 

Type of data Fish aggregation metrics derived from volume backscattering (S v ) 

measurements. 

Current speed and direction measurements. 

How data were acquired Data were acquired with a mooring deployment housing a 38–67–125–200 kHz 

Acoustic Zooplankton and Fish Profiler (AZFP) from ASL Environmental 

Sciences and a Signature 500 AD2CP from Nortek. 

Data format Raw 

Pre-processed 

Post-processed 

Parameters for data collection The mooring deployment site was selected based on favourable traits for tidal 

energy turbine development including current speed (up to 2.2 m/s), depth 

( ∼29 m), substrate (sand-gravel), even sea-bottom, and proximity to an 

existing power grid on shore. Deployment duration was selected to sample 

several tidal cycles. 

Description of data collection A bottom-mounted mooring was refitted to house a four-frequency biological 

echosounder (38–67–125–200 kHz) and an ADCP (500 kHz). Instruments 

were programmed for concurrent data collection with the biological 

echosounder sampling at 0.25 Hz and the ADCP at 1 Hz over ∼2.5 months. 

( continued on next page ) 
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Data source location Tidal energy candidate site in the Banks Strait, located between Clark Island 

and Tasmania, Australia. 

Deployment depth: 29 m at high tide. 

GPS location: 40 °41 ′ 17.3 ′′ S; 148 °07 ′ 21.9 ′′ E 
Data accessibility Australian Ocean Data Network (AODN), University of Tasmania, Institute for 

Marine and Antarctic Studies (IMAS). Available under: 

https://metadata.imas.utas.edu.au/geonetwork/srv/eng/metadata.show?uuid= 

5d8d465d- a7a8 –4d45- a08b- d89c942244bb (Metadata) 

https://data.imas.utas.edu.au/attachments/ 

5d8d465d- a7a8 –4d45- a08b- d89c942244bb/Scherelis _ AZFP _ ACDP _ Dataset/ 

(Download page) 

Related research article C. Scherelis, I. Penesis, M.A. Hemer, R. Cossu, J.T. Wright, D. Guihen, 

Investigating biophysical linkages at tidal energy candidate sites: a case 

study for combining environmental assessment and resource 

characterisation, Renewable Energy 159, 2020, 399-413. 

Value of the data 

• This dataset was generated to survey interactions between tidal currents and fish at a tidal 

energy candidate site in Australia. To understand how tidal turbines could potentially interact 

with fish, it is imperative to establish a baseline for fish-current interactions to help identify 

and mitigate potential environmental impact concerns prior to significant site development. 

• This dataset can benefit industry, regulators and researchers in the tidal energy field looking 

to correlate results, develop comparable datasets, or test the transferability of processing and 

analysis methods on another hydroacoustic dataset collected at a tidal energy candidate site. 

• Sharing datasets of EIA studies at tidal energy candidate sites allows for effective monitoring 

practices to be identified and supports the development of a standardised survey approach 

that would help ensure low environmental impact potentials as the tidal energy industry 

advances. 

• This long-term hydroacoustic dataset collected in a dynamic marine environment in combi- 

nation with current speed and direction measurements serves as an example for the types 

of information that can be acquired by combining tidal energy resource characterisation with 

environmental monitoring efforts. 

1. Data description 

The dataset presented was collected during tidal energy resource assessment of the Banks 

Strait tidal energy candidate site, Tasmania, Australia. It includes volume backscatter measure- 

ments from an echosounder sampling at four frequencies (38–67–125–200 kHz) as well as cur- 

rent speed and direction measurements from an ADCP (500 kHz). Data were sampled concur- 

rently and are given in raw, pre-processed (e.g. with standard hydroacoustic processing opera- 

tions applied), and post-processed (e.g. calculated fish aggregation metrics) form. A brief descrip- 

tion of each data format is given below. This paper presents the dataset utilised in the related 

research article titled “Investigating biophysical linkages at tidal energy candidate sites; a case 

study for combining environmental assessment and resource characterisation” by Scherelis et al. 

[1] . 

1.1. ADCP 

Information about sampling resolution and file type for both raw and processed ADCP data 

are presented in Table 1 . 

Raw – data files produced by the Signature 500 AD2CP must first be corrected for a vari- 

ety of environmental factors (e.g. sound absorption, transmission losses, etc.) to arrive at inter- 
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Table 1 

Sampling resolution and file types of the ADCP dataset. 

Data format Time interval Vertical resolution (m) Sampling range File type 

Raw 1-min 1 23 .mat 

Processed 1-min 1 23 .csv, .mat 

Table 2 

Sampling resolution and file types of the AZFP dataset. 

Data format Time interval Vertical 

resolution (m) 

Sampling range (m) File type 

Raw 4–s 0.072 30 AZFP specific file type from ASL 

Environmental sciences. 

Pre-processed 4–s 0.1 30 (surface interference 

removed) 

.mat and .ecs (transducer properties 

and calibration settings readable 

with notepad). 

pretable current speed measurements. As such, raw AD2CP files were first uploaded to Nortek’s 

data processing software Ocean Contour to derive interpretable current speed and direction mea- 

surements, which were then exported as .mat files along with the instrument’s metadata. Mea- 

surements with insufficient beam correlations ( < 0.5) were excluded and thus only the first 23 

cells (e.g. 23 m) presented viable measurements. Current speed measurements are located in the 

given structure array of the .mat file under: (‘filename’).Avg_Data.SpeedENUCorrectedDepthSpeed. 

Processed – raw data files compiled and appended for time, current speed and current direc- 

tion for all 23 depth cells in intervals of 1 m. Depth cells were determined from the instrument’s 

internal pressure sensor. 

1.2. AZFP 

Information about sampling resolution and file type for both raw and processed AZFP data 

are presented in Table 2 . 

Raw – Data files produced by the AZFP. Files are readable in the instrument specific software 

AZFPLink by ASL Environmental Sciences, or in specialised hydroacoustics processing software 

such as Echoview® (10.0, Myriax, Hobart, Australia). Transducer properties are found in the cali- 

bration file AZFPCalibration.ecs . Given the programmed specification for the instrument to collect 

1 min of passive data every 30 min, different naming conventions exist to identify active and 

passive data. For every hour, a 29-minute data file was created during active sampling followed 

by a 1-minute passive sampling period where the instrument did not transmit an active pulse 

but was still recording in order to assess background and system noise levels. This process was 

repeated for the second 30-min period of each hour. To identify timing and sampling type of 

each data file, file names are to be read as presented in Fig. 1 . 

Pre-processed – Volume backscattering strength (S v ) following adjustments based on the 

sonar equation, transducer properties (found in AZFPCalibration.ecs ), and resampling into 0.1 cm 

vertical cells performed in Echoview®. Timestamps corresponding to each column (i.e. temporal 

domain) are given in TimeStamp.mat , where each row corresponds to the range from the trans- 

ducer as given in Range.mat. Time for the pre-processed dataset has been converted from UTC to 

local time (AEST). 

1.3. Post-processed 

Dataset providing information about fish aggregations in response to prevailing environmen- 

tal conditions binned by minute. Seven fish aggregation metrics were calculated from volume 
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Fig. 1. Instructions for interpreting the naming convention for raw data files produced by the AZFP. 

Table 3 

Information contained in the post-processed dataset. 

Variable Description 

Time Minute timestamp of the measurement. 

Density (S v ) Measure for total fish biomass in the water column. 

Abundance (S a ) Measure for the abundance of fish scatterers. 

Centre of mass (CM) Mean range of fish from the transducer. 

Proportion occupied (P occ ) Proportion of cells in the water column that contain fish. 

Inertia (I) Dispersion (or spread) of fish in the water column. 

Evenness (EA) Area occupied if all samples contained the mean fish density. 

Index for aggregation (IA) Measure for the compactness of fish in smaller areas (vs. being evenly 

distributed in the water column). 

Diel stage Indicates if measurement was taken at night or at day. 1 indicates times after 

sunrise (e.g. day) and 0 times after sunset (e.g. night). 

CSPD Current speed. 

Shear The absolute mean difference in vertical velocity between the upper and lower 

layers. 

Temperature Temperature measurement at mooring depth. 

Tidal stage Indicates if measurement was taken during ebb when tidal currents flowed 

eastward towards the Tasman sea or during flood tide when tidal currents 

flowed westwards into the Banks Strait. 0 indicates ebb and 1 flood. 

backscatter corresponding to fish, including density, abundance, centre of mass, dispersion, %- 

water column occupied, evenness, and index for aggregation. Fish aggregation metrics were then 

paired with concurrently measured environmental conditions including current speed, shear, 

temperature, diel stage, and tidal stage. A brief description for each variable in the dataset is 

given in Table 3 . 

Filtering steps applied to isolate volume backscatter corresponding to fish are discussed in 

Section 2.2 . Formula for calculating each metric from the processed volume backscatter values 

are presented in Table 2 of the related research article [1] along with a more detailed description 

about the calculated fish aggregation metrics, their implications, as well as the imposed filtering 

approach. 

2. Experimental design, materials, and methods 

2.1. Data collection 

The dataset presented was collected as part of the field campaign of the Australian Tidal 

Energy (AUSTEn) project, a collaborative research project looking to assess the tidal energy 

potential of Australia and conduct site-specific characterisation studies of high-potential can- 
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Table 4 

Echosounder collection settings. 

Echosounder settings Acoustic zooplankton and fish profiler (AZFP) transducers 

Frequency 38 kHz 67 kHz 120 kHz 200 kHz 

Sampling range (m) 35 35 100 100 

Bin size (m) 0.072 0.072 0.072 0.072 

Beam angle ( °) 12 10 6 6 

Sampling rate (hz) 0.25 0.25 0.25 0.25 

Pulse duration ( τ ) 0.5 ms 0.5 ms 0.5 ms 0.5 ms 

Sound speed (m/s) 1508 1508 1508 1508 

Table 5 

ADCP collection settings. 

Nortek Signature 500 AD2CP 

Sampling range (m) Bin size (m) Frequency 

(kHz) 

Averaging 

interval (s) 

Measurement 

interval (s) 

Sound speed 

(m/s) 

23 1 500 59 60 1508 

didate sites [2 , 3] . One of these tidal energy candidate sites includes the Banks Strait, located 

between the north-east coast of Tasmania and Clark Island, Australia. See Fig. 1 in the related 

research article [1] for a map displaying the deployment location and regional tidal currents and 

bathymetry. 

In an effort to help identify best-practices for environmental impact assessment studies of 

tidal energy sites, monitoring studies were performed pre-turbine installation to survey fish 

aggregation responses to predominant environmental conditions including tidal currents [1 , 4] . 

Studies that inform about interaction potentials between fish and turbines reduce scientific un- 

certainty and aid in the development of a streamlined permitting process for installing tidal 

energy devices in high-current regions [5] . 

This study applied hydroacoustics to investigate interactions between fish and hydrodynamic 

features (e.g. tidal currents). A bottom-mounted mooring was deployed in 29 m depth (at high 

tide – 2 m tidal range) in the Banks Strait at a location that exhibited favourable traits for tidal 

turbine installation including current speeds of up to 2.2 m/s, sand-gravel substrate, even sea- 

bottom slope, and proximity to an existing power grid on shore ( ∼11 km) [6 , 7] . Deployment du- 

ration was selected to sample several tidal cycles. The mooring housed a biological echosounder 

in form of an Acoustic Zooplankton and Fish Profiler (AZFP) to measure volume backscattering 

strength over four frequencies (38–67–125–200 kHz) and a Nortek Signature 500 AD2CP to mea- 

sure current speed and direction. Instruments were setup in a concurrent sampling plan with 

specific collection settings shown in Table 4 and Table 5 . Mooring design placed the four AZFP 

transducers ∼1 m above the sea floor and the Signature 500 AD2CP ∼1.5 m above the sea floor 

with the instrument reporting a tilt angle of less than 2 °. See Fig. 2 in the related research article 

[1] for an image of the deployed mooring showing the placement of each mounted instrument. 

2.2. Data processing 

Standard processing steps in hydroacoustics involves volume backscatter corrections based on 

the sonar equation that accounts for time-varied-gain (e.g. transmission and absorption losses), 

transducer constants and collection parameters [8] . Standard processing steps were performed 

in Echoview® where system noise determined during the 1-min passive data collection every 

30-min was removed and data were resampled into 0.1 m cells. Data were then exported as . csv 

files to undergo statistical processing [9] in Matlab® [9] . Initial data inspection revealed that 
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Table 6 

Filter parameters to mitigate background noise and isolate targets corresponding to fish biomass. 

Filter parameters 

Cell statistic window 5 × 15 cells 

Blanking distance 2 m for 125 kHz and 200 kHz; 5 m for 38 kHz 

Background noise threshold −81 dB 

Filter percentile 46th percentile 

Minimum backscatter intensity −75 dB 

Maximum difference in S v allowed among all frequencies 10 dB 

measurements from the 67 kHz transducer were subject to exceptionally high side-lobe interfer- 

ence and thus disregarded from further processing and analysis steps. 

Following pre-processing, a dynamic noise removal approach was implemented to address 

variable background noise present in the pre-processed dataset. This data filtering component 

applied customised filter parameters that mitigated the effect of increasing volume backscatter- 

ing strength with current speed and eliminated the effect of wind-stress induced surface inter- 

ference [1] . Site-specific filter parameters were chosen based on a sensitivity analysis outlined 

by Scherelis et al. [1] to achieve comparable background levels during periods of high and low 

current- and wind speeds. Filter parameters implemented are given in Table 6 . 

Following background noise removal, a dB differencing process was implemented to further 

isolate acoustic fish returns from other scattering sources in the water column. dB differenc- 

ing evaluates the frequency response of different scatterers in the water column and eliminates 

any scatterers whose acoustic signature is highly variable across different acoustic frequencies 

[10 , 11] . If volume backscattering strength differed more than 10 dB across the employed sam- 

pling frequencies (i.e. 38, 125, and 200 kHz), it would be dismissed as a non-fish target, as fish 

typically do not exhibit highly variable frequency responses at these frequencies [12 , 13] . Finally, 

a minimum acoustic threshold of −75 dB was applied. For a more detailed explanation of the 

implemented processing steps for each data format (i.e. raw, processed, analysed), please see 

the ‘Methodology’ section of the related research article [1] . 

2.3. Data post-processing 

Once volume backscatter measurements containing fish were further isolated with the ap- 

plied dB differencing process and −75 dB threshold, fish aggregation metrics were calculated 

including density, abundance, centre of mass, dispersion, %-water column occupied, evenness, 

and index for aggregation. This step constitutes the post-processing component. Calculations to 

derive fish aggregation metrics from filtered volume backscatter measurements (S v ) were fol- 

lowed according to Urmy et al. [14] and are provided in Table 2 of the related research article 

[1] . Fish aggregation metrics were binned by minute and paired with concurrently measured en- 

vironmental parameters including current speed, shear, temperature, diel stage, and tidal stage. 

This post-processed dataset was then utilised to analyse fish aggregations responses to changing 

environmental conditions at the tidal energy candidate site in the Banks Strait, Australia. 

2.4. Dataset limitations 

The objective for collecting this dataset was to observe how environmental conditions, es- 

pecially tidal currents, influence the density and vertical distribution of fish at a tidal energy 

candidate site. Individual fish species are difficult to parse with the given dataset without prior 

knowledge about scattering properties of specific fish species or conducting simultaneous fish- 

ing activities to ground-truth scattering characteristics to specific fish species or populations. As 

such, volume backscattering strength presented in the raw and pre- processed datasets represent 
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backscatter received from all biological and non-biological scatterers within a sampled volume 

of water. The post-processed dataset refers to fish targets of multiple species that satisfied the 

acoustic filter parameters applied for isolating fish targets specifically. 

Filter parameters to isolate fish from other scattering sources must be adjusted based on col- 

lection parameters, physical characteristics of the sampling site, and the intended study subject. 

Ideally, filter parameter outcomes are reviewed manually to evaluate and, if needed, readjust the 

processing algorithm’s parameters for supressing acoustic returns from scatterers that are non- 

biological and not from the intended study subject (i.e. fish). As such, the post-processed dataset 

carries limitations as a representative for fish aggregation metrics. First, the filtering window 

(5 × 15 cells) was deemed most appropriate for mitigating background noise, but also eliminates 

large fish schools that remained in the beam for more than one minute (e.g. 15 horizontal cells) 

while occupying at least 50 cm (e.g. 5 vertical cells) continuously. Second, fish targets in close 

proximity to surface interference (i.e. < = 10 cm) caused by protruding air bubbles or turbulence 

from the surface were also dismissed. Third, fish with no air bladder or small air bladders (e.g. 

small or juvenile fish) were also dismissed if their backscattering strength was less than −75 dB, 

as the backscattering strength of a fish is primarily a function of the size of its air bladder 

[15] . −75 dB represents a fish size of approximately 6 cm according to a general target strength 

(TS) to target length (TL) conversion formula [16] (following S v to TS conversion). However, this 

estimate carries limitations as signal strength is known to vary considerably with sampling ori- 

entation and morphological features of the fish. 
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Deliverable Reports 
Component 2.3 

1. Overview of Component Outcomes
The principle outcomes of the project consist of three interlinked components which will support

the emerging tidal energy sector. Component 2 (Stream C2) led by Australian Maritime College (AMC) 
(part of UTAS) and the University of Queensland (UQ), will characterize two candidate sites: energy 
resource potential, environmental parameters and effects, validation of fine-scale models, with the 
following activities and outcomes (or otherwise agreed to by ARENA and the Recipient in writing):  

a. Desktop study on general environmental impact assessment related to the two promising
sites (Site A and Site B).

b. Field campaigns to verify two promising candidate sites for tidal energy development. The
proposed fieldwork will meet and exceed current international standards for tidal site
characterization.

c. Environmental site observations data (hydrophone, photos/videos) will also be collected
during the field campaign.

d. Analysis of site including water column flow, tidal range, bathymetry and physical water
properties, wind and wave climate etc.

e. Validation of fine-scale numerical models with respect to amplitude, tidal current velocity
and associated kinetic energy, seafloor characteristics etc. at multiple levels for selected
regions.

f. Calculations such as power density, power and resource predictions, and resource
extraction effects for general and/or specific Tidal Energy Converter (TEC) devices (and
associated characteristics) in single and/or arrays will be given.

g. Full feasibility study completed with recommendations made for potential sites for device
deployment.

One site is specified, Site A (Eastern Bass Strait, TAS), and one is to be chosen, Site B, on basis of 
work completed in Components 1 and 3.  This report outlines progress on the environmental impact 
assessment of candidate Site A through literature review. 

2. Deliverables / Milestone Activity
D2.2. Progress update on Stream C2 which may include: 

• (Stream C2, C2.3) Progress on the literature review on the
biotope and habitat mapping (bird and fish species,
mammals, seafloor substrate etc.) related to Site A.

Completed 
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3. Executive Summary
As part of Deliverable C2.3 the characterization of the Banks Strait Tasmania (Site A) includes a

general environmental impact assessment. This report aims to summarize the key reports and studies 
that detail the biotope, fish and bird habitat and marine mammals that occupy or are known to be 
frequent the Banks Strait, and its surrounding regions in the Bass Strait and Furneaux Island Group. 
With the current field campaign to characterize the Banks Strait underway, environmental parameters 
relevant to this assessment such as water properties (temperature, conductivity, turbidity, dissolved 
oxygen, fluorescence, etc.), sediment characteristics, echograms, photos and video will be added to 
this literature review and developed into a scientific manuscript (knowledge sharing activity; Milestone 
4, Deliverable D4.5). Any new reports or studies will also be added to ensure this review remains up to 
date at the conclusion of the project. 

4. Deliverable C2.3: Literature review on the biotope and habitat related
to Banks Strait, Tasmania

4.1  Abstract 

Efforts to mitigate greenhouse gas emissions have produced a surge in the development of 
renewable energy technologies in Australia. While the key players for renewable power generation 
remain to be solar, wind, and hydro, recent additions to the Australian renewable energy sector aim to 
take advantage of high-flow tidal currents surrounding Australia’s coastline. The Banks Strait, 
characterized by strong tidal currents, near-shore location, and shallow depths presents a promising 
region for tidal energy development. While the benefits resulting from a commercial-scale tidal energy 
development in the Banks Strait are evident, potential interactions between such devices and the 
marine environment must be recognized. Copping et al. (2016) summarizes the interaction potential 
for many marine animals known to frequent habitats associated with tidal energy developments, yet 
species assemblage and interaction risks vary substantially among different habitats. To date, few 
studies have attempted to characterize biological properties of the Banks Strait region. The high-energy 
environment presents a difficult study site for investigating marine animal presence and behaviour. 
This report aims to summarize the few studies and reports that have, at least in part included the Banks 
Strait and surrounding regions in its sampling design. Findings about marine animals known to frequent 
the Banks Strait and surrounding regions are presented and their connections to the Banks Strait region 
outlined. 

4.2  Introduction 

High-flow tidal streams offer great potential for the development of tidal energy. These devices 
could make a significant contribution to the nation’s energy demands if developed on a commercial 
scale (Hemer et al., 2016). A significant advantage tidal energy has over alternative renewable energy 
sources, such as wind and solar, is that power generation is predictable in time and intensity (Copping 
et al., 2016). Regions characterized by near-shore locations, shallow depths, and high-velocity currents 
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are targeted for tidal energy developments as they are in proximity to existing power grids, facilitate 
installation efforts more readily, and provide a high-energy extraction potential. Tidal currents in the 
Banks Strait, located in the south-east and region of the Bass Strait between Tasmania and Clark Island, 
have been found to exceed 2.5 ms-1 (Wijeratne et al., 2012; Rahimi et al., 2015). Additionally, this 
region is characterized by depths between 30 and 60 meters and is situated in close proximity to an 
existing power grid that has been built to facilitate wind turbines on shore. As such, the Banks Strait 
area has been identified as a high-potential development site for tidal energy as part of the ARENA tidal 
energy project. 

Parallel to the growing interest in energy extraction from high-flow tidal streams, is the concern for 
their potential impact on the marine environment. Addressing this concern and quantifying potential 
impacts in terms where they can be compared to other energy sources is a challenging, yet important 
step towards evaluating the future of tidal energy (Copping et al., 2016). Particular areas of concern 
include behavioural responses of fish (Bevelhimer et al., 2017; Viehman and Zydlewski 2015) and 
marine mammals (Carlson et al., 2013) upon encountering an operating turbine, noise pollution causing 
adverse behavioural effects on fish (Schramm et al., 2017) and marine mammals (Ellison et al., 2012), 
and sediment redistribution by the altered hydrodynamic structures (Neill et al., 2009). These areas of 
research are of high interest to stakeholders within the marine renewable energy sector. While the 
industry is looking to develop tidal turbine sites, regulators aim to set appropriate guidelines in place 
to minimize environmental impacts, fishing communities’ voice concerns about the effects of tidal 
turbines on fish populations, and the scientific community seeks further knowledge on the effects of 
anthropogenic activities on the marine ecosystem. The need for research on the environmental effects 
of Marine Renewable (MRE) devices is evident, yet specific case studies are limited in number. 

In order to gauge any potential interactions that might occur between local marine life and 
operating tidal turbines, it important to know what marine animals are likely to be present in the waters 
surrounding the potential development site. This paper summarizes studies conducted on the 
substrate, fish assemblage, marine mammal activity, and marine species listed as part of the 
Environment Protection and Biodiversity Conservation Act (EPBC) in the regions surrounding the 
potential tidal energy development site in the Banks Strait. We compiled findings from various studies, 
publications, and government reports that include the South- eastern region of the Bass Strait. 

4.3  Substrate 

The Museum of Victoria and Geoscience Australia (GA) conducted studies that described the 
substrate of the Bass Strait. O’hara et al. (2014) presents biological and sediment information about 
the Bass Strait from surveys conducted with swath mapping and seabed sampling. Substrate properties 
of the Banks Strait region, located in the south-eastern region of the Bass Strait, was investigated as 
part of this study (see Figure 1). Six sediment samples (GS 02-07) were collected along transects from 
the continental shelf region to the Bass Strait (Figure 2). Sediment samples were analysed for grain size, 
distribution, and sediment type. Sample depths ranged from 92 meters close to the eastern continental 
slope, to 33.5 meters at the sample site located between Clark Island and Tasmania. Full sediment 
characteristics are outlined in O’hara et al. (2004). 
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Figure 1: Site characterization studies conducted near the Banks Strait region. The red area indicates 

the current study area for tidal energy development, the green area represents Flinders CMR as 
described in Hill et al. (2014), and the yellow markers indication sediment sampling locations of the 

Geoscience Australia survey (O’hara et al., 2004). 
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Figure 2: Sediment size composition from sediment samples taken throughout the Banks Strait. Figure 
produced by O’hara et al. (2004). 

The GS 03 sampling site displayed the highest gravel percentage in its sediment (53%).  Absence of 
fine particles such as mud and silt is characteristic for high-energy environments as exists between 
Clark Island and Tasmania (Boreen et al., 1993; Harris et al., 2000). Tidal currents constricted by 
surrounding land masses increases current velocities at the seabed and enhances sediment movement 
resuspension (O’hara et al., 2004). This produces a scouring effect that has caused depressions in the 
Banks Strait substrate and exposed bedrock and reef-habitats in this area. East and west of the Banks 
Strait tidal flows gradually decrease and produce a consistent increase in fine-sediment concentration 
(O’hara et al., 2004). Links between substrate habitat and aquatic species assemblage are known. 
Williams and Bax. (2001) related the distribution of fish species communities to seabed habitats and 
found that hard grounds (e.g. gravel, bedrock, and reef habitats) show an elevated fish abundance and 
species richness. Although depth has consistently been described as the primary predictor variable for 
aquatic biodiversity (Last et al., 2011; Zintzen et al., 2012; Chatfield et al., 2010; Williams and Bax, 2001; 
Harvey et al., 2013; Fitzpatrick, et al., 2012), substrate habitat preferences of fish species around the 
Banks Strait region are known. 

4.4  Fish assemblage 

Close to the tidal energy development site in the Banks Strait, Flinders Commonwealth Marine 
Reserve (CMR) is located. Established in 2007, this reserve lies 25 km offshore of the eastern coast of 
Tasmania and extends 2000 nautical miles to the eastern border of Australia’s exclusive economic zone. 
The reserve is divided into a multiple use zone (IUCN Category VI) that includes continental shelf and 
continental slope regions, and a marine national park zone (IUCN Category II) extending from the 
continental slope to the edge of Australia’s exclusive economic zone. Thereby, the western boundary 
of the multiple use zone begins only about 30 km from Clark Island (Figure 2). Characterized by strong 
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tidal currents, shallow depths (Fandry, 1983), and substrate similar to the Banks Strait (O’hara et al., 
2004), this region represents a marine habitat that is comparable to the tidal energy development site 
located between Clark Island and the Tasmanian mainland. 

Hill et al. (2014) conducted a comprehensive fish assemblage study in the multiple use zone of 
Flinders CMR with the intent to develop a long-term biological monitoring program for offshore marine 
protected areas. As part of this study, Flinders multiple use zone was divided into sediment, reef, and 
‘mixed’ habitats. Using a Baited Remote Underwater Video (BRUV) sampling method, 60-minute video 
recordings from 51 deployment sites were taken. 1,837 individual fish representing 45 different species 
were sampled during this time. Leatherjackets (Thamnaconus degeni and Meuschenia scaber) were the 
most abundance fish species sampled followed by jackass morwong (Nemadactylus macropterus) and 
butterfly and barber perch (Caesioperca Lepidoptera and C. razor). Other abundant species included 
striped trumpeter (Latris lineata), silverbelly (Parequula melbournensis), rosy wrasse (Pseudolabrus 
rubicundus), reef ocean perch (Helicolenus percoides), and draughtboard shark (Cephaloscyllium 
laticeps). The most common species sampled across all sites were the jackass morwong (N. 
macropertus), draughtboard shark (C. laticeps), velvet leather jackets (M. scaber), common gurnard 
perch (N. scorpaenoides), and Degan’s leatherjacket (T. degeni) (Hill et al. 2014). 

Many fish species occurred at multiple sampling sites with different habitat types. Relative 
abundance of each species by habitat type allowed for fish assemblage groups to be composed. Fish 
species and abundance were divided into six different assemblage groups based on the habitat type 
they most often occurred in. Depth was shown to have the greatest impact on the diversity of species 
assemblages, which is consistent with findings from other studies (Last et al., 2011; Zintzen et al., 2012; 
Chatfield et al., 2010; Williams and Bax, 2001; Harvey et al., 2013; Fitzpatrick, et al., 2012). Sampling 
occurred at depths between 35 m and 200 m, where sites with depths between 35 m and 70 m were 
classified as ‘shallow’ and 70 m and above were classified as ‘deep.’ Shallow reef- and sediment-
associated habitats sampled as part of this study resembled the Banks Strait region in depth and 
substrate (O’hara et al., 2004). As such, it can be assumed that the fish assemblage groups present in 
these habitats are also likely to occur at the tidal energy development site in the Banks Strait region. 
The most common fish species of the shallow reef-associated habitat assemblage included Degan’s 
leatherjacket (T. degeni), silverbelly (P. melbournensis), jackass morwong (N. macropertus), velvet 
leather jackets (M. scaber), and draughtboard shark (C. laticeps). The most common fish species of the 
shallow sediment-associated habitat assemblage included the common gurnard perch (N. 
scorpaenoides), sand flathead (Platycephalus bassensis), gummy shark (Mustelus antarcticus), and the 
tiger flathead (Platycephalus richardsoni). Of the 51 deployments, 12 sample sites represented shallow 
reef habitats and six shallow sediment habitats. Reef and mixed-reef habitats contained a higher 
species richness, while sediment-associated habitats displayed species with significantly higher tropic 
levels (Hill et al. 2014). These findings are consistent with other studies claiming habitats containing 
reefs and rocky outcrops feature an enhanced biodiversity (Director of National Parks, 2013). Table 1 
presents a complete list of the sediment- and reef-associated species assemblages.  
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Table 1. Species assemblage of the habitat type likely to be present in the Banks Strait. Average numbers 
of species by habitat group are shown (Hill et al. 2014). 

Marine Species Shallow reef- 
associated 
habitat 

Shallow sediment- 
associated habitat 

Banded Stingaree (Urolophus cruciatus) 0 0.166667 
Barracouta (Thyrsites atun) 0.75 0 
Barred Grubfish (Parapercis allporti) 0 0.666667 
Bluefin Leatherjacket (Thamnaconus degeni) 36.91667 2.833333 
Bluespotted Goatfish (Upeneichthys vlamingii) 1 0 
Butterfly Perch (Caesioperca lepidoptera/razor) 5 0 
Common Gurnard Perch (Neosebastes 
scorpaenoides) 

1.5 2.5 

Common Sawshark (Pristiophorus cirratus) 0.083333 0.166667 
Draughtboard Shark (Cephaloscyllium laticeps) 2.333333 0.833333 
Globefish (Diodon nicthemerus) 0.083333 0 
Gummy Shark (Mustelus antarcticus) 0.25 1 
Jackass Morwong (Nemadactylus macropterus) 5.25 0 
Kapala Stingaree (Urolophidae sp.) 0 0.166667 
Melbourne Skate (Spiniraja whitleyi) 0.333333 0 
Port Jackson Shark (Heterodontus 
portusjacksoni) 

0.083333 0 

Rosy Wrasse (Pseudolabrus rubicundus) 4.333333 0 
Shaw’s Cowfish (Aracana aurita) 0.5 0 
Silver Dory (Cyttus australis) 0.416667 0 
Silverbelly (Parequula melbournensis) 5.833333 0.666667 
Sixspine Leatherjacket (Meuschenia freycineti) 0.083333 0 
Southern Calamari Squid (Sepioteuthis 
australis) 

1.5 0.166667 

Southern Sand Flathead (Platycephalus 
bassensis) 

0.833333 3.5 

Thronback Skate (Dentiraja lemprieri) 0.166667 0 
Tiger Flathead (Platycephalus richardsoni) 0.166667 1.166667 
Toothbrush Leatherjacket (Acanthaluteres 
vittiger) 

1.25 0 

Velvet Leatherjacket (Meuschenia scaber) 4.25 1 

150



Milestone Report 2, Funding Agreement Number G00902 - July 1, 2018 9 

Broader context studies that include the Banks Strait and adjacent regions have been conducted 
to compare different habitat types within Tasmania (Edgar et al., 1999; Last et al., 1983) and identify 
endangered species of south-eastern marine region of Australia (South-east Marine Region profile, 
2015). 

Edgar et al. (1999) investigated the distribution of macroinvertebrates and fishes in Tasmanian 
estuaries. This study summarized the distribution of 101 fish species collected among 75 Tasmanian 
estuaries. The study aimed to investigate differences in biodiversity for estuaries subject to different 
environmental conditions (e.g. area of estuary, catchment area size, annual river runoff, mean salinity, 
vegetation, tidal range, etc.). Eight biogeographic regions of Tasmania were examined, each containing 
a number of different geomorphological estuaries. The Furneaux (Flinders Island and Cape Barren 
Island) and north-east region (Tamar to Little Musselroe Bay) represented two of these biogeographic 
regions (Edgar et al., 1999). Data presented as part of the north-east and Furneaux region is of 
particular interest for the characterization of the Banks Strait region due to its proximity and, in 
consequence, similarities in benthic habitats to the current study site. Fish species and assemblage data 
used for this study was primarily collected by Last (1983) with limited additional fish data being 
collected along with invertebrate sampling that occurred. A total of 101 different fish species were 
recorded from 242 sampling sites within 75 estuaries examined. Highest numbers of fish species were 
found in the north-east and Tamar regions with 40 and 41 species sampled, respectively. Sample sites 
at Flinders Island and the north-east coast of Tasmania displayed the highest species richness along 
with the Huon region in the south of Tasmania. Summer surface salinity and presence of seagrass were 
the environmental variables most highly correlated with fish species richness (Edgar et al., 1999). Of 
the 101 fish species sampled among all sampling sites, only 16 were considered regionally restricted, 
meaning these species were found in one or more estuaries that did not extend past four adjacent 
estuaries along the coast. The Furneaux region displayed the greatest concentration of fish species that 
exhibited restricted ranges. Rock flathead (Platycephalus laevigatus), prickly toadfish (Contusus 
brevicaudus), southern bluespotted flathead (Platycephalus speculator), sea mullet (Mugil caphalus), 
tailer (Pomatomus saltatrix), and sand mullet (Myxus elongatus) were only sampled in the Furneaux or 
adjacent estuaries. The southern bluespotted flathead (Platycephalus speculator), prickly toadfish 
(Contusus brevicaudus), and blue sprat (Spratelloides robustus) were found in both the Furneaux and 
north-east region. The horny thornfish (Bovichtus angustifrons) was regionally restricted to the north-
east or adjacent region, excluding the Furneaux group (Edgar et al., 1999).  

Last (1983) conducted an extensive study to assess fish species assemblage among different 
habitats of the Tasmanian coast. This study divided the Tasmanian coastline into sixteen different 
coastal regions and described the environmental characteristics. One of these regions, extending from 
The Gardens to Petal Point, Cape Portland, was classified as the north-east coast featuring sedimentary 
habitats with semi-exposed or exposed beaches and shallow reef protected areas with extensive 
seagrass coverage. Most abundant fish species by habitat included the eastern Australian salmon 
(Arripis trutta), yelloweye mullet (Aldrichetta forsteri), and silver fish (Atherinosoma presbyteroides) 
for semi-exposed beaches, eastern Australian salmon (Arripis trutta), sandfish (Crapatalus arenarius), 
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and spotted flounder (Ammotretis liturata) for exposed beaches, and silver fish (Atherinosoma 
presbyteroides), Threadfin Sandgoby (Nesogobius sp. 2), and yelloweye mullet (Aldrichetta forsteri) for 
sheltered beaches. Diel and seasonal changes in fish abundance and species assemblage at sampling 
sites was observed. Typically, more species and larger individuals were sampled at night, while summer 
and autumn seasons displayed the highest number of species sampled. Last et al. (1983) presents an 
exhaustive list of all fish species along with their relative abundance by habitat type and environmental 
condition. Differences in the fish species and relative abundances sampled by the studies presented 
are likely due to the focus sites investigated. Last et al., (1983) and Edgar et al., (1999) are focused on 
near-shore estuarine habitats with a maximum depth of 3 m, while Hill et al., (2014) sampled at depth 
between 40 and 100 meters.  

 

4.5  Endangered species 

Tasmania’s coastline, including the Banks Strait, is part of the South-east Marine Region of 
Australia. This marine region is one of six regions that the Australian coast is divided into and extends 
from the south of New South Wales to the Kangaroo Islands in South Australia. It encompasses 
1,632,402 km2 and incorporates all of the Tasmanian coast and Bass Strait (Figure 3).  

 
Figure 3: Marine Regions of Australia. This report focuses on studies associated with  the South-east 

Marine Region. Map produced by Australian Government: Deaprtment of the Environment. 
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A key measure to combat the decline of Australia’s marine biodiversity is the Environment 
Protection and Biodiversity Conservation (EPBC) Act. Species that have experienced a large decrease in 
numbers due to habitat fragmentation and degradation, changes to the aquatic environment, invasive 
species, and climate change are listed under the EPBC Act. Once listed, management plans are 
developed to help protect the remaining individuals and promote population recovery. Overlooking 
listing categories for species that no longer exist in the wild, threatened species are sorted into four 
categories as part of their EPBC listing (e.g. critically endangered, endangered, vulnerable, and 
conservation dependent). Appropriate listing categories for listed species are determined by 
considering the reduction in numbers over time, its geographical distribution, estimated number of 
remaining individuals, and probability of extinction if no conservation efforts are taken. 

A broad study about the ecological and biophysical features of the South-east Marine Region 
was conducted by the Department of Environment and established the importance of this region for 
protected species. Areas within the south-eastern marine region recognized as biologically important 
for the conservation of protected species include habitats for foraging, breeding, resting, and migration 
activities. Although the Banks Strait is not directly characterized as a biologically important area for the 
conservation of endangered species, many regions surrounding the Banks Strait are classified as such 
by the Department of Environment (South-east Marine Region profile, 2015). Characterizing the 
endangered species known to frequent the surrounding regions will help to recognize any interaction 
potential that might exist between endangered species and tidal energy devices early in the 
development process. This report outlines fishes that have been recognized as conservation dependent 
under the Environment Protection and Biodiversity Conservation (EPBC) Act, shark species listed as 
threatened, and all cetaceans known to frequent the south-ease marine region.  

The diverse marine animal life of the south-eastern region includes 94 species currently listed 
under the (EPBC) that ‘may occur in the region and 46 species that are ‘likely to occur in the region’ 
(South-east Marine Region profile, 2015). Of these species, 21 are listed as threatened and 23 as 
migratory. These include bony fishes, sharks, pipefish and sea horses, whales and dolphins, pinnipeds, 
and birds. Fishes considered conservation dependent in this region include the Gemfish (Rexea 
solandri), Orange Roughy (Hoplostethus atlanticus), and Southern bluefin tuna (Thunnus maccoyii), 
where only Bluefin tuna occur at depths of less than 100 m (Gomon et al., 2008). Occurring globally at 
latitudes between 30°-50° S Bluefin tuna have often been observed around Tasmania and Western 
Australia (Phillips et al., 2009; Carpenter & Niem 2001; Caton 1991).  

Declining numbers in shark populations has caused some species to be listed under the EPBC Act. 
We present the most common shark species present in the South-east Marine Region. The white shark 
(Carcharodon carcharias) is known to frequent inshore, continental shelf, and continental shelf habitats 
throughout tropical and sub-tropical regions. Seasonal migration patterns place it in the South-eastern 
region from summer to autumn (Bruce et al. 2006). The shortfin mako shark (Isurus oxyrinchus) is a 
migratory species that occurs in tropical and temperate waters consistently above 16° C (Last & Stevens 
2009). Due to its pelagic nature, the mako shark is primarily found in offshore, oceanic waters (Last & 
Stevens 2009). The porbeagle (Lamna nasus) is a migrating pelagic shark species that is found in 
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offshore temperate and tropical waters, although sporadic sightings in coastal waters have been 
reported. Grey nurse sharks (Carcharias Taurus) occur in warm temperate waters close to shore with 
occasional presence in the surf zones of shallow bays. Preferred habitat depths are between 15 and 40 
m (Otway & Parker 2000). The grey nurse shark is listed as critically endangered under the EPBC Act. 
School sharks present in the South-eastern region are deep water demersal species that occur in depths 
between 100 and 500 m (McLoughlin 2007). The southern dogfish (Centrophorus zeehaanii) is endemic 
to the southern Tasmania and found in the upper continental slope of the South-east Marine Region. 
Their core habitat extends from Newcastle in New South Wales to the Banks Strait with a depth 
preference between 180 and 900 m (Williams et al. 2012). Harrisson’s dogfish (Centrophorus harrissoni) 
are known to occur at continental shelf and slope habitats at 200 up to 1050 m depths. Harrisson’s 
dogfish are listed as conservation dependent under the EPBC Act. 

4.6  Marine mammals 

All cetaceans (whales and dolphins) are protected under the EPBC Act. Common species of the 
South-east Marine Region and their habitat preferences are presented.  

Southern Right Whales (Eubalaena australis) have been sighted along all of Australia’s coast with 
the south-eastern coast of Tasmania being historically favoured in pre-whaling times.  They feed in the 
Southern Ocean and move north to breed in warmer coastal waters between May and October. 
Southern Wright Whales adjust their habitat based on environmental conditions present, such as 
seeking feeding grounds close to shore to avoid rough sea conditions. A preference for highly 
productive areas less than 10 m deep has been observed. The South-east Marine Region has been 
recognized as an important breeding ground for this species (South-east Marine Region profile, 2015). 
The Southern right whale is listed as endangered under the EPBC Act.  

Humpback whales (Megaptera novaeangliae) migrate from Antarctica to the South-east Marine 
Region for breeding and calving between the months of April and May. From October to December 
they begin migrating south back to their feeding grounds in Antarctica (DSEWPaC 2013c). Thereby, 
northward migration typically occurs further offshore than when migrating southward when coastal 
sightings are common (Paterson et al. 1994; Noad & Cato 2001). Feeding activity has been observed on 
Tasmania’s east coast, in the Derwent River near Hobart and around Cape Bougainville (Grill et al. 
1998). The humpback whale is listed as vulnerable under the EPBC Act.  

Blue whales (Balaenoptera musculus), the largest animal in existence, are known to occur in large 
aggregations around the Bonney Upwelling close to South Australia and Victoria from November to 
December. Antarctic blue whales have been observed near the coast of Tasmania between May and 
December. Although they are known to migrate south-east during January to April, presence in the 
Bass Strait is unknown (Gill 2002; Gill et al. 2011). Blue whales are currently listed as vulnerable under 
the EPBC Act. 

Fin whales (Balaenoptera physalus) predominately occupy deep offshore waters. As such, 
distribution and migration behaviour are less described than for other whale species. Three stranding 
events of fin whales have been recorded in Tasmania (McManus et al. 1984). Sightings and acoustic 
recordings of fin whales have placed this species off the Rottnest Trench in Western Australia between 
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January and April (McCauley et al. 2000) and the Antarctic Territory (Ensor et al. 2002). Fin whales are 
listed as vulnerable under the EPBC Act. 

Sei whales (Balaenoptera borealis) occur near the Bonney Upwelling one between December and 
April (Gill 2002; P. Gill 2004, pers. Comm) and in the western end of the Bass Strait (Kato et al. 1996). 
Several sightings of Sei whales have been recorded off the southern coast of Tasmania including inshore 
of the Tasman Peninsula (P. Gill 2004, pers. Comm). Sei whales are listed as vulnerable under the EPBC 
Act.  

Seals that are known to occur within the South-east Marine Region includes the sub-Antarctic fur 
seals (Arctocephalus tropicalis), Antarctic fur seal (Arctocephalus gazelle), Australian fur seal 
(Arctocephalus pusillus), New Zealand fur seal (Arctocephalus forster), and the southern elephant seals 
(Mirounga leonine) . Seal breeding colonies largely occur on islands and sections of remote coastline 
(South-east Marine Region profile, 2015). As such, Tasmania’s coastline, including the Banks Strait 
region presents a favourable breeding habitat for seals. Four breeding colonies of the Australian fur 
seal, for example, have been found off the coast of Tasmania (Kirkwood et al. 2010; Pemberton & 
Kirkwood 1994; Warneke 1995b). Further investigations into the seal population around the Banks 
Strait region are needed.  

4.7  Seabirds 

Another class of marine animals that is at risk for interacting with tidal stream devices are seabirds 
(Copping et al., 2016). Spatial overlap between deep-diving seabirds and moving components of tidal 
stream devices are a concern, especially for tidal installation in shallow regions. To evaluate the 
potential interaction between seabirds and tidal turbines, one must evaluate whether: 1) seabirds 
present would forage in regions considered for tidal energy development, 2) dive activity is expected 
near tidal stream turbines, and 3) dive profiles spatially overlap with depths of turbine blades (Waggitt 
et al., 2014). To answer these questions, we must identify which seabird species are present and 
whether substantial foraging activities are ongoing at the tidal turbine development site in the Banks 
Strait. If dive activities are recognized, dive profiles of individual species will be matched with intended 
turbine installation depths to assess if a spatial overlap exists. In summary, further examination of 
seabird activity in the Banks Strait region is needed. 
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5. Next Steps/Activities
Environmental parameters collected in the field experiments relevant to this assessment (undertaken 
under Milestone D2.2, Component C2.5) will be processed following the second field campaigns in 
July and September 2018. These results will be integrated into the literature review presented here 
for Site A, Banks Strait, and developed into a scientific manuscript (due in Milestone D4.). 

6. High-Level Timeline
July – December 2018 Processing of field experimental data 

Updating literature review with new reports or studies 
July 2019 Final draft literature review of Site A 
July 2020 Scientific manuscript on environmental assessment of Sites A and B 
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7. Prepared by
Written by: Constantin Scherelis (AMC-UTAS) and A/Prof Irene Penesis (AMC-UTAS) 
Reviewed by: A/Prof Irene Penesis (AMC-UTAS), Dr Mark Hemer (CSIRO O&A) 
Date of this draft (Version 7): 06/06/2018 
Date of final draft: 10/06/2018 

8. Appendices
N/A
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