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Pacific Northwest

NATIONAL LABORATORY SEATTLE
RESEARCH CENTER

1100 Dexter Avenue North
Suite 400

Seattle, WA 98109-3598
www.pnnl.gov

Proudly Operated by Baftelle Since 1965

July 12, 2016

The California Energy Commission
1516 Ninth Street, MS-29
Sacramento, CA 95814-5512

RE: IEPR 2016-05-25 Workshop — Submission of Technical Report on Marine Energy Environmental Effects

Dear Sir or Madam:

PNNL is pleased to present the California Energy Commission with the recently released Annex IV State of the
Science report: Environmental Effects of Marine Renewable Energy Development Around the World. The
California Energy Commission is presently preparing a draft Environmental Performance Report and explicitly
considering offshore renewable energy development, per its May 25, 2016 workshop. PNNL believes that the
enclosed international summary provides a useful technical baseline for the Commission’s report on this topic .

The US Department of Energy, Pacific Northwest National Laboratory, BOEM, and NOAA co-lead the Annex IV
effort that focuses on environmental effects of marine renewable energy development, primarily from waves and
tides, under the Ocean Energy Systems (OES). OES is a collaboration of 23 nations brought together under the
International Energy Agency. Under OES, countries focus on research, development, and demonstration of energy
conversion technologies from all forms of ocean renewable resources. Annex 1V is led by the US and involves
thirteen nations, spanning five continents. For more information on OES and the Annex IV initiative please visit
http://tethys.pnnl.gov/about-annex-iv.

The State of the Science report covers on a broad range of potential effects from marine renewable energy devices
on marine animals and the habitats that support them, and chronicles recent advances in understanding and possibly
retiring risks to: marine animals from colliding with tidal turbine blades; fish and invertebrates from electromagnetic
emissions from power cables; and to animal behavior and communication from underwater noise from tidal and
wave devices. You can also find the State of the Science report online at: http://tethys.pnnl.gov/publications/state-
of-the-science-2016, along with the executive summary in the seven languages represented by the Annex IV nations,
and the enclosed short science summaries.

If PNNL can further support the Commission in its preparation of this report, please feel free to contact me at
andrea.copping@pnnl.gov.

Sincerely,

Ak LWL AN
WAV v AR S Y

Andrea E. Copping, PhD.
U.S. DEPARTMENT OF

Senior Scientist, Pacific Northwest National Laboratory
Annex IV Lead EN ERGY
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A report prepared by Pacific Northwest National Laboratory on behalf of the U.S.
Department of Energy (the Annex IV Operating Agent) and other partnering nations
under the International Energy Agency (IEA) Ocean Energy Systems Initiative (OES).
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DISCLAIMER

The OES, also known as the Imple-
menting Agreement on Ocean
Energy Systems, functions within a
framework created by the Interna-
tional Energy Agency (IEA). Views,
findings, and publications of the
OES do not necessarily represent
the views or policies of the IEA
Secretariat or of all its individual
member countries.

Neither the authors nor the
participating organizations nor
the funding organizations make
any warranty or representations,
expressed or implied, with respect
to use of any information con-
tained in this report, or assume
any liabilities with respect to use
of or for damages resulting from
the use of any information dis-
closed in this document.

Go to http.//tethys.pnnl.gov for a
robust collection of papers, reports,
archived presentations, and other
media about MRE development.
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ACRONYMS AND ABBREVIATIONS

EMV Electromagnetic Velocity Meter
1D one-dimensional EPRI Electric Power Research Institute
2D two-dimensional ES Environmental Statement
3D three-dimensional ETPM Exposure Time Population Model
EU European Union
AC alternating current EVE Ente Vasco de la Energia (Basques Energy Board)
ADCP acoustic Doppler current profiler EWTEC European Wave and Tidal Energy Conference
ADV acoustic Doppler velocimeter
AMETS Atlantic Marine Energy Test Site FAD fish aggregating device
AMREP Areas of Marine Renewable Energy Priority FERC Federal Energy Regulatory Commission
FORCE Fundy Ocean Research Center for Energy
BACI Before-After-Control-Impact FVCOM Finite Volume Coastal Ocean Model
BIMEP Biscay Marine Energy Platform
BioPA Biological Performance assessment g gram(s)
BOEM Bureau of Ocean Energy Management GIS geographic information system
BRI Boschma Research Incorporated
HGE Hydro Green Energy
CBTEP Cobscook Bay Tidal Energy Project HPR heading, pitch, and roll
CCDR Coordination Committee on Regional Development hr hour(s)
CFD computational fluid dynamics Hz hertz
CGS centimeter—gram-second HVDC high-voltage direct current
cm centimeter(s)
CMSP Coastal and Marine Spatial Planning ICNF Instituto de Conservacio da Natureza e das Floresta
CORER Centre for Ocean Renewable Energy Resources IDEA Instituto para la Diversificacion y Ahorro de la Energia
CPT Colombia Power Technologies [EA International Energy Agency
CPz Cable Protection Zone iE-field induced-electric field
CRM collision risk modeling HA Incidental Harassment Authorization
CTD conductivity-temperature-depth in. inch(es)
INSPIRE Infrastructure for Spatial Information in Europe
dB decibel(s)
dB rms decibel(s) root mean square kA kiloampere(s)
DIDSON Dual-Frequency Identification Sonar kHz kilohertz
DNMS drifting noise measurement system km kilometer(s)
DO dissolved oxygen kv kilovolt(s)
DOE U.S. Department of Energy
LLC Limited Liability Company
EEZ Exclusive Economic Zone LOMA Large Ocean Management Area
EIA Environmental Impact Assessment
EIS Environmental Impact Study m meter(s)
ELAM Eulerian-Lagrangian-Agent Model MaREI Marine Renewable Energy Ireland
EMEC European Marine Energy Centre MCT Marine Current Turbines
EMF electromagnetic field MERMA Ministry of the Environment, Rural and Marine Affairs
EMP Environmental Monitoring Plan MFZ marine functional zoning
MHK marine and hydrokinetic
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MITT Ministry of Industry, Tourism and Trade S second(s)
mm millimeter(s) SAC Special Area of Conservation
MMO Marine Management Organisation SAMP Special Area Management Plan
MRE marine renewable energy SAMS Scottish Association for Marine Science
MREA Marine Renewable Electricity Area SCANS Small Cetaceans in the European Atlantic and North Sea
m/s meter(s) per second SEA Strategic Environmental Assessment
MSFD Marine Strategy Framework Directive SECOA Social, Economic, and Cultural Overview and Assessment
MS-LOT Marine Scotland-Licensing Operations Team SEL sound exposure level
mT millitesla SELcum cumulative SEL
mV millivolt(s) SELSS single strike SEL
Mw megawatt(s) SBT split-beam transducer
Sl International System of Units
NGO non-governmental organization SMRU Sea Mammal Research Unit
NI Northern Ireland SNL Sandia National Laboratories
NIOMR Nigerian Institute for Oceanography and Marine SOA State Oceanic Administration
Research SPA Special Protection Area
NNMREC Northwest National Marine Renewable Energy Center SPL sound pressure level
NOAA National Oceanic and Atmospheric Administration SPLpeak peak SPL
SPLpeak-peak
nT nanotesla peak-to-peak SPL
nv nanovolt(s) SRSL SAMS Research Services Ltd
NZCPS New Zealand Coastal Policy Statement SSE Strategic Scoping Exercise
SURGE Simple Underwater Renewable Generation of Energy
OES Ocean Energy Systems Initiative (project)
OREDP Offshore Renewable Energy Development Plan SwAM Swedish Agency for Marine and Water Management
ORNL Oak Ridge National Laboratory SWAN Simulating WAves Nearshore
ORPC Ocean Renewable Power Company
OTEC Ocean Thermal Energy Conversion uT microtesla
T tesla
uPa micropascal(s) TDR time-depth recorder
PAM Passive Acoustic Monitoring TEC Tidal Energy Converter
PBR Potential Biological Removal TEL Tidal Energy Ltd
PCoD Population Consequences of Disturbance TGU turbine generator unit
PNNL Pacific Northwest National Laboratory
PoE Pathways of Effect UK United Kingdom
PTS permanent threshold shift us United States
PVA population viability analysis uTm Universal Transverse Mercator
pv microvolt(s)
RD&D research, development, and demonstration VAMS Vessel-mounted Aimable Monitoring System
ReDAPT Reliable Data Acquisition Platform for Testing V/m volt(s) per meter
RITE Roosevelt Island Tidal Energy
RMA Resource Management Act WEA Wind Energy Areas
rms root mean square WEC wave energy converter
RPB Regional Planning Body
RPM rotations per minute
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ANNEX IV 2016 STATE OF THE SCIENCE REPORT

Executive Summary

This report summarizes the state of the science of interactions and
effects of marine renewable energy (MRE) devices on the marine

environment, the animals that live there, and the habitats that
support them. This report serves an update and a complement
to the 2013 Annex IV report that can be found at http://tethys.
pnnl.gov/publications/final-annex-iv-report-2013.



http://tethys.pnnl.gov/publications/final-annex-iv-report-2013
http://tethys.pnnl.gov/publications/final-annex-iv-report-2013

enerating energy from the ocean includes the use
Gof offshore wind turbines. This report considers
only devices that generate energy from seawater. The
MRE industry worldwide is still in the early stages of
development, deployment, and commercialization.
While MRE devices include those aimed at harvesting
tides, waves, and ocean currents, as well as tempera-
ture and salinity differentials in seawater, the majority
of environmental studies have focused on tidal tur-
bines and wave energy converters (WECs), with some
emphasis on ocean current and river turbines. This
report considers turbines and WECs only.

This report was produced by the Annex IV Initiative,
under the Ocean Energy Systems (OES) collaboration.
Thirteen OES countries have joined together to assess the
potential environmental effects of MRE development, and
to learn collectively how to address potential effects that
hamper siting and consenting/permitting of devices, to
facilitate the establishment of the MRE industry.

The information gathered and analyzed for this report
can help inform regulatory and research investigations
of potential risks to marine animals and habitats from
tidal and wave installations, and can assist MRE devel-
opers in developing engineering, siting, operational
strategies, and monitoring options for projects that min-
imize encounters with marine animals and/or diminish
the effects if such encounters occur. Used in conjunc-
tion with site-specific knowledge, the information from
this report may simplify and shorten the time to permit
(consent) deployment of single and multiple device
arrays. The information brought together for analysis
represents readily available, reliable information about
environmental interactions with MRE devices; however,
the analysis and conclusions drawn are not meant to
take the place of site-specific analyses and studies, or to
direct permitting (consenting) actions or siting consid-
erations in specific locations.

SUMMARY OF POTENTIAL
ENVIRONMENTAL INTERACTIONS
ASSOCIATED WITH THE DEPLOYMENT OF
MARINE RENEWABLE ENERGY DEVICES

In a new industry like MRE, there may be interactions
between devices and marine animals or habitats that
regulators or stakeholders perceive as risky. In many
instances, this perception of risk is due to the high degree
of uncertainty that results from a paucity of data col-
lected in the ocean. However, the possibility of real risk to
marine animals or habitats cannot be discounted; the lack
of data continues to confound our ability to differentiate
between real and perceived risks.

Ultimately, risk will be governed by a variety of fac-

tors that include attributes of a particular device (static
or dynamic), the type of device (wave or tidal), and the
spatial scale of a particular installation (single device or
arrays). As the MRE industry continues to develop, it is
important to acknowledge all the potential mechanisms
of harm these technologies may pose to the marine envi-
ronment, although many of the perceived risks are likely
to be small and easily avoided or mitigated. Additional
strategic research investments will likely help to mini-
mize uncertainty and elucidate actual risk. Most interac-
tions and associated risks from single devices are unlikely
to harm the marine environment; as larger arrays are
deployed, additional monitoring and strategic research
may be required to prepare for the commercial develop-
ment of the industry.

Studies to date have shown that most of the perceived risk
to animals from MRE devices is due to uncertainty about
the interactions because of the lack of definitive data, and
continue to present challenges to permitting/consenting
of commercial-scale development. As more definitive data
are collected, it is possible that some real risks to marine
animals and habitats will remain and continue to present
challenges to permitting/consenting of commercial-scale
development.
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BENEFITS OF MARINE ENERGY

The push for MRE development around the world
stems from interest in developing locally derived
secure energy sources that have the potential to com-
bat the effects of climate change such as ocean acidifi-
cation and increasing ocean temperatures. Deleterious
effects of climate change are already affecting many
marine and coastal resources, and will continue to
affect the health, reproduction capabilities, and biodi-
versity of populations of fish, shellfish, marine mam-
mals, and birds, and other living organisms. Similarly,
climate change effects will erode the beneficial human
uses we derive from the harvest and aquaculture of
seafood organisms, as well as degrade coastal habitats
that provide erosion and storm protection. Although
laws and regulations in some countries do not explicitly
allow for calculation of these beneficial uses by MRE
devices as offsets for potential deleterious effects, the
net benefits of MRE generation should be viewed as
combatting climate change.

COLLISION RISK FOR ANIMALS AROUND
TIDAL TURBINES

The potential for marine animals to collide with the
moving parts of tidal devices is a primary concern for
consenting/permitting and licensing of tidal develop-
ments. Where proposed tidal energy projects overlap
with the habitat of protected species there are concerns
that collisions could lead to injury and mortality of indi-
viduals, and possibly affect the long-term status of the
population.

Marine mammals, fish, and seabirds are of greatest
concern for collision, however no collisions have been
observed around single turbines or small arrays to date.
Studies have focused on observing the behavior of animals
around turbines as a way to understand how mechanisms
leading to collisions might occur. However, observing col-
lision and animal behavior around turbines is hampered
by a lack of appropriate instruments and challenging
conditions for underwater observations using acoustic or
optical instruments. Modeling efforts to estimate poten-
tial consequences of collisions with turbines provide some
insight for worst-case scenarios, but need validation from
the field. Researchers are also examining animal behavior
around turbines including evasion, avoidance, and attrac-
tion; direct observation of animal movements and behav-
ior in the vicinity of devices is needed to inform evalua-
tions of risk and impacts, and to answer stakeholder and
regulator questions.

Executive Summary

Public

Review Draft



RISK TO MARINE ANIMALS FROM
UNDERWATER SOUND GENERATED BY
WAVE AND TIDAL DEVICES

Animals use sound in marine environments for com-
munication, social interaction, orientation, predation,
and evasion. The extent to which marine animals detect
and emit sound varies by frequency and amplitude. The
addition of anthropogenic noise sources from opera-
tional wave and tidal devices may induce behavioral
changes in marine animals. In addition to behavioral
changes, the addition of noise may, in some cases result
in injury. Physical impacts may include temporary or
permanent reduction in hearing ability, damage to non-
auditory tissues, irregular gas bubble formation in the
tissues of fish and marine mammals, and neurotrauma.
Behavioral changes may also occur, such as avoidance of
or attraction to the source, as well as masking—inter-
ference with communication, navigation, and detection
of prey. To date, there have been no observations of
operational noise from MRE devices affecting marine
animals.

Measuring the sound from an operational WEC or tidal
turbine is becoming more routine, although measur-
ing low-frequency sounds that may be in the hear-
ing range of large whales continues to be challenging.
Observations of animals reacting to those sounds are
more difficult to obtain. More information is needed
to determine whether physical injury and behavioral
changes caused by installation noise will be harmful.
Most sound measurements from MRE devices have
been gathered for single devices; although we can
bound the likely acoustic outputs from the cumulative
impacts of arrays, few field measurements have been
made to date.
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CHANGES IN PHYSICAL SYSTEMS: ENERGY
REMOVAL AND CHANGES IN FLOW

In marine environments, physical systems act as driv-
ers for the sustainability and health of organisms. The
installation of MRE devices may affect the system by
changing natural flow patterns around devices, which
can alter sediment distribution and transport. In addi-
tion, energy removal may change the operation of a
waterbody. A small number of MRE devices will not cre-
ate measurable changes, but large commercial arrays
might alter the system over time.

Environmental Effects of Marine Renewable Energy Development around the World e



There are few field studies of energy removal and changes

in flow caused by MRE devices. Many numerical mod-

els have been developed and applied to the problem,
although most models have focused on optimizing power
generation. Fewer models have focused on environmen-
tal concerns like changes in water circulation, sediment
transport, and water quality. All the models that examine
potential effects on the environment need field data to

validate the conclusions, which continues to limit their use.

EFFECTS OF EMF ON MARINE ANIMALS
FROM ELECTRICAL CABLES AND MARINE
ENERGY DEVICES

Electromagnetic fields (EMFs) occur naturally in the
marine environment, while anthropogenic activi-
ties may create altered or additional sources of EMF,
including those from MRE export cables. Cables are
commonly buried or lying on the seabed, while inter-
device cables may be suspended in the water column.

Evaluating the emissions from cables and energized
devices requires measurements of the magnetic field
and the induced electrical field. Laboratory and field
studies examine the effects these emissions may have
on marine animals, including certain electro- and
magneto-sensitive species of fish, invertebrates, and
possibly sea turtles. Most studies have focused on the
behavioral responses by animals to the EMFs includ-
ing the potential for a barrier effect that might keep
animals from important habitats, slowing of growth or
development in larval animals, and behavior changes
that might limit feeding. To date there has been no
evidence to show that EMFs at the levels expected
from MRE devices will cause an effect (whether nega-
tive or positive) on any species.

CHANGES TO HABITATS CAUSED BY
MRE DEVICES: BENTHIC HABITATS AND
REEFING PATTERNS

The installation of MRE devices alters benthic (bottom)
habitats by the addition of gravity foundations, piles,
or anchors, as well as the sweep of mooring lines,
cables, and mechanical moving parts. Similarly, the
presence of MRE devices on the seafloor or suspended
in the water column may attract fish and benthic
organisms, allowing them to reef around the device,
which may change their behavior, location, and per-
haps have a population effect.

Most evidence of changes in benthic habitats are related
to offshore wind installations, which may provide

some insight into changes expected from MRE devices.
Changes are not expected to be widespread or to affect
benthic habitats differently than other marine industries
that place structures in new areas of the ocean.

Effects that MRE devices have on reefing fish are not
known, and are expected to be very similar to those
of other marine industries, including the installation
of artificial reefs, which have not been shown to have
deleterious effects on fish populations. It is possible
that MRE devices will increase the density of certain
fish species locally.

Annex IV 2016 State of the Science Report



MARINE SPATIAL PLANNING AND MARINE
RENEWABLE ENERGY

Marine spatial planning (MSP) involves an approach to
planning and managing sea uses and users to support
sustainable development of marine areas. The rationale for
MSP is to provide a stable and transparent planning system
for maritime activities and users within agreed environmen-
tal limits to ensure marine ecosystems and their biodiversity
remain healthy, working across multiple sectors.

Annex IV representatives were surveyed to determine the
extent to which MSP processes exist in their countries. Sev-
eral nations have formal MSP processes in place, others have
coastal management plans that embody some of the prin-
ciples of MSP, and several have no MSP in place.

N,

CASE STUDIES THAT EXAMINE SITING
AND PERMITTING OF MRE DEVICES

The consenting process is still regarded as a barrier for
the sector to scale up and become cost-competitive with
other forms of electricity generation. Uncertainties about
the application of environmental legislation can prolong
consenting processes, adding costs, delays, and signifi-
cant uncertainty. Four case studies are presented: two
tidal devices (ORPC TidGen® Power System, installed
in the United States; MCT SeaGen technology installed
in Northern Ireland); one WEC (WaveRoller, installed in
Portugal); and one designated test site (BIMEP, in the
Basque Country, Spain). The intent of the case studies is
to provide insight into the various complexities associated
with siting and consenting MRE projects and test sites.

Time-consuming procedures—linked to uncertainty
about project impacts and the need to consult with
numerous stakeholders before reaching a permitting
decision—appear to be the main obstacles to consent-
ing of ocean energy projects. Dedicated legislation does
not exist or is not clear in the jurisdictions examined.
However, in some cases, regulators are willing to col-
laborate with developers. The consenting process and
the environmental monitoring requirements are costly.

Outreach efforts, perceived as being critical to work-
ing with stakeholders, promote public awareness and
understanding about MRE technologies. There is also a
need to improve or adapt existing legislation and guid-
ance to facilitate licensing of MRE farms. These efforts
are already under way in some nations.

Environmental Effects of Marine Renewable Energy Development around the World



SUMMARY AND PATH FORWARD FOR
MARINE ENERGY MONITORING AND
RESEARCH

The 2016 State of the Science report summarizes and
places in context information about the environmen-
tal effects of MRE development, to the extent that

the information is publicly available. As single device
deployments continue and development of the first
commercial arrays is on the horizon, several critical
interactions between MRE devices and marine animals
continue to concern regulators and stakeholders: colli-
sion, underwater sound, and electromagnetic fields.

The risks associated with many interactions continue
to be driven by uncertainty; these risks need to be bet-
ter understood and managed, as they are for other
established offshore industries. The interactions that
are shown to not cause harm to the marine environ-
ment need to be “retired,” allowing research and mon-
itoring efforts to focus on the highest priority interac-
tions. All of these risks can be parsed into three groups:
1) low-risk interactions that have been discounted or
retired from ongoing monitoring; 2) interactions that
have a high level of uncertainty and require further
investigation; and 3) interactions that are known to

be high risk to the marine environment and that will
require mitigation through improved siting, improved
design or operation of the devices, and perhaps an
adaptive management approach, prior to scaling up to

FOR MORE INFORMATION

Annex IV State of the Science full
report and executive summary

available at: http://tethys.pnnl.
gov/publications/state-of-the-
science-2016
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arrays. Eventually all interactions should be retired or
mitigated through a range of actions including avoid-
ance and minimization.

The interactions among marine animals/habitats and
MRE devices that the regulatory community feels are
important can be approached through three strategies:

+ Certain interactions can be effectively monitored
now with existing instruments, platforms, and
technologies, although improvements in the instru-
mentation and data management could make moni-
toring more efficient.

¢ Other interactions require targeted strategic
research efforts immediately in order to understand
the risk of the interaction, and to decrease the costs
and years of monitoring over the life of a project.

¢ There are no viable methods for monitoring cer-
tain interactions at this time; therefore strategic
research investments are the only path forward.

Researchers, regulators, and developers have an oppor-
tunity to identify and hone strategic research invest-
ments that could inform the stressor-receptor interac-
tions that are highly uncertain, allowing for stream-
lined pathways to siting and consenting/permitting, as
well as lowering ongoing post-installation monitoring
costs to levels that will move the industry forward. A
framework for determining those strategic research
investments is included in the report.

Contact: Go to http.//tethys.pnnl.gov for a
Andrea Copping robust collection of papers, reports,
Pacific Northwest National archived presentations, and other
Laboratory media about MRE development.
andrea.copping@pnnl.gov

+1206.528.3049
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Chapter author: A. Copping

This report summarizes the state of the science of interactions
and effects of marine renewable energy (MRE) devices on the
marine environment, the animals that live there, and the habi-
tats that support them. This report serves an update and a
complement to the 2013 Annex IV report that can be found at
http://tethys.pnnl.gov/publications/final-annex-iv-report-2013.

Generating energy from the ocean includes the use
of offshore wind turbines. This report considers
only devices that generate energy from seawater. MRE
development is also referred to as ocean energy
development, or marine and hydrokinetic energy
development; we use the acronym MRE throughout this
document for consistency. MRE development
worldwide is still in the early stages of development,
deployment, and commercialization. While MRE
devices include those aimed at harvesting tides,
waves, and ocean currents, as well as

temperature and salinity differentials in | 1'.:
seawater, most environmental studies '-_|
have focused on tidal turbines and wave I||r 1

energy converters (WECs), with some Jl

emphasis on ocean current and
river turbines.
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ower can also be generated by capturing the energy

from the tidal range, using tidal barrages or tidal
lagoons. Tidal barrages capture tidal energy by placing
dams across estuaries or river mouths and allowing the
outgoing and/or incoming tide to turn generators
mounted in the dam for power production. Barrages are
commonly considered to destroy the ecological function
of the estuary or river mouth where they are constructed.
Tidal lagoons are designed to impound a significant area
of a coastal bay with a causeway or wall, funneling the
outgoing and/or incoming tide through generators set in
the wall. Tidal lagoons are under development in the UK
and other parts of the world. The likely environmental
effects of tidal lagoons have not yet been evaluated and
will require investigation as this form of tidal energy
development moves forward.

While offshore wind development also uses the resources
of the ocean, this report does not include advancements
or environmental effects of that technology, although in
some cases, information gleaned from offshore wind
farms may be used as surrogates for potential effects of
MRE devices. In this report, MRE is used primarily to
connote tidal and wave development.

1.1

Many countries are pursuing the development of broad
portfolios of renewable energy sources to combat
effects of climate change such ocean acidification and
increasing ocean temperatures, as well as the need

to acquire reliable safe sources of energy. For nations
with coastal and ocean resources, the generation of
energy from the ocean provides an attractive potential
contribution to the renewable energy mix. Depend-

ing on the location and availability of energy-rich
sites, tidal, wave or other marine energy forms may be
exploited. In each location, a mix of marine animals
and habitats must be considered in the development

of this new industry, recognizing that many marine
animal and bird populations are already under pressure
from human activities such as fishing, coastal devel-
opment, shipping, and resource extraction. It is also
important to note that marine animal populations that
draw the greatest scrutiny are themselves commonly at
risk from the changing temperature and acidity of the

oceans. Atlantic and Pacific salmon are important fish-
eries resources as well as vital food sources for many
marine mammals, and are highly affected by changes
in their land-based spawning grounds due to increased
river and stream temperatures and changing precipita-
tion patterns (Crozier and Hutchings 2014; Lawrence et
al. 2014; Jonsson and Jonsson 2009). Planktonic organ-
isms that support fish, sea turtles, and baleen whales
are less able to reproduce in the increasingly acidic
oceans, if they require calcium carbonate for life (Ros-
soll et al. 2012; Fabry et al. 2008). Changing wind and
wave patterns due to storm frequency and duration are
affecting the quality and aerial extent of submerged
habitats in coastal and ocean areas (Doney et al. 2012).

While all MRE devices will alter the immediate loca-
tion into which they are deployed to some extent, they
may also provide alternative, often valuable, habitats
that are in short supply. For example, for typical soft-
bottom habitats on continental shelves and slopes,

the addition of an anchor or foundation may provide

a holdfast for encrusting organisms like barnacles or
anchored plants like kelp that provide needed food and
shelter for many young marine organisms (Langhamer
and Wilhelmsson 2009). MRE devices may also act as
artificial reefs, providing shelter and food sources for
fish that reef around structures in the water, and poten-
tially increase fisheries production (Powers et al. 2003).

MRE development will also have the effect of decreasing
the need for large-scale marine transport of fossil fuels,
hence reducing the risk of spills of petroleum products
that are highly detrimental to marine organisms, birds,
and habitats, in waterways and ocean basins.

While laws and regulations in many countries do not
explicitly allow for calculation of these beneficial uses of
MRE devices as offsets for potential deleterious effects,
the net benefits of MRE generation should be viewed as
combatting climate change. By generating power from
low carbon sources such as MRE, we can directly mitigate
climate change pressures that are placed on all living
marine resources, as well as help to support other human
uses such as fisheries, recreation, and waste disposal.

Annex IV 2016 State of the Science Report



1.2

Launched in 2001}, Ocean Energy Systems (OES) is an
international, intergovernmental collaboration that
operates within a Framework for International Tech-
nology Cooperation established by the International
Energy Agency (IEA)* in Paris, France. The frame-
work features multilateral technology initiatives that
encourage technology-related research, development,
and demonstration (RD&D) to support energy security,
economic growth, and environmental protection. The
Working Group for the OES Initiative advises the IEA
Committee on Energy Research and Technology, which
guides initiatives to shape work programs that address
current energy issues.

Under the OES Initiative, countries are brought
together to advance RD&D of conversion technologies
to harness energy from all forms of ocean renewable
resources—such as tides, waves, currents, temperature
gradients (ocean thermal energy conversion and sub-
marine geothermal energy), and salinity gradients for
electricity generation, as well as for other uses, such as
desalination—through international cooperation and
information exchange. The collaboration consists of

23 member countries (as of April 2016), each of which
is represented by a Contracting Party that nominates
representatives to the OES Executive Committee, which
is responsible for the OES work program.

Executive Committee participants are specialists from
government departments, national energy agencies,
research, or scientific bodies and academia.

The OES work program carried out by the Contracting
Parties consists of RD&D, analysis, and information
exchange related to ocean energy systems. Work is
conducted on diverse research topics that are specified
in “Annexes” to the Implementing Agreement. Each
annex is managed by an Operating Agent, usually the
member nation that proposes the initiative and under-
takes a plan of activities.

1. http://www.ocean-energy-systems.org.

2. http://www.iea.org/.

3. National Renewable Energy Laboratory (USA) and Natural Resources
Canada (Canada). October 18, 2007. Potential Environmental Impacts of
Ocean Energy Devices: Meeting Summary Report.

1.3

The concept for the formation of this annex focused on
the potential environmental impacts of ocean renew-
able energy was initiated by the United States and
Canada in 2006. It responds to a need for information
about the environmental effects described in the sum-
mary of the [EA’s meeting on ocean energy systems
held in Messina, Italy (the Messina report).> Fol-
lowing an experts’ meeting in late 2007, the United
States developed a proposal for the formalization of
Annex IV, which was submitted and approved by the
OES Executive Committee in 2008. The proposal stated
the need to compile and disseminate information
about the environmental effects of ocean renewable
energy and to identify methods of monitoring for such
effects. Annex IV was proposed to focus primarily on
ocean wave, tidal, and current energy development,
and was approved by the OES Executive Committee

for an initial three-year phase in 2009. Seven nations
(Canada, Ireland, Spain, Norway, New Zealand, South
Korea, and the United States) participated in Annex IV
through formalized commitments to the effort and the
development of a work plan and budget for the project.
The United States led the annex, with the U.S. Depart-
ment of Energy (DOE) acting as the Operating Agent,
in cooperation with other U.S. federal agencies (Fed-
eral Energy Regulatory Commission, Bureau of Ocean
Energy Management [BOEM], and National Oceanic
and Atmospheric Administration [NOAA]). As one of
the DOE’s national laboratories, Pacific Northwest
National Laboratory (PNNL) implemented the proj-
ect, with assistance from the Wave Energy Centre in
Portugal and the University of Plymouth in the United
Kingdom (UK).

A second phase of Annex IV was authorized by the OES
Executive Committee in May 2013 for three additional
years (2013 - 2016). Thirteen nations participated in
Phase 2 (Canada, China, Ireland, Japan, Nigeria, Por-
tugal, Spain, Sweden, Norway, New Zealand, South
Africa, the United Kingdom, and the United States).
The United States again led the annex, with DOE serv-
ing as the Operating Agent and U.S. federal partners
(BOEM and NOAA). PNNL implemented Phase 2 of the
annex with assistance from Aquatera Ltd. in the UK.

Environmental Effects of Marine Renewable Energy Development around the World
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1.4

Annex IV has consisted of two 3-year phases. Phase 1
was active from 2010 through May 2013. Phase 2 com-
menced in May 2013 and will conclude in May 2016.

1.4.1

In 2009, the seven participating countries formalized
commitments to the effort and developed a work plan
and budget for the project. The work plan described a
three-year effort to do the following:

¢ Compile information from monitoring and mitiga-
tion efforts conducted around deployed MRE devices
and analogous marine technologies. This effort was
further refined to include the collection of meta-
data on all tidal and wave deployments that pro-
vide insight into environmental effects, as well as
research studies that focus on environmental inter-
actions with MRE devices.

+ Develop and populate a publicly accessible database
to house this information. This database was inte-
grated into Tethys, the online knowledge manage-
ment system developed by PNNL.

¢ Organize two experts’ workshops to inform the
three-year Annex IV effort and provide feedback
on Annex IV products. Two workshops were held
in Dublin, Ireland, in September 2010 and in Octo-
ber 2012, with 58 and 52 researchers, from 8 and 9
nations, respectively, contributing to the direction,
products, and oversight of Annex IV.

+ Develop a report to characterize the environmental
effects, identify successful monitoring and mitiga-
tion methods, and describe lessons learned and best
practices derived from environmental monitoring
and mitigation regimes. This report (Copping et al.
2013) was published by OES in January 2013.

Annex IV member nations appointed one of the DOE’s
national laboratories, PNNL, to lead the process of
database development, data gathering, and analysis

to support the objectives of Annex IV. Through a com-
petitive solicitation, PNNL selected the Wave Energy
Centre (Portugal) and the University of Plymouth (UK)
as contractors to assist with data collection. PNNL also
hired the Irish Marine Institute to organize and host
the first experts’ workshop; a report from this work-

shop is available at

In 2011, PNNL developed the framework for the Annex
IV database using the existing structure for a knowledge
management system already under development in the
United States (known as Tethys), which was designed to
accumulate and organize environmental information
for marine energy and offshore wind development.

In 2012, Annex IV representatives gathered metadata on
MRE projects and research studies. The metadata forms,
in addition to other documents and reports in the data-
base, were analyzed and used to develop three case stud-
ies, which provide a snapshot of the current research
into and understanding of three types of potential envi-
ronmental impacts of particular concern for MRE devel-
opment. The case studies focused on: collision of marine
animals with turbines; effects of underwater noise from
marine energy devices on marine animals; and effects of
energy removal and changes in flow in marine systems;
and were documented in the Annex IV report from Phase
1 (Copping et al. 2013).

1.4.2

The workplan for Annex IV Phase 2 (2013-2016) built
on the following tasks initiated during Phase 1:

+ Compile information from baseline data collection
and monitoring efforts around deployed MRE devices
and analogous marine technologies, as well as related
research studies on environmental effects. To date,
there are 81 metadata forms on marine energy sites
and 56 metadata descriptions of research studies on
the environmental effects of MRE devices.

+ Continue to populate the publicly accessible knowl-
edge management system Tethys to house scientific
information about the environmental effects of
marine energy, as well as the metadata collected for
MRE projects and research studies. To date there are
3152 documents (of which 1363 are peer reviewed)
that address environmental effects of MRE develop-
ment on Tethys. Documents are continually added to
Tethys as they become available.

In addition, the focus of Phase 2 has created a com-
mons for collaboration and engagement of Annex IV
constituents, including researchers, device and project

Annex IV 2016 State of the Science Report
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developers, regulators, and stakeholders. The com-
mons brings together these key groups through online
meetings and presentations, occasional in-person
meetings and workshops, and maintains a robust list
of connections to individuals, organizations, and data
sources to ensure that the best information about environ-
mental effects of MRE development is shared worldwide.
Specific activities pursued during Annex IV Phase 2 include
the following:

+ Webinars featuring experts studying the environmental
effects of MRE devices, held approximately four times a
year, including topics such as:

instrumentation for monitoring around MRE devices;

interaction of marine mammals and seabirds
around MRE devices;

tidal energy research in the Bay of Fundy;
effects of energy removal by devices on physical
systems;

effects of electromagnetic fields on marine ani-
mals; and

environmental effects research at MRE test sites.

These and all previous webinars have been archived
on Tethys at:

+ Researchers have been brought together online
through a series of expert forums to discuss techni-
cal questions that are hindering the process of siting
and permitting MRE devices. Topics have included

o analysis of acoustic data around MRE devices;
o risk of collision of marine animals around
MRE devices:
definitions and limits;
availability and uses of field data; and

models for evaluating risk.

Presentations and audio files of the forums are avail-
able on Tethys at

+ A biweekly message, known as Tethys Blast, goes out
to the broad Annex IV/Tethys community of more
than 1,000 individuals, updating them on new
material available on Tethys, and including pertinent
news and events in marine energy development.
Tethys Blast reminds the community of links to Tethys
and allows Annex IV to disseminate key messages.

All Tethys Blasts are archived on Tethys at

+ Individuals with expertise in environmental effects
research as well as those who choose to participate
in Annex IV activities are listed in a Connections
database on Tethys accessible to anyone with a Tethys
account. Approximately 213 individuals are listed, as
well as 1045 organizations engaged in marine energy
effects, and tens of databases that have direct rel-
evance to Annex IV studies. All the people, organiza-
tions, and databases can be found under the Connec-
tions tab Tethys ( ) for
Tethys account holders.

¢ Annex IV partnered in an international confer-
ence on marine energy that helped raise the profile
of Annex IV and OES, and where the presence of
Annex IV improved the quality of the environmental
approach to marine energy development. Annex IV
partnered with the European Wave and Tidal Energy
Conference (EWTEC) 2015, held in Nantes, France,
September 6 through 11, 2015. EWTEC is the premier
scientific and engineering conference on renewable
marine energy. Annex IV involvement increased the
number of environmental research papers to 28,
which is a significant increase over environmental
papers at previous EWTEC conferences. In addi-
tion, Annex IV hosted a workshop on the State of the
Science report that detailed the findings of Annex IV
efforts in Phase 2 and sought feedback on the report
topics.

¢ The culmination of Phase 2 of Annex IV is the prepa-
ration of this document—the 2016 State of the Science
report. This document builds on the 2013 Final Report
for Phase 1 and reflects the most current and pertinent
published information on interactions of MRE devices
and associated equipment with the animals and habi-
tats that make up the marine environment.

1.5

The 2016 State of the Science report on environmental
effects of MRE development begins with an overview
of the state of knowledge for all of the plausible effects
(Chapter 2) and provides an evaluation of the likely
severity of those effects, as well as the probability of
their occurrence. This assessment is very broad and

Environmental Effects of Marine Renewable Energy Development around the World
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Addressing risk to the marine environment in the 2016 State of the Science report.

(consequence and probability)

Interaction appears to be a low risk for harm to the marine
environment and is relatively well understood

No further consideration (for example, chemical releases)

Interaction probably offers a relatively low risk for harm, but
requires more understanding

Chapter devoted to topic (for example, EMF)

Interaction is of higher priority for harm and requires more
investigation

In addition to a focus in 2013 report, there is a major focus for chapters
in this report (for example, collision of animals with turbines)

draws from a range of information from published
sources, expert opinion, and other tools. In Chapter 2,
each interaction is judged and further considered in
Table 1.1.

Chapter 3 constitutes the greatest focus of the report.
It provides details about the potential risk of marine
animal collisions with tidal turbines, which represents
the most active area of research in this field. This
chapter builds on material presented in the previous
Annex IV report published in 2013.

Chapter 4 focuses on the effects of underwater noise
from tidal turbines and WECs on marine animals. This
chapter builds on material presented in the 2013 Annex
IV report.

Chapter 5 concerns changes in physical systems due to
the generation of power from tidal and wave devices,
based on changes in flow within natural waterbodies
and the removal of energy from the system to be con-
verted to electricity. This chapter builds on material
presented in the 2013 Annex IV report.

Chapter 6 focuses on the effects of electromagnetic fields
from power cables and moving or energized parts of tidal
turbines and WECs. This chapter presents a compen-
dium of information that has been collected over the past
decade.

Chapter 7 looks at the potential effects on benthic hab-
itats of the installation and operation of MRE devices,
and also effects due to reefing of marine animals
around devices.

Chapter 8 examines the role that marine spatial plan-
ning can play in siting and permitting marine energy,
particularly in light of potential conflicts with fisheries
and conservation activities. This chapter features input
from most of the Annex IV participating nations.

Chapter 9 presents case studies of siting and permit-
ting/consenting processes for MRE devices, and also
features input from several of the Annex IV nations.

Chapter 10 summarizes the findings of the previ-
ous chapters and outlines a framework for monitor-
ing around MRE devices to support development of
the industry as well as critical research investments
needed to retire certain risks or decrease the need for
monitoring certain interactions. This may effectively
streamline monitoring and mitigation over the life of
marine energy projects.

1.5.1

Information used for the State of the Science report is
publicly available, published work, derived either from
peer-reviewed scientific literature or reports published
by researchers, developers, and government agencies
that represent the state of knowledge in the industry.
Reports include monitoring and baseline assessment
reports for specific projects, research studies that sup-
port specific MRE projects or address environmental
interactions broadly, or guidance and assessments
commissioned by governments to assist with the
responsible development of the industry.
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1.5.2

The information gathered and analyzed for this report
can help inform regulatory and research investiga-
tions of potential risks to marine animals and habitats
from tidal and wave installations, and can assist MRE
developers in developing engineering, siting, opera-
tional strategies, and monitoring options for projects
that minimize encounters with marine animals and/or
diminish the effects if such encounters occur. Used in
conjunction with site-specific knowledge, the informa-
tion from this report may simplify and shorten the time
to permit (consent) deployment of single and multiple
device arrays. The information brought together for
analysis represents readily available, reliable infor-
mation about environmental interactions with MRE
devices; however, the analysis and conclusions drawn
are not meant to take the place of site-specific analy-
ses and studies, or to direct permitting (consenting)
actions or siting considerations in specific location.

1.6
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Summary of Potential
Environmental Interactions
Associated with the
Deployment of Marine
Renewable Energy Devices

Chapter authors: L. Hanna, A. Copping

As MRE technologies are installed, they
will interact with and affect the sur-
rounding marine environment in a variety [
of ways. Depending on the specific tech-
nology, certain stressors or components
of each device may affect marine animals
and habitats, also referred to as envi-
ronmental receptors. Table 2.1 lists the
key potential stressor-receptor interac-
tions associated with MRE technologies
(Boehlert and Gill 2010; Copping et al.
2013; Aquatera Limited 2012), and pro-
vides a brief description of each potential
interaction.
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his chapter provides a broad overview of the key

stressor-receptor interactions associated with MRE
technologies. The following chapters in this report will
provide more information and details on many of these
interactions, including extensive citations.

Section 2.2 describes each stressor (the rows listed in
Table 2.1) in more detail, including the potential effects,
focus of ongoing research, and our current understanding
of the overall risk associated with each potential inter-
action. The remainder of this report will discuss those
stressors identified with the greatest risk in more detail.

2.1

Risk can be defined as the likelihood of an adverse out-
come from an action, and can be evaluated by the prob-
ability of the occurrence of an event, as well as its result-
ing consequence (Copping et al. 2015). Interactions with
elevated risk are typically unlikely to occur but result

in serious consequences, or occur regularly but more
often than not result in non-significant consequences.
In a new industry like MRE, there may be interactions
between devices and marine animals or habitats that
regulators or stakeholders perceive as risky. In many
instances, this perception of risk is due to the high
degree of uncertainty that results from a paucity of data
collected in the ocean. However, the possibility of real
risk to marine animals or habitats cannot be discounted;
the lack of data continues to confound our ability to dif-
ferentiate between real and perceived risks.

Examples of perceived risk driven by uncertainly of
potential MRE effects include entrapment of a marine
mammal among WEC or floating tidal mooring lines.
The concern for the marine mammals arises from the
uncertainty of how the animal might behave around
the mooring lines, and whether the interaction might
end in injury to the animal. Similarly, uncertainty con-
tinues to create a sense of risk for marine mammals,
fish and seabirds around operating tidal turbines. While
a collision with a turbine blade is an unlikely outcome
for these animals, the potential consequences of a
blade strike ensures that regulators and stakeholders
will continue to be concerned. The real risk from these
potential encounters of animals with parts of

MRE devices could be better defined or removed (or

retired) as serious threats with the collection of addi-
tional information from strategic research initiatives
and monitoring around deployed devices. For further
discussion of strategic research initiatives aimed at
retiring risk and developing appropriate mitigation
strategies, see Chapter 10.

Each stressor described in Sections 2.2 through 2.6 has
been assigned a ranking of risk according to the poten-
tial risk it may pose to the marine environment:

green

yellow

HIGH RISK

The risk score for each interaction is driven by both
the uncertainty around the likelihood of and outcome
of the specific interaction. For instance, a medium-
risk interaction may not have a serious impact on the
surrounding marine environment, but because it is
constantly occurring the overall potential consequence
is higher, which is reflected in the risk ranking. Con-
versely, a high-risk interaction may occur very infre-
quently but could result in a serious impact on marine
animals. Because the overall risk associated with each
stressor may change with the scale of a project, each
stressor’s risk assessment has been assigned for three
project sizes: an individual MRE device; a small-scale
project (~10 devices); and a large-scale commercial
array (~100 devices) (see Tables 2.2 to 2.7 in ensu-

ing sections). Though it is not common, some of the
stressors discussed below pose different levels of risk
to marine animals depending on whether the device
generates energy from tides or waves. Because of

this varying level of risk, the stressor risk tables may
include an additional row to separate the risks for
tidal and wave MRE devices. Each stressor risk table is
shown at the beginning of the subsection; these tables
are also combined and summarized in Table 2.8 (in
Section 2.2.) to provide an overview of where the high-
est risks exist. It should be noted that while risk levels
described in this chapter are representative of how
most of the MRE community views these interactions,
certain countries may have their own mechanisms for
categorizing impacts as low, medium, or high risk. The
following risk categories therefore may not correspond
directly to a particular country’s consenting regimes
and processes.
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2.2

This section elaborates on the interactions listed in
Table 2.1 by describing the potential stressors listed in
the table columns and the risks they may pose to the
marine animals and environment (the receptors). Each
section provides an overview of the stressor, the cur-
rent understanding of how the stressor may affect each
receptor, and how the interactions should be addressed
moving forward. The following should be noted:

¢ This chapter broadly reviews each stressor-receptor
interaction associated with MRE technologies. These
interactions may vary depending on the type or spe-
cies of animal; more detail about these interactions
is provided in subsequent chapters.

¢ The benthic habitat and communities are categorized
within both the nearfield and farfield habitat receptors
in this chapter due to the potential effect MRE devices
may have on them at different spatial scales; more
biological detail is provided in Chapter 7.

Each stressor is scored low (green), medium (yellow), and
high (orange) based on the potential risk associated with
how they may affect marine animals and habitats for an

individual device scale, for a small-scale commercial project,
and for a large-scale commercial array. Different consenting
regimes may have their own processes for undertaking these
types of risk assessments; the risk levels documented here
represent an overall consensus among the Annex IV nations.

2.2.1

A static device refers to any component of a MRE tech-
nology that does not move, including the foundation
of a device, mooring lines, power cables, anchors, and
other components not in motion. Because of the wide
array of different MRE technologies and the optimum
location of each for extracting energy within the water
column, static devices can be located on the seafloor,
in the mid-water column, or at the sea surface. Marine
animals interact with static devices by gathering near
them (attraction), or avoiding them; there is no clear
risk of animals colliding with static devices.

Risk associated with static devices from MRE technologies (low risk

Static Device

One concern associated with the addition of MRE tech-
nologies and their static components into the marine
environment is their ability to act as artificial reefs

or fish aggregating devices (FADs), attracting certain
marine animals such as fish, marine mammals, sea
turtles, and birds (Kramer et al. 2015). Static devices,
particularly those with large components attached to
the seabed, may also potentially affect nearby rocky

or soft-bottom benthic habitats and organisms. These
changes induced by the installation of MRE devices
may be beneficial for nearby habitats by acting as de
facto marine reserves, providing refuge and increas-
ing productivity, however not all research supports
this concept (Inger et al. 2009; Wilhelmsson 2009).
Conversely, MRE installations may alter the behavior
of certain organisms by causing them to be attracted
to or avoid the installed device, potentially increasing
their risk of predation. This is likely to be of concern
only if the population is already at risk from other fac-
tors such as overfishing and climate change. Large
marine animals may also be at risk from colliding
with or becoming entrapped in dense configurations
of mooring lines (Benjamins et al. 2014), particularly
in large-scale arrays. Entrapment can be defined as
physically trapping a marine animal or causing confu-
sion in or around a set of mooring lines, and is par-
ticularly a concern for MRE devices that are designed
to be deployed with multiple mooring lines in close
proximity to each other. If enough large static objects
are placed in the marine environment, larger marine
mammals may avoid the area altogether, keeping them
from important feeding, mating, rearing, or resting
habitats, or from vital movement and migratory corri-
dors (Malcolm et al. 2010). Seafloor-based static com-
ponents of MRE technologies may affect the nearfield
benthic habit by attracting benthic organisms includ-
ing potentially invasive species. Similarly, the presence
of a static device on the seabed may cause scour in
high-energy environments (Chen et al. 2013).

, medium risk

,high risk [
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Data have been collected about fish and marine mam-
mal behavior around structures in the ocean for many
years prior to the development of the MRE industry. The
concept of marine animals being attracted to structures
such as static MRE devices in the marine environment is
not new; studies of fish reefing around structures such
as oil platforms, buoys, piers, and other foreign objects
is well represented in the scientific literature. Studies
have revealed which species and groups of fish are most
likely to be attracted to or avoid static objects in the
marine environment; however, there is still uncertainty
around how these behaviors may affect or harm indi-
viduals or populations. There is no direct evidence that
large marine mammals are at risk from colliding with or
becoming entrapped in mooring lines or draped power
cables associated with MRE devices. Similarly, there is no
evidence that seabirds are likely to be unduly attracted to
or harmed by association with static MRE devices.

While there is uncertainty about the degree to which
marine animals will be attracted to or avoid static MRE
devices, no data have been collected or extrapolated
from surrogate industries that suggest these actions
will result in significant adverse risk to individuals or
populations. Due to the lack of data and information,
further research and observations could help to dis-
miss (or retire) this risk. The potentially higher risk of
dynamic devices (moving blades, etc.) to marine ani-
mals deserves greater attention (see Chapter 3 for more
details). However, monitoring for animal interaction
around moving devices (for example tidal turbines)
would likely help determine the combined effects from
the static presence and dynamic components of the
devices. Modeling of large marine mammal interac-
tions with mooring lines, coupled with field validation
data, could help determine whether this interaction
poses any real risk to populations.

Experience in field deployments to date indicates

that interactions of marine animals with single static
devices do not constitute a risk from foundations,
anchors, mooring lines, etc. As more devices are placed
in the ocean, uncertainty about the potential for moor-
ing line entrapment may deserve more attention for
large projects. Monitoring activities should evaluate
animal behavior around MRE devices and their asso-
ciated infrastructures to gain a better understanding
of how these interactions may differ at larger-scale
projects, particularly for large cetaceans. Until sig-
nificant evidence is gathered to suggest these inter-
actions could negatively affect marine animals, the
potential interactions associated with static devices are
considered to be of low priority that could be studied
opportunistically as the industry progresses. However,
the uncertainly around mooring line entrapment for
large cetaceans with large commercial arrays raises the
potential risk to a medium level concern.

2.2.2

A dynamic device refers to any technology or compo-
nent of a MRE technology that oscillates, rotates, or
moves in a significant way. This includes, but is not
limited to, rotating turbine blades and the various WEC
designs that oscillate, attenuate, and move as waves
pass. Because of the wide variety of MRE technolo-
gies, dynamic components of these technologies can be
located above or below the sea surface; their potential
environmental effects may vary due to their location
in the water column and accessibility to certain marine
animals. There may be concerns for marine animals
colliding with moving parts of devices.

The possibility of marine animals colliding with
dynamic components of MRE devices is the great-

est challenge to siting and permitting. Because these
devices rotate, oscillate, and move, it is possible that a
marine animal in close proximity to a device could be

Level of risk associated with dynamic devices from MRE technologies (wave and tidal MRE devices separated:;

(low risk . medium risk

, high risk .).

Dynamic Device (Tidal)
Dynamic Device (Wave)
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at risk of colliding with, or failing to avoid, the moving
components. Depending on the size of the technology
or the speed at which it moves, these dynamic com-
ponents may exert a great deal of force that may lead
to serious injury or mortality. The greatest concerns
are associated with marine mammal collisions with
tidal turbine blades, particularly for those popula-
tions that are at risk from other factors, and for which
the loss of a single individual could affect population
stability (Carlson et al. 2013). Certain fish species may
also be considered to be at risk from collision with
tidal turbines based on their reefing habits and overall
attraction to foreign objects in the marine environ-
ment (Hammar et al 2015; Amaral et al. 2015; Romero-
Gomez and Richmond 2014), as well as diving birds
from tidal blades located in shallow depths (~20 m or
less) (Waggitt and Scott 2014; Grant et al. 2014).

Far less concern has been expressed about the poten-
tial risk to marine animals from moving parts of WECs
(Furness et al. 2012). The dynamic nature of WECs such
as point absorbers are generally thought not to pose

a risk to marine animals; however, certain WEC tech-
nologies with a large surface expressions and moving
parts, such as oscillating water column devices, may be
of concern for seabirds and possibly sea turtles.

A number of studies have been designed and imple-
mented to evaluate the potential risk of marine mam-
mals and fish colliding with wave and tidal technolo-
gies. Several of these studies have focused on monitor-
ing animal behavior at planned wave and tidal energy
sites to better understand how animals use these high-
energy areas and how they might interact with MRE
devices, once the devices are deployed. While these
studies provide valuable baseline data and insight into
how animals may use these high-energy areas, they
do not address the uncertainty around marine animal
behavior. Laboratory and semi-controlled field stud-
ies have also been conducted to examine fish behavior
around turbines and to estimate potential survival
rates after passing through turbine rotor-swept areas.
The limited data collected from these studies suggest
there is little reason to believe that fish will be at risk
from colliding with tidal turbine blades. Although no
large full-scale commercial arrays have been deployed
anywhere in the world long enough to fully study their

impacts, individual devices and small-scale projects
have been installed. These projects have provided
researchers with the opportunity to monitor animal
behavior around MRE devices in the marine environ-
ment, and to begin to gauge the collision risk to marine
animals. Other studies have included the use of numer-
ical models to examine marine animal behavior to pre-
dict how animals may behave, react, and move around
MRE devices in the environment. Modeling studies
have also been developed to evaluate the biophysical
properties of marine mammal skin and blubber and

the potential forces exerted by tidal turbine blades

to better understand the potential consequences of a
collision. No data collected to date suggest a collision
incident between a marine mammal and a tidal turbine
will be fatal, or suggest that such an incident could be a
common occurrence. Furthermore, there is still a great
deal of uncertainty around how marine animals and
fish will behave around dynamic MRE technologies.

Limited research activities have focused on better
understanding marine animal behavior around MRE
devices and the potential collision risk to animals.
Some data have been collected that describe marine
animal behavior around tidal devices and what the
potential outcome of tidal turbine collision incidents
may look like. There is still a great deal of uncertainty
around the likelihood (or frequency) of these interac-
tions occurring, as well as the severity of an incident
(should it occur), and its effects on individual marine
mammals, fish, seabirds, and their respective popula-
tions. Due to this high level of uncertainty, the interac-
tion between marine animals and dynamic tidal energy
devices and components is considered a higher priority
perceived risk, especially as MRE installations increase
in size. To add to the complexity of this issue, no colli-
sions have ever been observed, likely confounded by the
challenge of operating instruments continuously under-
water in these high-energy environments. Therefore,
these interactions should be considered as rare events
that may not be observable if and when they occur.

Marine mammals are afforded a high degree of regula-
tory protection by most nations, a practice that drives
research to focus on their potential collision with single
MRE devices. However, there is little insight into how
marine mammals (and other marine animals) will navi-
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gate multiple devices in an array. Because of this uncer-
tainty, the level of risk associated with dynamic devices
from large-scale MRE projects is higher than that of
small-scale projects and single devices. Until researchers
can better understand the potential severity and fre-
quency of collision incidences, this potential interaction
will continue to be of concern to regulators and stake-
holders and will remain a priority research area.

2.2.3

Noise can be generated by vessel traffic and in water
construction, as well as by the installation, opera-

tion, and decommissioning activities required for MRE
devices (Dubusschere et al. 2014). Besides operation,
these activities tend to be of short duration. The loud-
est and most disruptive noise levels are associated with
pile driving for installation of devices, although most
MRE devices are likely to require small pilings or pin
pilings only, installation of which generates much less
noise than that required to install full sized pilings

for offshore wind or other industrial activities in the
ocean. Most MRE devices are anchored or placed on the
seafloor, avoiding these construction activities. Vessel
traffic associated with installation, maintenance, and
decommissioning can also generate noise. Operational
noise from MRE devices, though not continuous, is
likely to last the life of the project and is of concern to
a number of regulators and stakeholders.

Sources of anthropogenic noise in the marine environ-
ment can be of concern to marine animals that use
sound for communication, navigation, and hunting in
the marine environment. The greatest concerns include
the potential to mask echolocation sounds made by
marine mammals for communication and naviga-

tion (Kastelein et al. 2013; Ellison et al. 2012). Risks
may include changes in marine mammals’ behavior
for hunting, swimming, rearing, mating, resting, and
avoiding underwater threats, as well as changes in
migratory patterns if sufficient noise were generated.
Fish may also be at risk if they are attracted to a device

Level of risk associated with acoustic output from MRE technologies (low risk

Acoustic

by its physical presence or the sound emanating from
it. In addition to the underwater sound generated that
may mask fish hearing, experimental data expos-

ing fish to turbine sounds over long periods of time
resulted in tissue damage (Halvorsen et al. 2012). As
the scale of projects increases, the cumulative impacts
of underwater sound may increase and cause additional
masking or other effects at greater distances from the
source. Construction and decommissioning activi-

ties such as pile driving and increased vessel traffic

are also of concern due to the potential for generating
high-intensity sound and sound pressure levels which
may permanently affect an animal’s hearing, damage
sensitive tissue, or further affect its behavior (Finneran
2015). The application of acoustic deterrent devices has
also been explored for construction activities and the
operation of MRE projects in certain regions and coun-
tries, which may introduce more anthropogenic noise
into the marine environment (Carter and Wilson 2013).

A majority of the acoustic research to date has focused
on accurately measuring the sound output from MRE
devices, and little is known about how the acoustic
output of these devices will affect marine animals.
Studies have examined how mechanical sound gener-
ated by MRE devices can alter marine mammal behav-
ior and affect fish and seabirds (above water); such
examinations includes determining sound thresholds
and frequencies for altering marine animal behavior
and/or causing tissue damage. A small number of base-
line studies have recorded ambient underwater acous-
tic data in high-energy environments pre- and post-
installation for comparison post-installation. Some
data suggest the acoustic output of MRE technologies
may influence marine animal behavior such as attract-
ing animals or causing them to avoid the area; how-
ever, no data collected to date have suggested that the
operation of MRE technologies will surpass the sound
thresholds to cause injury or cause tissue damage in
marine animals. Acoustic data have also been collected
for installation and decommissioning activities from
analogous industries as well as MRE devices to gauge

, high risk .).

, medium risk
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how loud certain activities may be. While these studies
have been technology- and site-specific studies, they
have provided a baseline understanding of how loud
these devices and activities might be, and how they
may affect marine animals.

Underwater acoustic data collected for different designs
of MRE devices help inform the industry about the lev-
els of additional sound that may be introduced into the
marine environment. Existing measurements of opera-
tional noise levels from wave and tidal devices suggest
that noise is not likely to be at levels to cause injury or
significant behavioral effects. Almost all data collection
has occurred around single devices; although we can
bound the likely acoustic outputs from the cumulative
impacts of arrays, few field measurements have been
made to date. There is even more uncertainty around
whether these levels will affect marine animals. Noise lev-
els associated with pile driving and other installation and
construction activities are more likely to affect marine
animals for short durations in the vicinity of the project,
depending on the particular animal species, distance
from the installation, and oceanographic conditions.

To date, there is little evidence that the operation of
MRE devices will significantly affect marine animal
behavior, but pre- and post-construction ambient
acoustic data collection may be required for many proj-
ects until a better understanding is reached. There is
still a great deal of uncertainty around how the acoustic
output of long-term deployments and large-scale proj-
ects may affect marine animals; research is still needed
to fully understand this interaction. Acoustic data for
MRE construction, maintenance, and decommission-
ing activities are likely to be required to understand
these effects. Because of the high level of uncertainty
associated with understanding how the acoustic out-
puts from MRE technologies will affect marine animals
and whether these effects will compound as deploy-
ments increase in size, this interaction is considered

a medium-priority perceived risk, particularly with
larger-scale projects.

Level of risk associated with energy removal from MRE technologies (low risk

Energy Removal

2.2.4

The placement of tidal or wave devices in the marine
environment will inevitably change the circulation

of the water (tidal) and/or change the incident wave
heights (wave). In addition, by removing kinetic energy
to generate electricity, system processes such as circu-
lation, sediment transport, and mixing will be altered.
Depending on the specific location and the amount of
energy removed, these changes can affect the marine
environment.

If large amounts of kinetic energy are extracted from
the marine environment, the natural movement of
water will be altered, thereby changing flows through-
out the water column and affecting many processes,
including mixing, flushing, and sediment transport.
These changes in flow can result in scour around foun-
dations and anchors, and could have profound biologi-
cal ramifications such as causing changes in benthic
habitats and sediment deposition; alterations in flush-
ing rates for oxygenated water in enclosed waterbodies
that can affect water quality; changes in the mixing
and water column stratification that could affect pri-
mary production and marine food chains; and changes
in water movement responsible for the distribution of
planktonic larvae of animals and/or seeds and propa-
gules of marine plants (Copping et al. 2013).

2.2.4.2

Parameters that determine water circulation are com-
monly measured in marine waters, but less is known
about high-energy sites that have potential for wave
and tidal power development (Shields et al. 2011).
Similar data have been collected at selected marine
energy development sites prior to development, along
with detailed inflow and turbulence data to support the
engineering of devices. However, very few data have
been collected, at only a handful of tidal marine energy
development sites, after devices have been deployed,
and even fewer at wave energy sites. Researchers

, medium risk

,high risk [
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depend largely on the use of hydrodynamic models

to simulate physical processes and their interactions
with MRE devices. These models vary in accuracy and
complexity, and primarily focus on analyzing changes
in water flow and other dependent processes such as
transportation of sediment, changes in water qual-
ity, and the growth of marine organisms (Kadiri et

al. 2012). Several hydrodynamic models have been
used to examine effects of single devices or arrays

on the physical environment and biological features.
The models all indicate that the installation of small
numbers of devices is unlikely to have an effect on
waterbodies. The models also indicate that very large
numbers of turbines or WECs (>100) will be needed to
measure changes in circulation that may have biologi-
cal or ecosystem-wide consequences (Yang et al. 2014).
Recent modeling efforts have also focused on identi-
fying the tipping point of specific basins. The tipping
point can be considered as the amount of extracted
energy that will cause a detectable change in the
basin’s physical processes that may lead to a break-
down of ecosystem processes. Better understanding of
these thresholds enables researchers to estimate the
number of installed MRE devices needed to cause sig-
nificant effects on physical processes.

Hydrodynamic models provide valuable information
about and insight into how the installation of MRE
devices may affect physical processes; however, data
are needed to validate these models and strengthen
their results. As more types of devices are installed, it
will be important to collect hydrodynamic data pre-
and post-installation to gain a better understanding
about how operating devices may affect physical pro-
cesses. The modeling exercises targeting a waterbody’s
tipping point are fairly theoretical, but they provide
researchers, developers, and regulators with a better
sense of how much energy could be removed from a
physical system before detrimental effects may occur.
There is still a considerable amount of uncertainty
around how small- and especially large- scale com-
mercial projects may affect physical systems. Because
of this uncertainty, this interaction remains to be a
perceived risk for the marine environment at larger
scales. All the modeling studies, and the limited data
collected so far, suggest that small MRE projects will not
have adverse risks on the marine environment, so the

risk associated with the interactions from these small
projects should be considered low. Additional hydrody-
namic data derived from multiple device deployments
and more powerful models are crucial for better under-
standing interactions at larger-scale MRE farms.

It is clear from recent hydrodynamic data collection
efforts and models that small-scale projects or indi-
vidual devices will not have a noticeable effect on the
physical systems or biological processes. Modeling
studies focused on identifying a tipping point within
specific physical systems have found that a very large
number of MRE devices could be operated before a
noticeable effect on a physical system would occur.

In most cases, the number of devices would be in the
thousands—an unlikely number to be considered for a
range of reasons, including navigational risk, blockage
of a passage, and unacceptable risks to other human
uses of waterways. However, the overall question of
how certain MRE projects may affect physical systems
is of importance to many regulators because of the
strong connection between and dependence of water
quality and key biological processes on the physical
movement of water within a system. Hydrodynamic
models should continue to evaluate the potential
effects large MRE developments may have on physical
systems to reduce uncertainty, and data should be col-
lected around existing devices and projects to validate
these models and provide a better understanding of
this interaction and where a specific system’s tipping
point may exist.

2.2.5

Electromagnetic fields (EMFs) are generated as elec-
tricity is transmitted through cables or from moving
parts of machines. The electrical field can be contained
by a grounded metallic sheath and rapidly diminishes
in the marine environment; however, the magnetic
field can persist for longer distances and induces a
secondary electrical field. Although the Earth has a
naturally occurring static geomagnetic field generated
by Earth and tidal motions, additional EMF signatures
in the marine environment may affect certain organ-
isms. Anthropogenic EMF signatures are not new to
the marine environment because many subsea cables,
bridges, and tunnels have been deployed and currently
provide measurable electromagnetic signatures in the
ocean.
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As more power cables are installed and MRE devices are
deployed in the marine environment, there is concern
that the EMF signatures emitted from the power cables,
moving parts of devices, and underwater substations or
transformers may affect marine organisms that use the
Earth’s natural magnetic field for orientation, navigation,
and hunting. Marine organisms such as certain species

of elasmobranchs (cartilaginous fish), marine mammals,
crustaceans, sea turtles, and other fish species have elec-
tro- or magneto-receptors that allow them to detect elec-
trical or magnetic fields (Bedore and Kaijura 2013; Putman
et al. 2014). The introduction of additional EMF into the
marine environment can potentially disrupt or alter these
animals’ ability to detect or respond to natural magnetic
signatures, potentially altering their survival, reproduc-
tive success, or migratory patterns (EPRI 2013).

To better understand how EMFs may affect marine
animals, scientists have identified marine organisms
that are known to be sensitive to magnetic and electri-
cal signatures to better understand the mechanisms by
which these animals detect EMFs and how they behave
around specific levels of EMFs. Scientists have also
modeled potential EMF signatures for power cables
and MRE devices, providing an estimate of how far
electrical and magnetic signatures may persist from a
given cable. To understand how certain animals may
be affected by EMFs, laboratory studies have been
designed to determine whether EMFs may affect certain
species of interest, and if so, to understand the spe-
cific mechanism of potential harm. Mesocosm and field
studies have been used to better understand how EMFs
may affect animals in the marine environment, and
whether the introduction of additional EMFs may affect
their movement patterns and migrations. The potential
effects of EMFs are not unique to the MRE industry;
other analogous industries such offshore wind and tele-
communications use multiple cables and technologies
to transmit electricity and data back to shore.

Level of risk associated with EFM from MRE technologies (low risk

EMF

Laboratory and field studies have suggested changes
in certain animal behaviors due to exposure to EMF
signatures; however, no data have been collected that
suggest that additional EMFs in the marine environ-
ment will have significant effects on marine animals. It
is unclear what level of effect of EMF signatures might
be expected, as indicated by laboratory and field stud-
ies. Because of the lack of data and high uncertainty
associated with the potential effect, the interaction
between EMFs emitted by the MRE device and cables
and marine animals is a low risk for small MRE farms.
The level of risk may rise as the industry develops
larger, longer-term projects, increasing and prolong-
ing the potential EMF exposure to marine animals.

Because of the status and regulatory protection of sev-
eral marine animals known to be sensitive to EMFs, the
potential EMF effect from certain MRE projects is still
under scrutiny. To address the remaining uncertainty
of this interaction, carefully designed laboratory and
field studies will be needed to understand how EMFs
may affect certain animals, particularly for larger-
scale projects. Information from analogous industries
such as offshore wind can inform researchers, regu-
lators, and developers about the current state of the
knowledge of EMF effects, and help plan future labora-
tory and field studies.

2.2.6

Chemicals may leach into the marine environment
from coatings or paint on exterior surfaces used to
prevent biofouling and/or corrosion, or chemicals
spilled into the surrounding area from vessels or mal-
functioning MRE devices. These sources typically allow
very small rates of chemical input on an ongoing basis
and are well understood because they resemble inputs
from boat bottoms and other marine industries. Chem-
icals such as petroleum or hydraulic fluids may also

be spilled into the marine environment from vessels

or malfunctioning MRE devices. Spill events typically

, high risk .).

, medium risk
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result in larger quantities of chemicals being released
into the marine environment, but occur over a shorter
period of time. The overall likelihood and therefore risk
from spills into the marine environment is very small.

The leaching of chemicals into the marine environ-
ment can have a wide range of potential effects on

the marine animals and habitats, depending on the
toxicity and quantity of the material. Different tech-
nologies such as shallow tidal devices may also use
stronger antifouling paints or biocides than typical
wave or deeper tidal devices to better control or elimi-
nate biofouling. A slow chronic release of biocides or
antifouling paint can potentially affect water and sedi-
ment quality, and if the source is large enough and the
leaching event occurs for long enough it may result in
bioaccumulation of chemicals in primary producers
and consumers, thus potentially affecting the entire
food chain (Votier et al. 2005). Spills or acute releases
of chemicals from lubricants, hydraulic fluids, vessel
fuel, or other petroleum-based products may have a
more significant impact on the local marine animals
and habitats if the spill is large and covers a wide area
(Massey 2007).

The potential environmental effects of both chronic
leaching of chemicals from biocides and antifouling
coatings and accidental spills of oil, fuel, and other
chemicals have been studied for other industries such
as offshore wind energy, oil and gas, shipping, and
other harbor- and port-related activities. Research on
historical incidences of large chemical and oil spills
has also provided researchers with a good understand-
ing of how certain levels of different chemicals may
affect marine animals and habitat, and regulations
are in place in developed nations to manage and limit
damage from spills.

Level of risk associated with chemical leaching from MRE technologies (low risk

Of all the potential stressor-receptor interactions asso-
ciated with MRE technologies, the effect of chemicals
on the surrounding environment is best known. There
is a good understanding of the potential effects certain
chemicals may have if leached into the marine envi-
ronment because each commercially available paint
and coating has undergone rigorous approval testing
and processes. For this reason, the interaction between
chemicals associated with MRE developments and the
marine environment is not driven by uncertainty, and
can be considered a low priority risk. It should be noted
that new biocides and anti-corrosion materials may

be developed for MRE devices; if new materials are
developed, they will also require testing and approval
before use. The greatest potential risk from chemicals
associated with marine energy development will be
from installation, maintenance, and decommissioning
vessels that carry fuel oil and other forms of hazard-
ous substances. These risks are well documented and
understood for other sectors.

The similarities to paints and coatings used by other
marine industries, and the use of standard or purpose-
built work vessels for work at sea, ensures the risk
from chemicals in the marine environment will be
mitigated by standard marine practices.

2.3

As the MRE industry develops, it is important to
acknowledge all of the potential mechanisms of harm
these technologies may pose to the marine environ-
ment, although many of the perceived risks are likely
to be small and easily avoided or mitigated. All of the
pertinent risks to the marine environment from tidal
and wave energy development are collated (in Table
2.8) and assigned a level of risk. As mentioned earlier,
most of these risks are driven by uncertainty and most
of them can probably be better understood and perhaps

, medium risk

, high risk .).

Chemical Leaching
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retired, with additional strategic research investments.
In each case, the assignment of a medium or high risk
(yellow or orange) is most likely due to uncertainty
about the mechanisms of risk, the likelihood of the
occurrence, and the potential consequences to the
marine receptors.

The remainder of this report focuses largely on the
state of the science for high- and medium-risk inter-
actions (yellow or orange in Table 2.8) and includes
information about current research efforts and prog-
ress toward understanding most interactions and
reducing the uncertainty associated with them. Chap-
ter 10 of this report will coalesce the information and
provide a look at methodologies and approaches for
monitoring these interactions and addressing some of
these higher priority perceived risks through strategic
research, propose mitigation for remaining risks, and
estimate the approximate scale of costs for monitoring
and strategic research investments to effectively pro-
tect the marine environment while enabling the marine
energy industry.

To effectively advance the industry, researchers must
begin to alleviate concerns raised by regulators and
assist the industry in navigating siting and environ-
mental permitting/consenting processes. Research
efforts are needed that focus on addressing the high-
est risk potential interactions in order to reduce the
uncertainty that is driving so many of these risks. The
highest risk (orange) is still the interaction of marine
animals with large numbers of dynamic devices, most
specifically, rotating tidal turbine blades. This risk is
explored in Chapter 3, Collision Risk for Marine Animals
around Tidal Turbines. The risk from underwater noise

Table 2.8. Summary of MRE device stressors and the potential risk they pose to the marine environment (low risk . . medium risk . , high risk .)

Stressor

Single Device Deployment

Static Device

Dynamic Device (Tidal)

Dynamic Device (Wave)

Acoustic

Energy Removal
EMF

Chemical Leaching

generated by turbines and WECs is one of the interac-
tions of medium concern, and is explored further in
Chapter 4 (updated since the 2013 Annex IV report).

Most interactions and associated risks from single
devices are unlikely to harm the marine environment
until larger arrays are deployed; such arrays may
require monitoring and strategic research to prepare
for the commercial development of the industry. Each
of these interactions is discussed in more detail in
subsequent chapters of this report: the presence of
dynamic devices in the marine environment (Chapter
3); EMF outputs from cables and devices (Chapter 6);
the removal of energy and changes in flow in water-
bodies (Chapter 5 —updated since the 2013 Annex IV
report); and effects on benthic environments and from
fish attraction (or reefing; Chapter 7). Chemicals are
not further addressed in this report as this interaction
is very well understood from other industries.

While the high-priority interactions that have the
most uncertainty and perceived risks may require pre-
and post-installation monitoring and possibly mitiga-
tion, the medium-priority interactions or those risks
that fall in the middle of the risk spectrum, (which
includes many interactions listed in Table 2.8) exhibit
significant information and data gaps. Due to this
uncertainty, regulators may still require project devel-
opers to monitor for these interactions pre- and post-
installation. If some of the uncertainties associated
with these medium-priority perceived risks can be
reduced through strategic research efforts, or poten-
tially retired altogether, a lower intensity of monitor-
ing may be required, thus simplifying the overall siting
and permitting/consenting process.

Small-Scale Commercial Large-Scale Commercial
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Collision Risk
for Animals
around Tidal
Turbines

The potential for marine animals to collide with the moving
parts of tidal devices, particularly the rotors of horizontal-axis
tidal-stream turbines, is a primary concern for consenting/
permitting and licensing of tidal developments. The importance
of this issue, associated definitions, and the need to understand
collision risk in general, and for mammals, fish, and seabirds,
in particular, are discussed in the following sections.

Chapter authors: G. Zydlewski, G. Staines, 3.1
C. Sparling, E. Masden, J. Wood IMPORTANCE OF THE ISSUE

A‘r:imal interactions with tidal turbines is an active
rea of research because many questions remain
today and ecological consequences are still mostly
implied by expert opinion (Busch et al. 2013). Most
recently, application of risk frameworks and collision
risk modeling (Romero-Gomez and Richmond 2014;
Hammar et al. 2015) has greatly informed research
directions including the need to assess risk to popula-
tions with respect to environmental changes associ-

ated with climate (Busch et al. 2013).
)




Where proposed tidal energy projects overlap with the
habitat of protected species there are concerns that col-
lisions could lead to injury and mortality of individuals,
and in some cases affect the long-term status of the
population concerned. Of particular concern are popu-
lations that are protected because of their increased
vulnerability to external factors that threaten their
viability. Examples of this special protection include the
species listed in the Endangered Species Act of 1973 and
Marine Mammal Protection Act of 1972 in the United
States, the Species at Risk Act in Canada, or the Council
Directive 92/43/EEC, as amended, on the conservation
of natural habitats and of wild fauna and flora (Habitats
Directive) in Europe. The area most studied for MRE
development—northern Scotland—has provided no
indication that the harbor seal population has declined
as a result of MRE development; however, the industry
is subject to intense scrutiny because of the fragile sta-
tus of this population, even if MRE-related risks might
turn out to be very limited.

As noted in Chapter 2, risk to an animal in the vicin-
ity of an MRE device is defined as the likelihood of an
adverse outcome from an action, and can be evaluated
by the probability of the occurrence of an event as well
as its resulting consequence.

Few studies of the consequence of an animal colliding
with an MRE device have been completed, although con-
cerns about potential blade strike on the highly endan-
gered Southern Resident killer whales prompted a study
to define the likely risk to these killer whales, and the
project was able to proceed to licensing (Carlson et al.
2013). This concern threatened to stall permitting of two
OpenHydro tidal turbines in Admiralty Inlet, Puget Sound,
by Snohomish County Public Utility District No. 1; the
project has since been put on hold due to funding issues.

Before modern tidal devices were installed, lists of
potential stressors (physical features of the device) on
the natural environment were produced (Gill 2005;
Cada et al. 2007; Boehlert and Gill 2010; Polagye et al.
2011). The hypothetical effects and impacts, particu-
larly the severity of collision, were primarily based on
past knowledge of fish collisions with conventional
hydropower turbines (Cada et al. 2007) and barrage-
based tidal power developments (Retiere 1994; Gordon
1994). Generally, impacts of tidal turbines on marine
life are projected to be less than those of conventional

hydropower turbines (Romero-Gomez and Richmond
2014; EPRI 2011) because of the open design of the tidal
turbines and slower rotational speeds. Despite this, col-
lision risk remains the most cited concern from the gen-
eral public and remains one of the most elusive effects
to observe. Direct observation of animal movements and
behavior in the vicinity of devices is considered the best
input to evaluations of risk and impacts (ABPmer 2010)
and to answer stakeholder and regulator questions about
the risk of animals encountering turbine blades (Copping
et al. 2013; Johnson et al. 2015; Jansujwicz and Johnson
2015b). Concern about collision risk continues to be at
the center of research for MRE development.

Current uncertainty about the nature and magnitude
of collision risk is curtailing the rate of the develop-
ment of the tidal energy industry in some parts of the
world; for example, in Orkney in northern Scotland,
where the harbor seal population has declined by 78%
between 2000 and 2013 (SCOS 2012), constraints have
been placed on tidal developments until more informa-
tion is available about the risks tidal turbines represent
to this species. This is particularly important because
Orkney has long been promoted as a site with some

of the world’s best tidal resources; the majority of
projects announced in the world’s first leasing round
for commercial marine energy generation are located
in Orkney waters and around the northern coast of
Scotland. In the USA, the Marine Mammal Protection
Act raises protection of all marine mammals to a very
high level; those populations, like the Southern Resi-
dent killer whale that are endangered, are afforded the
highest protection against injury or death of a single
individual. Similarly, concerns have been raised about
the potential to injure or kill fish passing through tidal
turbines, and in the UK and other parts of Europe,
concerns about risks to diving birds from turbine blade
strike have also been raised.

Incremental steps have been taken to generate relevant
data about MRE tidal power devices and their associ-
ated environments to inform the estimation of collision
risk. Population data for tidal-stream environments
are generally poorly documented due to the difficul-
ties of conducting quantitative sampling in such areas.
However, several areas have now been characterized
(Broadhurst et al. 2014; Vieser 2014) and techniques

for doing so are evolving. Equipment and novel meth-
ods have been tested in laboratory and field studies to
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observe fish around MRE turbines, and quantitative
models and risk assessments are being used to better
inform decision-making for marine mammals, sea-
birds, and fish. There is a need to integrate research to
effectively coordinate efforts to best inform MRE colli-
sion research. A first step in doing so is to use common
language and definitions.

3.2
DEFINITIONS

This section compiles recent research progress and lan-
guage used to date, with some suggestions for a cohesive
path forward to better inform MRE collision risk. Table 3.1
(at the end of the section) summarizes definitions that are
useful for understanding interactions with MRE devices.

3.2.1

COLLISION

Collision is defined as the physical contact of one
object with another, usually with some inference of a
negative result. The objects of concern are MRE device
components (stressors): non-moving (static) and
moving (dynamic) and natural objects (receptors; in
this case marine animals) in the vicinity of the device.
Collision can be considered from two perspectives, the
stressor contacting the receptor, or vice versa. One
perspective implies harm to the receptor (object in the
environment) and the other the stressor (the device).
General consideration to date has been from the per-
spective of damage to the receptor (Wilson et al. 2007;
Schweizer et al. 2011; Amaral et al. 2014, 2015; Castro-
Santos et al. 2015). It should be noted that studies have
also focused on the potential damage to a turbine that
might occur from a collision with a whale or a large
man-made object (Longshaw et al. 2014); however, the
focus of this report is on potential harm to the marine
animal rather than the turbine.

A collision of an MRE device part with a marine ani-
mal has been considered an interaction that results in
physical injury (even slight) to the animal (as in Wil-
son et al. 2007) that can involve parts other than just

a turbine blade (in the case of a tidal turbine). Other
MRE device parts include fixed submerged structures,
mooring equipment, turbine rotors, and, depending on
device design, structures that may form traps. In addi-
tion, an animal could interact with the pressure field
around a blade. Therefore, an extension of the colli-

sion definition has included the pressure field coming
in contact with an organism and resulting in injury
(Wilson et al. 2007). This definition of collision implies
physical contact or an interaction with the immediate
pressure field around a turning part of the device.

Collision has also been defined without implying inter-
action with pressure fields around devices. For example,
Romero-Gomez and Richmond (2014) define interac-
tions with the rotating/dynamic parts of a tidal power
device, not implying any interaction with the pressure
field around the device, and they imply that a collision
is only detrimental if it results in injury or mortality.
Pressure fields around turbines have the potential to
affect interactions with small fish that cannot actively
evade the flow, while larger fish, marine mammals, and
seabirds are unlikely to be affected.

Nuances in this definition may be related to determin-
ing the actual interactions between the animal and

the device, which have yet to be well characterized

or observed (Amaral et al. 2015; Hammar et al. 2013).
The definition of “collision” —specifically, whether it
should include the pressure field around the turbine
blades themselves—needs to be clarified. The impor-
tance of the pressure field is associated with the pre-
conceived notion of similarity between conventional
hydropower turbines and MRE turbines. However, MRE
tidal turbines are generally larger than conventional
hydropower turbines (1 - 16 m vs 1.5 — 9 m, respec-
tively), have slower rotational speeds (5 — 70 rpm vs
50 — 100 rpm) and blade tip velocities (18 — 32 m/s vs
several hundred m/s) (ABPmer 2010). These differences
result in tidal turbines producing smaller changes in
shear stress, turbulence, and water pressure, which
could result in less damaging collisions and potentially
better survival rates (EPRI 2011). This is supported by
a computational model to show that there was a maxi-
mum pressure drop across a simulated rotating tidal
turbine blade of approximately 2,000 Pa, which is low
relative to harmful pressure changes of 340,000 Pa
(Becker et al. 2003) around conventional hydropower
turbines (from ABPmer 2010). As such, inclusion of
the pressure field around an MRE tidal device as part
of collision risk is questionable. We suggest, for tidal
turbines, that the pressure field not be included in the
definition of collision until these pressure fields are
more precisely defined to have negative consequences
for individuals.
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3.2.2

RELATED INTERACTIONS

Contact with a rotating part requires the following
conditions, which introduce additional behaviors that
can be categorized as interactions: 1) inability to avoid/
evade; 2) crossing the rotor-swept area; and 3) colli-
sion (Romero-Gomez and Richmond 2014). With respect
to consequences for the animal, to be killed it must 1)
inhabit or pass through the waterbody of an MRE device;
2) become unavoidably entrained in the water in front of
a turbine and/or choose to remain in the flow; 3) be struck
by a rotor; and 4) receive lethal injuries (Amaral et al.
2015). While collisions with moving objects do not always
result in injury and mortality there is much uncertainty
about mortality rates for MRE turbines since tidal turbine
tip velocities, while still lower than those of conventional
hydropower turbines, can be greater than 8 m/s (Fraen-
kel 2006), similar to tail slap velocities used by killer
whales (up to 8 m/s) to kill fish (Domenici et al. 2000) or
the velocities at which ship strikes can cause mortality
(14 knots or faster, equivalent of approximately 7 m/s)
(Laist et al. 2001). Injury that may be caused by collision
between a marine animal and a moving object is also a
function of the mass of the two objects.

3.2.3

EVASION AND AVOIDANCE

Evasion and avoidance have been used to describe
behavior prior to contacting a device, and are criti-

cal for assessing collision risk. These behaviors can

be defined relative to the animal’s distance from the
object or in relation to the sensory and behavioral
modality of the response. Avoidance has been associ-
ated with a change in behavior that occurs at a long
range from an object (i.e., avoiding the area within the
region of a device), related to receiving some sensory
stimulus from the MRE device, and can be split into
macro avoidance and meso avoidance. Macro avoidance
includes all behavioral responses, including attraction,
displacement, and barrier effects, to the presence of

a device occurring beyond its perimeter. The distance
at which birds fly around wind turbines exhibits this
behavior and has been estimated to be greater than
500 m from the base of the outermost device. It is not
clear that a distance will hold great meaning to animals
approaching tidal turbines; most likely the response
distance will be related to the sensory capabilities of
the animal. Meso avoidance includes all behavioral

responses, including in-flight deflection, and func-
tional habitat loss, to the presence of a device occur-
ring outside the immediate footprint of the device
(perhaps on the order of 10 m from the device) and
within the perimeter of the array area (perhaps 500
m from the base of the outermost devices). Evasion is
a close-range behavior (i.e., one that occurs during a
close encounter with a turbine blade) (ABPmer 2010).

The “long-range” distance at which macro or meso
avoidance may take place has been defined as a dis-
tance farther away than a visual response can be
undertaken by the animal. Responses at the maximum
extent of this range are dictated by sensing noise or
vibrational cues, or in the case of pinnipeds, mecha-
nosensory systems such as their whiskers. At “close
range,” evasions by fish are likely dictated by visual
clues (ABPmer 2010), but could also be informed by
changes in hydrodynamics near the device. Marine
mammals are particularly reliant on sound, while birds
are likely to rely on vision as a primary sense. Others
have defined these distances based on the physical size
of the device, where evasion is defined as within one to
two diameters of the device and avoidance is defined
as a response at greater than two diameters from the
device (Copping et al. 2013).

To avoid a collision several levels of successful
behavior must occur: 1) object detection; 2) threat
assessment; 3) evasion initiation; 4) successful eva-
sion. Predator-prey encounter rate models have been
applied to encounters between marine animals and
MRE devices to understand avoidance and evasion
(Wilson et al. 2007). Avoidance is defined as “maneu-
vering for position by prey, before the predator starts
a chase,” while “evasion” is an escape response to an
attack, with optimal evasion involving “...escape at a
small angle (up to 20°) from the heading directly away
from the predator” (Weihs and Webb 1984). In the
context of collision with MRE turbines this could be
restated as evasion involving a “last-minute” escape
response, in the absence of which, the animal would be
struck by the device. To apply a predator-prey encoun-
ter model the following are needed: 1) the density of
the animals in the locale of the turbine, 2) the veloci-
ties of both the animal and turbine blades, and 3) the
encounter radii of the animals and the turbine blade
(Wilson et al. 2007).
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3.2.4

ATTRACTION

Because the effects of MRE devices on animals are depen-
dent on their presence in the region of the device (Wilson
et al. 2007; ABPmer 2010; Romero-Gomez and Richmond
2014; Amaral et al. 2015), it is worth considering the added
risk associated with animal presence because it might be
related to attraction to a new structure in the animals’
environment. The influence of small pelagic fish gathering
in an area could influence the presence of larger, pred-
atory animals. The attraction of animals to man-made
structures is regularly used to man’s advantage; e.g.,
use of FADs to enhance fishery opportunities (e.g., Brock
1985). For more information on FADs and fish reefing, see
Chapter 7. However, in areas with high flow rates such

as tidal rapids, fish may be unlikely to aggregate for long
periods (ABPmer 2010). This should be considered when
assessing collision risk because even areas of lower turbu-
lence around devices might appear to provide shelter, but
they are not likely to be extensive enough for flow refuge.

3.3
UNDERSTANDING COLLISION RISK

A general conceptual framework has been developed for
understanding the risk of marine animals colliding with
MRE devices (Figure 3.1). The framework is intended as a
frame of reference for assessing the current status of the
science surrounding this issue.

The key to estimating the risk from MRE devices is recog-
nizing that impacts on populations of marine mammals,

fish, and seabirds are of concern for maintaining a thriv-
ing marine environment; however, collision risk is esti-

mated as it affects the individual. This conceptual frame-
work begins with the potential effects on individual animals
from MRE devices and works toward effects on populations.

A number of key factors contribute to collision risk. It may
be helpful to think of the process of predicting the magni-
tude and significance of collision risk for a particular proj-
ect as a combination of the predicted encounter rate (or

Table 3.1. Summary of definitions useful for understanding interactions with MRE devices.

Term Definition

Encounter To be in the presence of an MRE device

Collision Physical contact of one object with another; any part
of an MRE device (not just a blade), usually with some
inference of a negative outcome

Evasion To change behavior in close proximity to an

object to avoid an impact (ABPmer 2010)
Macro Avoidance  Behavioral responses occurring beyond the perimeter
of a tidal device array at a distance from the base of
the outermost device (distance estimated to be greater
than 500 m for birds and wind turbines; yet to be
defined for tidal devices)
Meso Avoidance ~ Behavioral responses to the presence of a turbine
occurring outside the footprint of the tidal device and
within the perimeter of the tidal array
Avoidance To change behavior at some distance away from an
object (ABPmer 2010)

Comments

May lead to a collision if the animal in question does not take appropriate
avoidance or evasive action (Wilson et al. 2007); however, animals may
pass through a turbine blade without injury, depending on the speed of
the blade, speed, and size of the animal.

Includes the pressure field around the blade (Wilson et al 2007).
Conventional hydropower turbines are generally smaller (1.5 —9 m diam-
eter) with higher rotational speeds (50 — 100 rpm) and blade tip veloci-
ties (18 — 32 m/s) therefore may not need to include the pressure field
(ABPmer 2010) in the definition of collision with an MRE turbine.

Does not always imply injury (Amaral et al 2015).

Informed by predator-prey behavior (Wilson et al 2007).

Informed by predator-prey behavior (Wilson et al 2007): maneuvering for
position by prey, before the predator starts a chase.
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transit rate) with the predicted collision probability, lead-
ing to a prediction of the number of individual collisions
between the MRE devices and marine animals. The most
important predictors of potential animal encounter at an
MRE device are animal density and behavior at the depth
of the device. Avoidance responses will reduce the density
of animals around devices, reducing the risk of collision.
The most important factors in determining the prob-
ability of a blade strike are the physical characteristics of
the device (blade shape, size, and rotational speed), the
characteristics of the animal (swimming behavior, body
size, and approach angle), and the ability of the animal
to take evasive action. The physical characteristics of the
device and the characteristics of the animal predict the
likelihood of it being within the swept area of the turbine,
while the ability of the animal to take evasive action pre-
dicts the probability of a collision occurring if the animal
is in the swept area. There is a distinction in spatial scale
between the two processes. It is important to highlight
that although the distinction in spatial scale is evident,
there is also a distinction in the behavioral processes
likely to be influencing the responses involved. Avoidance
will influence the probability of encounter, but evasion
will influence the probability of strike.

The next step in understanding collision risk is to deter-
mine how many mortality events are expected to result
from a predicted number of collisions. This involves the
relationship between a range of strike variables (e.g., the
blade speed at the time of impact, what part of the ani-
mal’s body is struck, and which part of the blade struck

Animal density

the animal) and the probability of mortality resulting from
these conditions.

Finally, the framework links the predictions of individual-
level mortality with the predicted population consequences
for a population unit, providing estimates of potential
damage that could be incurred by sensitive populations.

In the future, it may be possible to incorporate an assess-
ment of sublethal effects of collision resulting in injury

to an animal but not death. Achieving this addition to the
model will require understanding the effect of likely inju-
ries sustained, as well as the probability that an injured
animal will survive and reproduce following an injury.

The best understood processes in this framework are
those related to the prediction of the likelihood of a col-
lision and resulting collision rate estimates for a given
scenario or device. However, there is a general lack

of empirical understanding of avoidance and evasion
behaviors in marine animals, which decreases our under-
standing of the likelihood of collision events. There is also
a general lack of understanding of the consequences of
collisions. As we learn more about the animals’ behav-
ior around devices and the consequences of collisions,
modeling the outcomes and relating those individual
outcomes to the population will become straightforward,
as long as we know the status of the population of con-
cern, including the size of the population, age- and sex-
specific survival and reproductive rates, and the degree
of density dependence in the population (density-depen-
dent processes occur when the population growth rate

varies in relation 'Eﬁg’rsz;ccileristics of Number of
to: ) ) deaths
tidal evel blade/flow speed Relationship »
Suleclitgels . Ani between strike
- season Encounter Aﬁ“mal - Strike Number of variables and
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- day/night (size, swim unit time I'y
. speed, mortality
space orientation) Model of popula~
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Figure 3.1. Conceptual framework for collision risk between marine animals and tidal turbines. Blue boxes indicate input vari- :
‘ - . - . : . Population
ables, circles indicate modifiers, and green boxes indicate outcomes. Arrows show the relationships between different elements consequences
of the framework and how specific outcomes are linked to input variables. of collisions

30

Annex IV 2016 State of the Science Report



is dependent on the density of the population). It would
also be useful to understand the age- and sex-specific
collision rates because it is likely that not all portions of
the population are equally at risk.

Each regulatory jurisdiction is likely to have a preferred
mechanism for determining effects on populations,
based on observations and data for individuals or small
groups of animals. The mechanisms for understanding
population effects will differ between marine mam-
mals, fish, and seabirds; particularly when addressing
the combined likely effects of multiple projects acting
upon the same same bio-geographical populations

of marine animals and birds. However, a set of com-
mon models or a framework could help move the MRE
industry forward worldwide.

3.4
MARINE MAMMALS

Marine mammals are considered to be one of the
groups potentially in danger from collision with tidal
turbines, and most jurisdictions afford them a high
level of legal protection.

3.4.1

SUMMARY OF KNOWLEDGE THROUGH 2012
The Annex IV 2013 report Environmental Effects of
Marine Energy Development around the World (Copping
et al. 2013) provided a summary of the current state of
knowledge of the interaction of marine animals with tur-
bine blades. In it, information from a chosen set of verifi-
able sources was compiled and compared among projects
and research studies. Gaps in information that hindered
further analysis or interpretation were identified.

The goal of the 2013 report was to examine and evalu-
ate the comparability and applicability of the informa-
tion collected to determine likely interactions between
marine animals and tidal turbines. Laboratory flume and
tank studies were also examined in the report; however,
none of these have been carried out on marine mammals
because of regulatory prohibitions on experimenting on
higher life forms. Such experiments have only been car-
ried out on fish and certain invertebrates.

Key sources of information that proved to be the most
useful were direct measurements such as visual or pas-
sive acoustic recordings. To date, these measurements
have been taken around small-scale devices and/or

single devices. There was limited availability of these data
because of the low number of devices in use, and because
of the fast-flowing, turbid, and dark conditions where
devices are deployed make these data difficult to collect.
Examples of these data were examined in the report.

Numerical models that have been developed to predict
interactions of marine mammals with turbines were
also examined. The low level of data from the real
environment was found to be the key limiting factor
of these numerical models because they require such
data in order to be validated. Specifically in relation

to marine mammals, there is a lack of reliable data
related to key behaviors and populations, which limits
the robustness of numerical models.

Direct observations of marine mammals were made at
Marine Current Turbines’ (MCT’s) SeaGen in Strang-
ford Lough, Northern Ireland, and at OpenHydro’s
open-center turbine at the European Marine Energy
Centre (EMEC), Orkney, Scotland.

At SeaGen, monitoring commenced four years prior to
and continued three years after the installation of the
facility. This included aerial and shore-based surveys

of marine mammals and seabirds; aerial, satellite, and
boat surveys to follow telemetry data from tags placed
on selected individual seals; passive acoustic monitoring
for harbor porpoise clicks; and monitoring of underwater
turbine noise from a device mounted on the pile holding
the turbine. The monitoring program showed no major
impacts on marine mammals from the tidal turbine.
There was minor displacement of marine mammals;
seals avoided the center of the channel when the turbine
was operating and harbor porpoises were temporarily
displaced from the area during construction. Mitiga-
tion measures meant that the device was shut down
when marine mammals were detected within 30 m of
the device, so there was no potential for observing direct
interaction of the animals with the turbine blades during
the monitoring period.

Video footage was collected around Open Hydro’s open-
center turbine. No direct interactions between marine
mammals and turbines were observed, and there were
frequent observations of marine mammals (seals, por-
poises, and small whales) around the turbine.

Two collision risk models were examined as part of the
report and directly relate to marine mammal interactions

Environmental Effects of Marine Renewable Energy Development around the World
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with tidal turbines. The models analyzed the encounter
rate and the consequences of encounter, respectively.
Both models relied upon significant assumptions, which
limited their applicability to other sites..

A model developed at Scottish Association for Marine
Science (SAMS) predicts the collision risk for fish, div-
ing birds, and harbor porpoise. The model was devel-
oped to estimate the potential encounter rate between
both herring and harbor porpoise and a hypothetical
array of 100 tidal turbines. The model predicted that
10% of Scotland’s harbor porpoise population would
encounter the array each year. It was acknowledged
that the model had a number of limitations caused by
assumptions such as that animals are evenly distributed
and that they do not engage in evasive behavior. This
model only predicts encounters each of which does not
necessarily indicate a collision.

PNNL and Sandia National Laboratories (SNL) developed
a model that estimates the consequences of encounters
between animals and turbines. It estimates the damage to
the head region of a Southern Resident killer whale caused
by a strike from an OpenHydro open-center turbine. The
model showed that the encounter would almost certainly
not be fatal. However, a number of limitations were
acknowledged in the study including that many aspects
of the whale’s behavior were not considered. In addition,
detailed information about the strength of the specific
whale tissues was not fully accounted for in the model.

Although limited data were collected from these studies,
it has been acknowledged that there is little reason for
fish or other animals to remain in high-speed tidal cur-
rents because the bioenergetic cost of maintaining their
position is high, even though the potential for refuge and
foraging opportunities may cause some animals to remain
in the lee of the turbine. However, often these areas are
important channels for migration or moving between
feeding, breeding, or resting grounds. Therefore, avoid-
ance or evasion measures may have long-term effects on
populations and ecosystems, because fewer members of
the population will be injured or killed by turbines.

To date, data about larger installations have not been
gathered. It was acknowledged in the Annex IV 2013
report that it will be essential to closely monitor the
interactions with large arrays as they are installed in
the future. Current models will have to be validated
with field data in order to improve their accuracy and
allow them to be relied upon in field situations.

3.4.2

KNOWLEDGE GENERATED SINCE 2013
Since the publication of the previous Annex IV report
(Copping et al. 2013), very little additional data from
studies monitoring marine mammals around tidal tur-
bines have become available.

The monitoring at SeaGen was detailed in the 2013 report
and there has been little change since then. However,
some data collected during the period covered by the 2013
report has been analyzed further to understand seal-tur-
bine encounter rates and to quantify potential avoidance
behavior by the seals (as indicated below). The shutdown
mitigation at SeaGen is still in place, so there have been
limited opportunities to further understand collision risk.
Progress was made in 2013 and 2014 to move toward

a trial removal of the mitigation step with associated
close-range monitoring of seals around the device. How-
ever, technical issues encountered by Siemens prior to
the installation of the monitoring instruments delayed
the project and the subsequent announcement regard-
ing Siemens’ divestment of the MCT business meant

that the trial did not progress as planned, despite having
obtained consent from the regulator. The data collected
by sonar during the operation period 2010-2013 (and
other aspects of the monitoring program) were used in

a risk assessment conducted to demonstrate that a short
period of unmitigated operation would not have a signifi-
cant impact on the harbor seal population. This is a good
example of adaptive management, where post-consent
monitoring provided the data required to progress toward
a relaxation of monitoring requirements as additional
information was gathered.

Several other developers have implemented nearfield
monitoring around test deployments with the objective of
monitoring marine mammal (and other marine animal)
interactions, but very little detail has entered the public
domain. Monitoring summaries from various developers
deploying devices at the EMEC test center indicate several
examples of video cameras and strain gauges on blades
aimed at detecting the blow from a marine mammal col-
lision. Varying levels of success have been reported, for
example as part of the ReDAPT (Reliable Data Acquisi-
tion Platform for Testing) project monitoring the Alstom
turbine, where the poor lighting levels and turbid flow
meant that the camera was not a viable monitoring tool.
In addition, several issues were encountered with camera
operation and cable connection (Harrison 2015). As part
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of the ReDAPT project, algorithms had been developed
to monitor spikes in the strain gauges, assuming that a
spike may indicate a collision with a large object in the
water such as a marine mammal. The approach taken on
this project was to only interrogate the strain gauge data
when data from EMEC wildlife monitoring (shore-based
marine mammal observations) indicated a sighting of a
marine mammal at the surface in the vicinity of the device.
No such sightings took place during the operation of the
device and this led to the conclusion that there was very
little marine mammal activity in the area of the turbine and
that marine mammals are likely to be avoiding the turbine.

An Atlantis AR1000 turbine was instrumented at EMEC
with a combination of strain gauges and a video camera
was installed to monitor potential collision risk events.
However, the brief operating periods did not provide the
research team with sufficient time to calibrate the colli-
sion monitoring system. As a result, Atlantis was unable
to gain any collision monitoring information from

the turbine (Xodus, Aurora 2010; http://www.gov.scot/
Resource/0046/00463638.pdf).

A Scotrenewables device was instrumented in 2010 with

a camera and a hydrophone to assess potential collisions
with the device and strain gauges were added in 2011.
After October 2012, when the device was independently
operating for long periods, marine mammal surveys were
conducted using underwater camera footage and hydro-
phone data (Scotrenewables Tidal Power Ltd. 2010).

Monitoring of the Voith Hydro Hytide device at EMEC
used video and strain gauge technology to monitor col-
lisions. Initially, all three cameras provided clear images
when the turbine was at standstill and when it was in
operation. Fish and jellyfish were spotted as well as a
single diving bird; the organisms were all relatively close
to the camera and clearly identifiable. Fish could not be
identified to a more specific level than just “fish.” Organ-
isms farther away from the camera were difficult to iden-
tify. After a month in the water, fouling obstructed the
view of two of the cameras. In terms of strain gauge data,
vast volumes of data and the high number of “spikes”
produced each day by the strain gauge apparently made
analysis of these data difficult and no further information
has been provided (Aquatera Ltd. 2011).

Marine mammal observations at the Cobscook Bay
Tidal Energy Project made by trained Ocean Renewable

Power Company (ORPC) personnel in 2013, during peri-
ods of operation, maintenance, and retrieval, indicated
no changes in marine mammal presence or behavior in
the vicinity of the project. ORPC reported no evidence of
marine mammal strike with system components during
deployment and retrieval or with turbine generator unit
foils during operation, although it is unclear from moni-
toring reports how this was determined (ORPC 2014.).

The EMEC carries out land-based vantage-point surface
wildlife observations at its four test sites in the Orkney
Islands. Although the main objective was to provide
baseline data that can be used to look at the distribu-

tion and behavior of marine mammals, diving birds, and
other wildlife based on the potential for any displacement
effect, the data can also be used to inform individual col-
lision risk assessments at EMEC.

A number of projects (described below) are in various
stages of development and will involve monitoring marine
mammals in close range around tidal turbines to provide
information to improve our understanding of collision risk.

3.4.2.1

MEYGEN INNER SOUND

Phase 1 of the MeyGen project involves the deployment
of up to six turbines in the Inner Sound, Pentland Firth,
Scotland. The decision to grant a Marine License to the
project included the stipulation that “the impacts of
which will be monitored in full before the Scottish Minis-
ters may agree to any further future stages of the Devel-
opment being deployed.” A condition of the consent is
that monitoring be implemented for “Collision/encoun-
ter interactions with the tidal turbines for diving birds,
marine mammals and fish of conservation concern.” A
particular concern for this development is the status of
the Orkney and Pentland Firth harbor seal population,
which has been declining significantly (SCOS 2014). The
detailed nature of this monitoring has yet to be deter-
mined but is likely to incorporate active sonar monitor-
ing of fish and marine mammals around a turbine along
with an array of hydrophones to enable three-dimen-
sional (3D) passive acoustic monitoring of echolocating
cetaceans. MeyGen is working with the Sea Mammal
Research Unit at the University of St. Andrews as part
of the Scottish Government’s “Demonstration Strat-
egy Project: Trialling Methods for Tracking the Fine-
Scale Underwater Movements of Marine Mammals

in Areas of Marine Renewable Energy Development.”
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MeyGen is also working on environmental monitoring
with the University of Aberdeen as part of a Knowledge
Transfer Partnership. This collaboration will involve the
deployment of the FLOWBEC platform (Williamson et
al. 2015)—a self-contained subsea platform for acoustic
monitoring of the marine environment around marine
energy devices. The first turbines will be deployed in
spring 2016.

DELTASTREAM, RAMSEY SOUND

Tidal Energy Ltd (TEL) installed its testing DeltaS-
treamTM, a full-scale tidal-stream generator, in
Ramsey Sound, Pembrokeshire, UK in December

2015. Similar to the MeyGen project, a condition of
the license granted to TEL is that an environmental
monitoring program be implemented to understand
the potential collision risk the device poses to marine
mammals. Harbor porpoises and grey seals are fre-
quently present in Ramsey Sound, and the develop-
ment site is within a Special Area of Conservation, des-
ignated under the European Habitats Directive for the
protection of the breeding grey seal population found
there. The monitoring associated with the DeltaStream
device includes an array of 12 hydrophones deployed
on the device itself, capable of detecting and tracking
echolocating porpoises in near real time, and a mul-
tibeam sonar to detect and track marine mammals on
approach to and immediately around the rotors. TEL
will also be trialling collision detection technology by
way of accelerometers and strain gauges on the rotors
(Bromley et al. in press).

3.4.2.3
FORCE TEST CENTRE, NOVA SCOTIA

There are currently no plans to carry out nearfield
monitoring for collisions at the FORCE Test Centre,
although individual berth holders may be developing

their own plans that are currently not publicly available.

3.4.2.4
FUNDY TIDAL INC.

Fundy Tidal is in the process of developing passive and
active acoustic monitoring plans and a marine observer
program to study the potential effects of its pipeline for

tidal energy developments on marine mammals and birds.

More details and results of the Environmental Effects
Monitoring Programs and associated research and devel-
opment projects are expected to be available soon.

3-4.3
GUIDANCE ON COLLISION RISK AND
MONITORING

The following guidance documents include some infor-
mation about how data should be collected to inform
either predictions of collision risk or to monitor colli-
sions themselves:

¢ Scottish National Heritage Guidance on Survey and
Monitoring in Relation to Marine Renewables Deploy-
ments in Scotland Volume 2. Cetaceans and Basking
Sharks (http://www.snh.gov.uk/docs/A585083.pdf) and
Volume 3. Seals (http://www.snh.gov.uk/docs/A585082.
pdf). This primarily provides guidance on survey
methodologies.

+ Natural Resources Wales has developed guidance to
inform surveying and monitoring of marine mammals
at wave and tidal energy sites in Wales (Sparling et al.,
2015). This document is targeted at pre-consent appli-
cation surveys and provides guidance on information
requirements and appropriate survey methodologies for
an assessment of collision risk at tidal energy projects.

¢ Scottish Natural Heritage has developed guidance for
the prediction of potential collision risk between tidal
turbines and marine wildlife (Band 2015). This guid-
ance is currently out for public consultation in draft
form (http://www.snh.gov.uk/planning-and-develop-
ment/renewable-energy/consultations/). This guidance
contains useful descriptions of three available models
used to estimate the number of animals likely to col-
lide with MRE devices, guidance on which approach
to choose under a range of circumstances, and guid-
ance on obtaining the information required to run the
models. Spreadsheets are also provided for each model
alongside detailed notes on how to use each spread-
sheet.

3.4.4
BASELINE STUDIES: BEHAVIOR OF MARINE
MAMMALS IN TIDAL ENVIRONMENTS

As noted in Section 3.3, the baseline density and
behavior of marine mammals in areas where MRE
devices are to be installed is an important predictor

of collision risk. Therefore, effort in some regions has
focused in recent years on understanding baseline use
of tidal environments by marine mammals. Benjamins
et al. (2015) carried out a comprehensive review of
available information about how marine mammals and
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seabirds use of tidal-stream environments and con-
cluded that foraging opportunities appear to be the main
attractor, likely driven by enhanced prey abundance, vul-
nerability, and/or diversity. Studies to date have generally
shown that usage and behavior in tidal areas can be vari-
able and site-specific.

Much of the work on marine mammals in tidal environ-
ments has focused on the harbor porpoise. Several stud-
ies of harbor porpoise spatial usage of tidal areas have
reported higher abundance during periods of high tidal
flow (Pierpoint 2008; Marubini et al. 2009: Hall 2011).
Embling et al. (2010) reported that maximum tidal cur-
rent was the best predictor of distribution and that greater
numbers are predicted in areas of low current. Conversely,
Wilson et al. (2013) investigated harbor porpoise abun-
dance in tidal areas on the west coast of Scotland and
concluded that harbor porpoise use turbulent eddies,
formed as a result of tidal outflow from the tidal narrows,
rather than the tidal narrows themselves. The differences
may be a result of the tidal differences in the study areas
or due to subtle differences in the analytical methods. A
follow-on study found that a number of other environ-
mental covariates were better predictors of porpoise pres-
ence over the whole of the Hebrides (Booth et al. 2013).

Recent investigations into fine-scale porpoise density
and use of the water column at a variety of tidal sites in
Scotland have provided a substantial data set on por-
poise depth distribution and underwater behavior in tidal
rapids that shows a large degree of variation between
sites. These data and the methodological and analytical
developments associated with them are summarized by
Macaulay et al. (2015a; 2015b). This study showed that
the depth distribution of harbor porpoise was typically
bimodal with a maxima between 0—5 m and another at
22/24 m, which was similar across sites regardless of dif-
ferences in seabed depth, thereby providing insight into
the potential separation of the porpoise from the depth
of a tidal turbine blade. At the only site where measure-
ments were taken at night (Kyle Rhea), porpoises were
generally located near the sea surface, highlighting the
importance of understanding diurnal variation in depth
distribution for accurate prediction of collision risk
(Macaulay et al. 2015b).

Monitoring at the FORCE site in Minas Passage, Bay of
Fundy, using CPODs and an Open Sea Instrumentation
SUB Buoy, demonstrated spatial and seasonal variation
in harbor porpoise presence with peaks in the spring

and the fall (Wood et al. 2014). Tidal covariates were also
important; porpoise presence peaked during moderate
flood tides and during moderately high tides. This study
also demonstrated that the extreme water flow at tidal
turbine sites poses a challenge for monitoring with pas-
sive acoustics because the tidal flow noise and bedload
transport of moving cobbles and other materials regis-
ters on the hydrophones throughout the site. Wood et
al. (2014) therefore recommend that preliminary studies
be conducted at different locations during extreme tides
to identify and avoid locations where excessive flow and
bedload noise occur.

Until relatively recently, quantitative studies of pinni-
ped usage in tidal areas were sparse. Studies have sug-
gested a number of relationships between seal activity
and tidal patterns, although these are often complicated
by haul-out behavior and breeding strategies. The avail-
ability of intertidal haul-out sites decreases during flood
tides and there is a noticeable geographic variation in the
haul-out behavior of seals as a result of the differing tidal
regimes (Thompson et al. 1997). Consequently, studies
have noted higher seal abundances in narrow channels
during flooding tides (e.g., Zamon 2001) and attributed
this to foraging behavior. VanParijs et al. (1999) noted
the reproductive strategies of harbor seals were spatially
and temporally affected by tide cycles; male vocaliza-
tions were significantly greater in tidally dominated areas
during flood tides. Recently seal-tagging (telemetry)
studies have been employed specifically in a number of
tidal areas around the UK (Thompson at al. 2012, 2014;
Thompson 2013;). These studies are summarized by
Sparling, (in press), but the general features of the data
sets relevant to collision risk are: 1) a high degree of
inter-individual variation, which means that the degree
of risk is not equal across all individuals in a population;
2) variation in the local abundance of seals at a number
of sites, which indicates that risk varies across the tidal
cycle (in addition to variation resulting from changes

in flow speed and consequently turbine blade speed); 3)
depth distributions being very similar across sites, and
benthic diving resulting in a bimodal depth distribution
with the majority of time spent either near the surface or
at the seabed; and 4) a degree of site-specific variation
in the distribution of seals at each site. This latter find-
ing is important because it may limit the degree to which
models can be generalized across sites and may require

a degree of site-specific information to be gathered to
enable a confident prediction of collision risk.
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There are few examples of direct quantitative research
on the use of tidal habitats for other marine mammal
species or in other areas. However, there is some evi-
dence that some species of marine mammals are often
associated with tidal habitats (see Benjamins et al. 2015
for a detailed review), but generally little information
is available about spatial and temporal variation of
marine mammal populations associated with fine-scale
tidal features. Many marine mammal species have been
shown to display a great deal of behavioral plasticity
and intra-specific variability in habitat preference, so

it is likely that many marine mammal populations will
use high-energy areas throughout their range.

3.4.5

MODELING AND DATA INPUTS

A robust, quantitative assessment of collision risk prior to
the deployment of devices is a requirement of the licens-
ing and permitting process in many countries (see Sec-
tion3.4.6). The general approach has been to use site-spe-
cific data to make a prediction of collision risk (see Section
3.3.2). Sparling et al. (2015) provide a detailed review of
the information required to inform such predictions, and
Band (2015) provides guidance on how to incorporate this
information into common modeling approaches. Gener-
ally, typical approaches to making these predictions are
based on either the abundance of animals in an area gen-
erated from a dedicated survey (e.g., Wilson et al. 2007,
2012), or transit rates of animals through the area swept
by the turbine rotors (e.g., Davies and Thompson 2011;
Band 2014), which may be derived from tagging studies or
direct observations, or by converting survey-derived den-
sity estimates to transit rates. Transit rates might also be
referred to as animal flux through the area. Both of these
approaches require information about each species’ verti-
cal use of the water column (i.e., the proportion of time
animals are spending at the depth of the devices).

Risk of collision will vary across the tidal cycle as a result
of variations in rotor speed with current speed, approach
velocities of animals, etc., as well as any variation in
animal abundance over the tidal cycle. Therefore, under-
standing the temporal patterns in the likelihood of an
animal encountering the device and the risk posed by the
device is crucial to an accurate prediction of the likelihood
and consequences of a collision. In some areas, varying
patterns of abundance of some species have been docu-
mented in relation to tidal cycles (e.g., harbor porpoise:
Pierpoint 2008; Wilson et al. 2013).

In addition, although this is rarely, if ever, addressed in
collision risk assessments, understanding the degree of
residency and the rate of individual turnover at a site is
potentially important for the interpretation of the signifi-
cance of current collision risk model outputs. A project at
a site that is used by a large number of transient animals
passing through will likely pose a different risk than at a
project at a site where there is a small resident popula-
tion, even though a snapshot measurement of density at
the site may be the same. For a given prediction of a colli-
sion rate, the total number of potential collisions per year
expressed as a proportion of the total population of vul-
nerable animals will be lower with a larger transient pop-
ulation, but the absolute number of animals affected may
be much larger over a longer period of time, because ani-
mals are essentially “replaced” by new animals coming
into the area. Conversely, the opportunities for learning
and behavior modification will be highest where there is
a small population of resident animals that may encoun-
ter devices. Thus, the turnover of individuals at a site will
fundamentally affect the number of animals at risk.

Key information is required to allow for robust quantita-
tive predictions of collision risk, as follows:

1. animal flux through the swept area (and how flux var-
ies across the tidal cycle);

2. spatially explicit information about density for each
species at the project site (in conjunction with infor-
mation about use of the water column) can act as a
proxy for animal flux information, which often is
not possible to collect;

3. the turnover/residency of individuals at the site;

L. avoidance/evasion or attraction rates (and how they
may vary with the number and configuration of
devices);

5. the consequences of collisions for individuals (i.e.,
the proportion of collisions that result in mortality
or significant effects on the survival and fecundity
of individuals);

6. the size of the relevant population management unit
for each species and an understanding of the level of
acceptable mortality.

Species information (1 - 3 above) can be gathered using
site-specific surveying. Avoidance/evasion or attrac-
tion information (4 above) could be collected at a site
during the operational phase. Data about collision con-
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sequences and population management units (5 and 6)
are possibly best acquired using a research approach
rather than site-specific developer-led monitoring.

It is important to note that, as discussed in Section
3.2.2., any estimates of collision risk are extremely
sensitive to assumptions made about the avoidance
behavior or evasive abilities of animals. We might
expect this to vary between different species, indi-
viduals, and device types as well as with site-specific
factors such as turbidity, noise levels (ambient and
device-generated), and ambient light levels. It is
important to note that in the absence of empirical
information about avoidance and evasion, a confident
quantitative prediction of collision risk will not be pos-
sible, regardless of how precise or robust site-specific
density estimates are. An important consideration,
therefore, is whether to best deploy effort in collect-
ing additional pre-deployment data, refining model-
ing approaches further, or investing in more in post-
installation monitoring.

Conceptually, collision risk models can be split into
those that estimate the possibility of a collision occur-
ring and those that predict the consequences of a col-
lision, if one were to occur. The latter models have
focused on fish in relation to hydroelectric dams, but
one example applies to marine mammals (Carlson et al.
2014). To date, most modeling efforts have been aimed
at estimating the possibility of a collision occurring

by using either the SRSL model (aka Encounter Risk
Model or ERM; Wilson et al. 2007) or a modified Band
model (aka collision risk model). Because of slight dif-
ferences in the use of terminology (e.g., collision vs
encounter), these models might give very different
outputs. However, the encounter rate calculated from a
SRLS model is similar to a collision risk (assuming no
avoidance) from a Band model (Band 2014), except that
the SRSL model estimates encounters with individual
turbine blades, such that a large whale, due to its size,
could encounter multiple blades during transit through
a turbine. A Band model would count this as a single
collision. To avoid confusion, we will refer to these two
models as the SRSL and Band models. Band (2015) pro-
vides a detailed description of both of these modeling
approaches and refers to them as the ERM and CRM
models, respectively.

The approaches of the SRSL and Band models are
broadly similar in that they both use a physical model
of the rotor, the body size, and the swimming activity
of the animal to estimate the potential collision rate.
The SRSL model focuses on the volume per unit time
swept by each blade, while the Band model focuses on
the number of animal transits through a rotating rotor
and the collision risk during each transit. For both
models, an appropriate reduction factor is then applied
to make allowance for avoidance.

The SRSL model has its origins in predator-prey
models (as applied to the collision between a medusa
predator and small fish prey), where the turbine blade
is considered a predator and the animal the prey (Wil-
son et al. 2007). In contrast, the Band model has its
origins in estimating collisions between birds and wind
turbines (Band 2000). Data inputs to these two mod-
els are similar, but some key differences exist as well.
Both incorporate basic biological inputs such as animal
length and velocity as well as the physical parameters
of the turbines themselves (Figure 3.2). The biggest
data input difference between the two models is that
the SRSL model requires a 3D density estimate of the
animals in the vicinity of the turbine, whereas the Band
model requires an estimate of the number of animal
transits through the turbine-swept area.

Animal density and transit rate are of course related
to each other; the higher the density, the higher one
would expect the transit rate to be. Band (2014) relates
density to transits in the following way:

No of transits = D(TIR* )v

The assumption in this equation is that the swim-
ming direction of the animals is random relative to the
water, which seems to be an unlikely but necessary
assumption for Band (2014) to compare SRSL and Band
model outputs. Using the above assumption and stan-
dardized inputs, Band (2014) compared the outputs of
an SRSL model and Band model at the EMEC tidal site
in the Fall of Warness. He found that the Band model
outputs were roughly 1.4 times the outputs of the SRSL
model for harbor porpoise and seals.

While Band (2014) felt this to be a significant differ-
ence in the estimates of collision risk from these two
models, two sets of biological inputs to either model
are likely to result in much larger differences in colli-
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sion risk estimates. These could be loosely termed as
“habitat use” and “behavioral response.” Habitat use
includes how, when, how often, and where animals
use a specific area. These all affect estimates of animal
density and transit rates. Even using more localized
estimates of density can have huge effects on model
outputs. There was a 37 times greater difference in
the encounter rate estimates of harbor porpoise at

the EMEC site depending on whether density esti-
mates derived from EMEC observation data were used
as opposed to SCANS density estimates (Band 2014),
although these density estimates differed greatly in
the extent to which corrections for biases related to
distance and detectability. Likewise, Thompson et al.
(2015) estimated harbor seal collision risk to a pro-
posed tidal turbine array in the Pentland Firth using
transit data from tagged seals. These estimates of
transits led to collision risk estimates that were six
times lower than those based on local uniform density
estimates (Batty et al. 2012; Thompson et al. 2015).
The point here is that the use of tidal areas by marine
mammals, and therefore the potential for collision, is
likely to vary significantly with location, depth, time
of day, tidal velocity, etc. For a collision to occur, a
marine mammal has to be in a very specific location
at a specific time. The use of average density, depth,
or broad estimates of transits may therefore result in
significant under- or over-estimation of collision risk,
depending on the specific habitat use in that location.
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Another component of habitat use that has not been
considered in collision risk models is individual vari-
ability. A small subset of the population may use the
habitat in a specific way that increases its risk of col-
lision, but the remainder of the population may avoid
the area and thus have no risk of collision. Density esti-
mates ignore this individual variability, and tag transit
data are difficult to scale up to a population because of
the uncertainty of how much individual variability there
is in the population and therefore how representative of
the larger population these tagged animals are.

As discussed in Section 3.3, the second set of biologi-
cal inputs to collision risk models (or rather a modifier
of their outputs) consists of avoidance, attraction, and
evasion. Because so little is known about the potential
scale of these inputs, people tend to either not include
any estimate of their effect on model outputs (e.g.,
Wilson et al. 2007) or run the model output through
very broad (i.e., 0 to 99% avoidance) assumptions (e.g.,
Band 2014). Obviously, these different assumptions
will have a large effect on estimates of collision risk.
Thus, it seems that the choice of model used is of less
importance than the biological assumptions or data
inputs used in the actual models. According to Band
(2015) results should be expressed, as a default, using
six avoidance rates: 50%, 90%, 95%, 98%, and 99%.
Although the justification for the lower cutoff at 50% is
unclear, given the lack of empirical data to inform this,
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Figure 3.2. Depiction of the two main collision risk models, their common and unique data inputs, how avoidance and evasion are incorporated
into those models (as multipliers to their outputs), and how these results might then be informed by a consequences of collision model.
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applied in this way, the adjustment incorporates the
combined effects of avoidance and evasion (as defined
in Section 3.2.3 and discussed in Section 3.3) despite
the differences between them in mechanistic terms.
Although there is currently no information to inform
our understanding of the ability of marine mam-

mals to evade collisions at close range, seal telemetry
data from the operation of the SeaGen tidal turbine

in Strangford Lough suggest a degree of avoidance.
Keenan et al. (2011) and Savidge et al. (2013) report that
the spatial distribution of seal transits changed during
operation of the turbine compared to pre-installation
data. Individual tagged seals transited past the turbine
on average 20% less when the turbine was operat-
ing relative to when it was not rotating. Wood et al.
(in press) quantified the change in activity around the
turbine site between baseline, installation, and opera-
tion periods and concluded that on average there was a
reduction in activity of ~66% within 200 m of the tur-
bine. They used data from Strangford Lough to exam-
ine the sensitivity of the SRSL model and the Band
model to a range of varying input parameters. The
single biggest effect on collision risk was avoidance,
which is unsurprising considering it is a direct multi-
plier of risk. The assumed depth distribution had the
second largest effect with U-shaped dives, resulting
in an overall lower level of risk than V-shaped dives.
Harbor seals are seen to engage in U-shaped dives,
heading straight for the seabed, spending time at the
bottom, and swimming upward toward the surface,
rather than V-shaped dives in which the animal does
not spend time on the seabed. Given the uniformity in
dive distribution patterns observed across seal studies
to date, there seems to be little need to gather site-
specific dive profiles, so that models can be updated
with generic dive distributions, at least in the UK.

It is important to note that most assessments to date
have considered single devices or small arrays, and
there is uncertainty about how collision risk will scale
with the number of devices at a site. It is unlikely to be
a simple linear increase due to repeated responses to
individual devices and learning by animals encounter-
ing multiple devices. The distances over which ani-
mals may avoid MRE devices may change with larger
arrays (animals avoiding the entire array reducing

the probability of encounter with additional devices)
because evasive behavior may alter risk (the potential

for avoidance of one device taking an animal on a path
where encounter with additional devices may be more
likely). Therefore, modeling collision risk at array-
scale developments requires careful consideration.

The consequences of collision are not generally con-
sidered in predictions of risk, with the exception of the
work by Carlson et al. (2014), which determined that a
Southern Resident killer whale struck by an OpenHydro
turbine blade is not likely to experience significant
tissue injury (as tested on previously frozen whale
carcasses) that is likely to result in death or debilitat-
ing injury. The resulting blade impact forces calculated
appear to be sufficient to cause some subcutaneous
damage to the whale, while laceration of the skin is
thought to be somewhat unlikely. Estimated impact
force was insufficient to damage the orca (killer whale)
jawbone. This approach is now being applied to under-
standing the potential consequences for other marine
mammal species of a strike by a “typical” horizontal-
axis tidal turbine.

A recent project at the Sea Mammal Research Unit
(SMRU) has taken an empirical approach to this issue;
researchers have carried out a series of trials of “col-
lisions” between rotors and seal carcasses at a range
of speeds to understand the degree to which damage
occurs (Thompson et al. 2015). The blade profile chosen
represented a section near the tip where it is narrow-
est/sharpest and therefore most potentially damaging.
The blade profile was attached to the keel of a jet drive
boat to simulate the leading edge of a turbine blade.
The boat was driven at and collided with a number

of previously frozen grey seal carcasses at a range of
effective speeds from 1.95 m/s to 5.32 m/s. Resulting
injuries were assessed via inspection of radiographs
and by detailed post-mortem analysis. These data and
the estimates of effective collision speeds were used
to assess the likelihood of injury or death in real col-
lisions. Post-trial x-rays and post-mortem analysis
revealed no evidence of skeletal trauma. Neither were
there obvious indicators of trauma such as tears, avul-
sions, or ruptures in the integument, musculature,

or organs, in any of the test subjects as a result of

the collision trials. However, due to the difficulties

in assessing soft-tissue damage such as bruising and
tissue edema in previously frozen carcasses, these
soft-tissue assessments were not considered reliable
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indicators of trauma in this experiment. The results of
the trials suggest that slow speed collisions with the
tips of tidal turbines, at less than the maximum 5.32
m/s measured in this test, are unlikely to produce
serious or fatal injuries in grey seals. It seems likely
that a significant proportion of impacts would not be
fatal, given the range of speeds tested in this setup.
These are, however, preliminary results and should be
treated with caution because they are limited in their
inability to assess soft-tissue damage or to determine
potential unconsciousness as a result of blunt cranial
trauma or the consequences of collisions at speeds
above 5.32 m/s. Maximum rotor tip speed for exist-
ing turbine systems are approximately 12 m/s, but
Thompson et al. (2015) present a histogram of esti-
mated blade speeds during collisions with randomly
moving seals and conclude that most collisions would
be with slowly moving blades. This takes into account
the following:

¢ The speed of any particular point on the blade will
be linearly related to the distance from the center
of rotation being close to zero at the center even at
high rotation rates.

+ In the absence of other information, the avail-
able CRMs assume that marine mammals will not
react to the presence of a turbine. Therefore, it is
assumed that the impact point will be at some ran-
dom point on the blade.

¢ The probability of collision with any particular sec-
tion of the blade is equal to the proportion of the
total swept area that is swept by that blade section,
and related to the distances from the center (e.g.,
the outer 10% of the blade sweeps 19% of the total
area, while the inner 10% sweeps only 1%).

Under these assumptions, the fastest blade speed
observed in the collision trials carried out by Thomp-
son et al. (2015) (5.2 m/s) would be expected to be
faster than 67% of collision speeds in random colli-
sions with turbines. Therefore, under these assump-
tions, we could conclude that at least two-thirds of
actual collisions are unlikely to be fatal. It should be
noted that these collision speeds are based on random
collision rates of an animal and a turbine, which is an
assumption unlikely to hold true in the real world.

Using the outputs from these (and similar) studies (by
PNNL and SMRU), it is possible that the relationship
between rotor speed and the probability of mortality
can be estimated and this parameter included in col-
lision risk models. Therefore, there is also scope to
integrate assumptions about relative risk within cur-
rent predictive models, and place due weight on peri-
ods of low rotor speed and the proximity to the rotor
hub of encounters, when the risk of death or serious
injury may be low.

An ongoing Marine Scotland project aims to assess the
effects of tidal, diurnal, and seasonal variations on the
likelihood of seals being present in areas of expected
tidal development, and the likelihood that seals would
suffer a fatal injury as a result of an encounter. Results
will be used to update available current encounter risk
models to reflect the newly gained understanding.

There are no examples of collision risk model-

ing approaches for marine mammals that have been
directly linked to a model to determine the population
consequences of a given predicted level of mortality,
although a model has developed for diving birds—the
“exposure time approach” (Grant et al. 2014). This
model avoids attempting any quantitative assess-
ment of collision risk for individual animals passing
through turbines, or avoiding them, but estimates the
minimum collision rate required to have a damaging
effect on species populations. A similar approach could
be developed for marine mammals, and by extension,
by using a “reverse engineering” principle one could
calculate the level of density that would be required to
achieve that minimum collision rate.

Predictive models generally output a single point
estimate for each scenario. Given the uncertainty
surrounding the assumptions that have to be made,
models should also have the ability to incorporate the
uncertainty in input parameters and provide a confi-
dence interval for the point estimate.
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3.4.6

IMPACT ASSESSMENT

In most countries, environmental impact assessment
legislation requires a detailed assessment of the risk of
developments on habitats and species, with a particu-
lar focus on species and habitats protected by national
and international legislation.

In Europe the main driver of relevance to collision risk
is the Habitats Directive, through which seals and some
cetaceans are given protection via protected areas des-
ignated under Annex II and all cetaceans are afforded
European Protected Species status under Annex IV.

In the UK, this legislation is transposed into national
legislation, which requires detailed assessment of the
effects of MRE projects on protected marine mam-

mal populations. Typically, this assessment involves a
quantitative prediction of collision risk using the kinds
of models outlined in the previous section. The resulting
rate of potential encounters per year is assessed in the
context of legislative requirements for that particular
species and population; this is generally done in the con-
text of the level of mortality that would not be consid-
ered significant for that population. For assessment pur-
poses, model outputs are interpreted in a precautionary
manner, whereby encounters are assumed to represent
collisions, which are assumed to represent mortalities.

A variety of methods can be employed to understand
the potential consequences for a given level of pre-
dicted collision mortality. For example, a Potential
Biological Removal (PBR, Wade 1998) approach can be
taken. In 2010, the Scottish Government introduced
the use of PBR to determine the number of seals that
could be removed under license from regional manage-
ment areas without affecting the long-term status of
the population. In 2010, the UK Department of Energy
and Climate Change (DECC), based on advice from the
Countryside Council for Wales (CCW), now Natural
Resources Wales (NRW), set thresholds for collision-
related mortality at the DeltaStream project using a
PBR approach. Similarly, the Northern Ireland regula-
tor used a PBR-based approach to license the removal
of the shutdown mitigation at the SeaGen tidal turbine.
(See Section 3.2.4. for further details on these case
studies).

Alternatives to the PBR approach are stochastic popu-
lation models (such as the PVA [population viability
analysis] approach used to assess avian collision risk
with wind turbines). The Interim Population Conse-
quences of Disturbance (PCoD) framework (Harwood et
al. 2014; King et al. 2015), which provides a stochastic
population modeling approach, was originally devel-
oped to assess impacts associated with exposure to
underwater noise as a consequence of offshore wind
farm construction, but can be adapted to help assess
the population consequences of mortality resulting
from collision with tidal devices.

3-4.7
ADAPTIVE MANAGEMENT AND
MITIGATION MEASURES

Given the continuing uncertainty surrounding colli-
sion risk, adaptive management of one form or another
is likely to be the only approach possible to allow
progress. Below we have detailed specific case studies
of adaptive management approaches that have been
applied to various consented projects.

SeaGen, Strangford Lough, Northern Ireland. Originally
the turbine at this site was shut down when a marine
mammal approached it. An Environmental Monitoring
and Adaptive Management Plan has been in place since
2006. In 2013, MCT applied for a license trial removal
of the shutdown clause. Modeling based on empirical
data collected during operation of the turbine by the
sonars in place for mitigation, coupled with an analysis
of seal telemetry data, suggested that a short trial period
removing the shutdown would not introduce any risk

to the local harbor seal population. So a short trial was
licensed on the condition that enhanced monitoring was
put in place to monitor the nearfield fine-scale behavior
of seals close to the turbine rotors. The divestment of
MCT by Siemens put a hold on plans for this trial and the
future of this project is currently uncertain.

Tidal Energy Ltd’s DeltaStream in Ramsey Sound,
Pembrokeshire, Wales, UK. This single device was
approved based on a “threshold” approach whereby
collisions must not breach species-specific thresholds.
These thresholds were based on an assessment of the
current status of the relevant Welsh marine mammal
populations and a PBR-type approach (DECC and CCW
2011). The license for the project therefore carries with
it the need for the ability to detect and identify (to
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species) collisions with marine mammals. A detailed
Collision Monitoring and Adaptive Management Plan
has been developed to ensure that the conditions of
the license are met. The monitoring planned for this
project to meet these conditions includes monitor-

ing of collision signals from accelerometers and strain
gauges on the rotors, passive acoustic monitoring of
echolocating porpoises and dolphins around the device,
as well as active acoustic monitoring of the area imme-
diately around the turbine blades using a multibeam
sonar. The ability to physically detect collisions remains
untested. The DeltaStream device was successfully
deployed in December 2015.

MeyGen, Inner Sound, Pentland Firth. The first phase
of a 398 MW deployment of tidal-stream turbines has
been approved. The license for the first phase allows
for up to six turbines. The exact details of the opera-
tional monitoring and adaptive management require-
ments are currently being developed, but the license
conditions specifically require the development of a
Project Environmental Monitoring Programme, which
seeks to inform our understanding of the reliability of
the collision risk modeling that was carried out as part
of the Environmental Impact Assessment (EIA) and to
inform the conduct of future turbine deployments. Any
approval of subsequent stages was recommended on
the condition that information from the monitoring
program be used to validate the model and inform fur-
ther assessments, particularly with respect to collision
risk to the regional harbor seal population, which has
been undergoing large declines—75% since 2000 (SCOS
2013).

ORPC, Cobscook Bay Maine. Although not specifically
focused on marine mammal collision risk, the monitor-
ing program associated with this project has allowed
the developer and the regulator to come to consen-

sus regarding the lack of environmental impacts and
allowed the developer to reduce the frequency of moni-
toring surveys based on the increased knowledge of
species present and environmental effects. Specifically,
as a result of knowledge gained during 2012 project
installation and operation, the concurrence of the proj-
ect’s Adaptive Management Plan, and a license order
from the Federal Energy Regulatory Commission, ORPC
transitioned from dedicated to incidental marine mam-
mal observations for the project in 2013.

At this time, the approach to operational monitoring
and the adaptive management requirements for vari-
ous North American projects (Cape Sharp Tidal, Black
Rock Tidal, Fundy Tidal’s Grand Passage, Digby Gut)
are unknown.

3.4.8
METHODOLOGIES AND INSTRUMENTS
Table 3.2 lists methodologies and instruments used to
understand the issue of collision risk between marine
mammals and MRE devices. This table includes details
of instruments currently in development for this appli-
cation as well as examples of technology that has been
deployed to understand baseline marine mammal use
of a tidal habitat; however, few examples exist for
monitoring around a tidal device.

3-4.9

CRITICAL UNCERTAINTIES

In general terms, the picture has not changed much
since the publication of the 2013 Annev IV report. The
significant gaps in data identified by Copping et al.
(2013) largely remain. There is still no evidence that
direct interactions will cause harm to individuals or
populations.

Although advances have been made on the model-

ing front, and several modeling approaches are well
documented alongside guidance for their use, empiri-
cal data describing the behavior of marine mammals
around operational tidal turbines is still lacking. In
particular, the lack of observations and measurements
of animal movement around tidal turbines of vary-
ing designs that are deployed in multiple waterbodies
continues to limit the evidence needed to understand
and predict how devices might affect animals in new
project locations. Our understanding of the ability of
animals to avoid collisions is the single biggest uncer-
tainty of predictive models and has the ability to scale
current outputs of collision risk models both upwards
(if attraction is an issue) and downwards (if avoidance
is an issue).
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Table 3.2. Methodologies and instruments applied to date (primarily since 2013) to understand marine animal collision with, strike by, and evasion
and avoidance of MRE devices.

Site Device Metric Method/Tools Reference
FORCE Site, Minas No turbine present Baseline presence of harbor porpoise ~ CPODs, Wood et al. 2013
Passage, Nova Scotia
Open Sea Instrumentation Benjamins et al. (in
SUB Buoys with iCListen HF prep.).
hydrophones®
EMEC, Orkney, Scotland Atlantis AR1000/0pen  Presence, behavior, and depth FLOWBEC — upward-facing Imag- ~ Williamson et al.
gravity base structure  distribution of marine life (not specifi-  inex Delta T multibeam sonar® 2015
cally focused on marine mammals but
capable of detection)
EMEC, Orkney, Scotland Alstom turbine Presence of marine mammals and Camera and strain gauge monitor- ~ Harrison 2015
collision events ing — (part of ReDAPT project)
EMECG, Orkney, Scotland Atlantis AR100 Presence of marine mammals and Camera and strain gauge monitor- ~ Xodus Aurora 2010
collision events ing
EMEC, Orkney, Scotland Scotrenewables Presence of marine mammals and Camera and strain gauge monitor- ~ Scotrenewables Tidal
collision events ing Power Ltd. 2010
EMEC, Orkney, Scotland Voith Hydro Hytide Presence of marine mammals and Camera and strain gauge monitor- ~ Aquatera Ltd. 2011
collision events ing
Strangford Lough, Northern  SeaGen Nearfield encounter rate of marine 720 kHz multibeam sonar (Tritech ~ Hastie 2013
Ireland mammals Gemini)©@
Corryvreckan, Sound of No turbines present Density and depth distribution of Vertical hydrophone array Macaulay et al. 2015
Islay, Kyle Rhea, Orkney, harbor porpoises
(all Scotland)
Sound of Islay, Kyle Rhea  No turbine present Fine-scale distribution of harbor Drifting CPODs@ Wilson et al. 2014
(Scotland) porpoises
Kyle Rhea, Pentland Firth, ~ No turbine present Fine-scale behavior and depth distri- ~ GPS GSM® tags Thompson 2013,
(Scotland) bution of harbor seals 2014
Bardsey Is, Ramsey Is No turbine present Fine-scale behavior and depth distri- ~ GPS GSM tags Thompson 2012
(Wales) bution of juvenile grey seals
Ramsey Sound, Wales DeltaStream™ (deployed Close-range encounter rate and fine- 12 channel hydrophone array with ~ Bromley et al. in press.
in December 2015) scale behavior of seals and echolocat- PAMGuard module for real-time
ing cetaceans detection and tracking,
Multibeam sonar (Tritech Gemini)
In test phase at University ~ No turbine Encounter rate and fine-scale behav- Integrated instrumentation package Polagye et al. 2014
of Washington — not yet ior of marine animals including stereo-optical camera,
deployed Blue View “acoustical camera,”
icListen HF hydrophone array,
CPOD
(@) http://oceansonics.com/iclisten-smart-hydrophones/
(b)  htto.//www.imagenex.com/htmi/delta_t.htm/
(c) htto//www.tritech.co.uk/product/gemini-720i-300m-multibeam-imaging-sonar
(d)  http.//www.chelonia.co.uk/products.htm
(e) Sea Mammal Research Unit tags hitp.//www.smru.st-andrews.ac.uk/Instrumentation/GPSPhoneTag/
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The collision risk issue has to be dealt with successfully
at the small array scale. Any continuing uncertainty
will make it very difficult to approve large-scale proj-
ects without commitment to potentially expensive and
onerous monitoring and mitigation. Although scaling
up from single devices to small arrays is complicated
by the uncertainties related to how animals might
respond to multiple devices, it is unlikely risk will scale
in a simple linear fashion with the number of devices.
Very little is known about how animals may react to
the presence of larger numbers of devices, any view of
actual collision risk at the commercial array scale will
require a number of assumptions to be made.

If empirical data at the small array scale suggest that
collisions are likely to happen at a significant level,
the industry will need time for and investment in the
development of mitigation. In this instance there will
be an urgent need for appropriate and cost-effective
mitigation solutions and given the timescale required
to research, develop, and approve appropriate meth-
odologies, options should be investigated before clarity
can be achieved about the need for mitigation. While
several examples are provided in this chapter (Sec-
tion 3.4.2) of where empirical data are likely to become
available in the future to inform our estimation of
marine mammal collision risk, many more projects
are in the consenting pipeline and require regulatory
decision-making before the outcomes of these stud-
ies are available. Further refinement of Band model
approaches may be the key to giving consent to the
early projects while this uncertainty remains. This is
possibly best done by achieving a better understanding
of site-specific encounter rates, integrating over tidal
cycles, and incorporating a variable mortality prob-
ability derived from studies such as those of Carlson
et al. (2014) and Thompson et al. (2015). Understand-
ing the consequences of collision for individuals is
also an important uncertainty. At the moment assess-
ments make the assumption that every collision is
fatal, whereas recent work by Carlson et al. (2014) and
Thompson et al. (2015) suggests that this is extremely
precautionary and that a large proportion of collisions
may not result in significant injury. There is an urgent
need for further understanding of this issue.

Although a critical gap, data about animal behavior
close to turbines and avoidance and evasion capabili-

ties are not all that is required. We also need the ability
to determine whether collisions are actually happening.
The ability to detect collisions could be very impor-
tant in understanding collision risk. There is a need

for developers to “prove the negative” with respect to
collisions between tidal turbines and animals. Current
monitoring approaches lack the resolution to be able
to actually determine whether or not collisions have
taken place. Numerous methods have been suggested
but none has yet been demonstrated to actually work.
Underwater cameras, for instance, are unable to docu-
ment a collision in darkness or turbid water, although
they may be used retrospectively in combination with
sonar in determining what it was that made contact.
Passive and active sonar techniques provide informa-
tion about animals in proximity to a device, but cannot
detect physical contact between animals and turbines.
Blade-mounted sensors may provide answers, though
how effective these would be has not yet been estab-
lished. The Innovation Centre for Sensor and Imaging
Systems is currently reviewing the available data and
technology related to this issue (http://censis.org.uk/).

3.4.10

LESSONS LEARNED

The state of the science for marine mammal colli-
sion risk is still very much in its infancy. However, a
number of key lessons are gained from research and
experience in the tidal industry since publication of
the Annex IV report (Copping et al. 2013) that should
be considered when focusing future effort. Experience
to date has shown that requiring shutdown mitigation
to remove the risk of collision results in the loss of any
opportunity for learning about how animals respond

to operating tidal turbines and therefore what the real
collision risks are. Where devices have been allowed to
operate without shutdown mitigation, the monitoring
has often not been in place, has not successfully ruled
out collision risk, or has not acquired useful information
about avoidance or evasion behavior. Experience from
several developers operating single devices at test cen-
ters has shown that collision detection and video moni-
toring of devices using underwater cameras is challeng-
ing. Monitoring programs for collision risk will require
input from technology specialists, biologists, engineers,
developers, and regulators to ensure that the critical
information is gathered over adequate time frames.
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Adaptive management approaches implemented based
on a threshold of acceptable impact at the population
level require the ability to definitively determine whether
collisions are actually taking place. It is doubtful that
current nearfield detection and monitoring technologies
will be able to actually determine actual collision rates
and there is a danger that interpretations of the data
will be precautionary; i.e., close-range encounters may
be considered collisions. Experience to date (e.g., during
the development of the DeltaStreamTM device, Brom-
ley et al. [in press]) has also shown that the integration
of nearfield monitoring systems into turbine operation
and maintenance can be complex and time consuming,
therefore turbine and project engineers should engage
with those leading the efforts to develop environmental
monitoring as early as possible. Tidal environments are
hard on monitoring equipment, so cable and connector
designs have to be as robust as possible.

3.4.11

RECOMMENDATIONS

Progress on understanding of the potential risk posed
to marine mammals by collisions with MRE devices
has been slow. Based on the critical uncertainties and
lessons learned highlighted above, we have identified a
number of areas as priorities across the broad themes of
research; monitoring and development of instruments;
and monitoring and mitigation. It is important to note,
however, that the distinctions among these categories
are not always clear.

PRIORITIES FOR RESEARCH

The consequence of collisions for individual animals
has been identified as a key uncertainty. Future work
should focus on modeling the likely biomechanical
impacts and consequences for tissues, over the range
of impacts likely to be experienced for the most com-
mon turbine designs, with the species most likely to be
exposed. Experimental work should focus on further
strike studies on fresh carcasses to understand the phys-
ical consequences of collisions for tissue and skeletal
structures. These studies should involve pathologists as
well as biologists and engineers.

Research should also seek to understand the spatial and
temporal variation in the baseline use of tidal-stream
areas by marine mammals. The degree of variability
between sites and among species and individuals, and

the dependence of collision risk on these factors, has
highlighted the need for site-specific understanding of
fine-scale habitat use for a larger number of species and
sites than is currently available. Much effort in the UK has
focused on harbor porpoises and harbor seals; there is a
need to reach a similar degree of understanding for other
species in other areas earmarked for tidal development.

Research is also needed to better understand the close-
range behavior of marine mammals around operating
devices; this should be a key component of any strategic
monitoring efforts. The technological limitations of the
available methods and equipment to examine close-
range behavior, and the need for statistical power that
exceeds current capabilities at most sites, make this
research challenging for individual project developers
to achieve successfully. Strategic coordinated research,
led by experienced experts, applied at a number of key
specific sites (chosen for their tractability and reason-
able encounter rates) is likely to be the best route to
success. Documenting and quantifying this close-range
behavior will likely require further development of
equipment and technology (see Section 3.4.11.3).

There is also a need to develop and refine models that
are currently available to predict collision risk for future
projects; this will become increasingly more important as
additional empirical data become available from research
studies and from monitoring for baseline conditions

and around operating devices. Driven by the uncertainty
inherent in collision risk models, the uncertainty in input
parameters needs to be incorporated to provide a confi-
dence interval for the point estimate.

There is only one method available to link collision risk

to population-level assessment (Grant et al. 2014), and
more are needed. With the exception of the “exposure

time approach,” current collision models do not extend to
consideration of the population consequences of collision.
While a range of tools and methods are available (e.g., PBR
and other take-based methods, PVA and other stochastic
population modeling approaches) they have not often

been applied to understanding collision risk around MRE
devices. It would be useful to compare all of the cur-
rently available approaches for setting limits of acceptable
decline of marine mammal populations which could be
used to interpret the outputs of collision risk models so
that regulators, developers and researchers can determine
which is best to use, if any.
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There is a need to understand how animals might respond
to multiple objects in the water, as the industry scales
from single devices to commercial-sized arrays. Unlike
single device interactions, it will be impossible to tackle
this issue through a “deploy and monitor” approach,
coupled with a strong adaptive management approach.
However, novel and imaginative approaches are needed.

PRIORITIES FOR MONITORING AT FUTURE TIDAL
ENERGY SITES

Gathering empirical data at future sites is incredibly
important, but the expected rarity of collision events
requires that we focus effort on sites with reasonable
predicted encounter rates so that monitoring programs
will have the statistical power to rule out impacts.
Monitoring at sites with low power may be important
to verify site-specific conditions, but it will not be
very useful for generating data for predicting impacts
at new sites. It is important that project monitoring
requirements not be generically prescriptive but be
developed specifically for each site with a focus on key
uncertainties. It is unlikely that a one-size-fits-all
approach will be possible across all tidal projects.

To ensure the success of site-specific monitoring,
early engagement between project engineers and
those responsible for environmental monitoring is of
paramount importance. The path forward most likely
to succeed is the development of an integrated moni-
toring system that is tied to the turbine, with power
and data transmission capabilities integrated into the
turbine control system. Systems that can be broadly
deployed with minimal tailoring at each site are the
most likely to win support and allow progress. Early
engagement with regulators to understand the poten-
tial post-consent monitoring needs and adaptive man-
agement options is also of upmost importance.

3.4.11.3
PRIORITIES FOR THE DEVELOPMENT OF
METHODOLOGIES AND TOOLS

Marine mammals are generally challenging to detect
and track; conditions in tidal-stream environments
make this activity even more difficult. Limited suc-
cess has occurred using cameras and strain gauges.
Visual observations are hampered by turbid condi-
tions and darkness. The development of integrated
multi-sensor monitoring packages (e.g., Polagye et al.
2014; Williamson et al. 2015; Bromley et al. in press),

incorporating passive and active acoustics, should be
encouraged; however, consideration must be given to
the optimal spacing of the different monitoring modal-
ities. For example, a passive acoustic array capable of
detecting and tracking echolocating cetaceans around
a turbine would benefit from elements being equally
spaced around the MRE device with spacing in the low
tens of meters, whereas the optimal spacing of a mul-
tibeam sonar device for detecting and tracking marine
mammals will depend on the beam geometry and the
dimensions of the turbine. High-resolution acoustic
cameras tend to cover very short ranges, while mul-
tibeam sonars can generally only provide 2D resolu-
tion of movement. Work on multibeam sonars is under
way at the University of St Andrews where a technique
for 3D tracking using dual multibeam sonars is being
developed (G. Hastie, personal communication).

There is also a need to rapidly develop analytical
frameworks for the data that will be generated from
these deployments. While algorithms for the detec-
tion of echolocating marine mammals using passive
acoustic means are well developed for many species,
a degree of automation could be added; in addition
active acoustic automatic detection techniques require
development. Current sonar algorithms are capable
of detecting marine mammals but suffer from a high
degree of false positives. The ability to localize and
track subsequent detections in 3D requires develop-
ment for both passive and active acoustics.

While integrated monitoring systems, strategically placed
near MRE devices, are likely to increase our understand-
ing of avoidance and evasion behaviors, their resolution
is likely to preclude assessment of actual collisions. It is
essential that we determine whether collisions are actu-
ally taking place, through the development of reliable
collision sensors. Animal-borne telemetry devices have
the potential to provide information about the behavior
of marine mammals around MRE devices, although the
spatial and temporal resolution of most tags gener-

ally limit their usefulness for understanding fine-scale
behavior and evasion abilities. It has been proposed that
animals that do not reliably vocalize (e.g., seals) could be
tagged with acoustic “pingers” if a passive acoustic array
is being implemented to detect and track echolocating
cetaceans (such as those used to track fish; e.g., Cooke

et al. 2011), although it is important that the ping fre-
quency lie outside the hearing range of the local marine
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mammals, to avoid changes in behavior or injury. This
would allow a relatively large number of animals to be
tagged and tracked using a passive acoustic array. To
take advantage of the existing passive acoustic monitor-
ing (PAM) array rather than using additional receiv-

ers, development of appropriate detection modules in
PAM software would be required. Pinger tags could also
be developed to be attached to the flippers of seals and
therefore not fall off during the annual moult, thereby

allowing animals to be tracked for longer periods of time.

Feasibility studies and roadmaps for mitigation are
needed, in the event that mitigation is required. If
collisions are shown to have the potential to pose a
significant problem at the commercial array scale,
automated detection and deterrence systems should
be developed and tested. A review of deterrence sys-
tems that investigates the use of different sounds and
frequencies to warn marine mammals of the presence
of tidal MRE devices has been prepared for use in Scot-
land (Marine Scotland 2013).

3.5
FISH

Like marine mammals, many species of fish are con-
sidered to be potentially at risk around tidal turbines,
based on their propensity to reef around structures in
the water column, their importance commercially or
recreationally, or an elevated regulatory status based
on already depleted populations.

3.5.1
SUMMARY OF KNOWLEDGE THROUGH
2012

The case study on interaction of marine animals with
turbine blades reported in 2013 (Copping et al. 2013)
included summaries of four projects on interactions of
fish with tidal turbine blades. Acoustic cameras were
used to summarize movements (evasion and avoid-
ance) at the ORPC turbine generator unit (TGU) but
could not be used to determine whether individual fish
were struck by the blades of the turbine. Only indi-
rect evidence from the other studies could be used to
determine the fate of fish (expression of avoidance or
evasion) around MRE devices; e.g., high survival rates
(99%) of eight species after entrainment through a
Hydro Green Energy turbine in the tailrace of a hydro-
electric dam (Normandeau and Associates 2009); 100

hours of daytime video footage revealed some avoid-
ance of the area of the OpenHydro turbine during high
flows but no direct interactions of fish with the turbine
blades; and acoustic cameras at the Verdant tidal tur-
bine deployment in New York revealed that fish were
not present while turbines were operating, so direct
interaction observations were not reported. Video labo-
ratory observations were also somewhat inconclusive
because of entrained bubbles and direct interactions
were not observed. Laboratory studies revealed that
survival of four different species (rainbow trout, juve-
nile largemouth bass, juvenile Atlantic salmon, and
adult American shad) interacting with three different
turbine designs (Lucid spherical, Welka UPG axial flow,
and EnCurrent) at current speeds between 1.5 and 3
m/s was greater than 95%.

Collision risk was related to site-specific conditions
using two different models. A geometric-area model
revealed that risk varied by location and waterbody,
and was dependent on placement within the chan-
nel and water column, as well as turbine operation
(Schweizer et al. 2011). A three-dimensional predator-
prey encounter model of a theoretical array of 100
turbines was used to evaluate risk to herring (Wilson
et al. 2007). The model was sensitive to blade veloc-
ity and the animal’s swimming speed and it was used
to estimate that 2% of Scotland’s herring population
would encounter a turbine annually. However, model
assumptions were somewhat unrealistic; e.g., even dis-
tribution and no expression of evasion, and the model
requires validation. Another computational model
revealed that the probability of blade contact for a 1.5
cm fish traveling through a 1 m rotor was 5% and for a
10 m rotor, the chances of contact would be 0.5%. The
probability of contact increased with increasing size
of fish passing through the rotor. Model results also
indicated that the actual time a marine animal spent
in the regions of the highest pressure changes associ-
ated with the turbine was a fraction of that required
for pressure-related damage to occur (ABPmer 2010).
These modeling exercises indicated the potential for
severe interactions (Wilson et al. 2007; Schweizer et
al. 2011). However, both assumed no evasion; direct
observations in the field are needed to validate these
models, making their predictive power limited.
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The significant gaps identified in 2013 included the
need for empirical data to be collected concerning fish
interaction with blades of different designs, especially
in waters with animal groups at risk or those that are
commercially important. In particular, focused obser-
vations of the following are needed: open-bladed vs.
ducted turbines; size of turbine vs. deployment depth;
rotational speed; solidity of the rotor; foundation or
anchor design; acoustic signature; and deterrents. In
addition, laboratory studies should focus on appro-
priate species, particularly reefing/shoaling species
that may be at higher risk. The need for more com-
plex models of biophysics coupled with fish behavior
around turbines, and multi-turbine array monitoring
with assessments of cumulative and additive effects
at geographically diverse locations, were identified.
Finally, lessons learned included the need for learning
by doing through adaptive management (Copping et
al. 2013) and the need to develop new tools to estimate
interactions and predict risk.

3.5.2

KNOWLEDGE GENERATED SINCE 2013
Realistic monitoring programs to investigate high-
uncertainty risks of commercial-scale development
have been considered previously in a workshop setting
by experts (Copping et al. 2014). Technical limita-
tions that need to be overcome to assess and moni-

tor fish collision or risk of collision with MRE devices
were identified and a spectrum of perceived risks was
discussed—classifying risks from discountable to sig-
nificant (must be mitigated). It was noted that four
projects have been in the water for periods of months
to years (6 years for SeaGen in Strangford Lough) with
no observations of collision. However, observation sys-
tems were not in place for most of these installations.
The need for research to develop transferable monitor-
ing packages to observe collision was identified. It was
generally agreed that modeling may still advance our
understanding, but only when ground-truthing is pos-
sible. The use of probabilistic models to estimate bio-
logically relevant levels of change was suggested with
model parameters including energetics, behavior, and
environmental covariates. The overall lessons learned
from the workshop were that many interactions still
cannot be monitored predictably; i.e., research challenges
that remain include monitoring equipment installation,
data acquisition, analysis, and interpretation. Tractable
parameters, methods, and their limitations were identi-

fied. These parameters included monitoring the presence
of fish around an MRE device using acoustic cameras and
multibeam hydroacoustics, although it was recognized
that this will not allow species recognition or detect col-
lisions between fish and a device, both of which remain
open research areas (Copping et al. 2014).

Since the 2014 workshop, newly available information
includes models to explain encounter and collision risk of
fish with MRE devices has been published in the scien-
tific literature, including assessments of avoidance and
evasion behaviors. These newer publications still focus
on single devices although they are generally full-scale
devices deployed in the natural environment (Bevelhimer
et al. 2015; Broadhurst et al. 2014; Broadhurst and Orme
2014; Viehman et al. 2015; Viehman and Zydlewski 2015;
Staines et al. 2015; Nemeth et al. 2014), as well as one
scaled-down device (Hammar et al. 2013). Additional
laboratory studies have been completed (Castro-Santos
and Haro 2015) and published (Amaral et al. 2015).
Advanced risk assessment (Hammar et al. 2015; Romero-
Gomez and Richmond 2014) and probability of encounter
models (Shen et al. 2015; Tomechik et al. 2015; Hammar et
al. 2015) have also been published. Many of these studies
are discussed further in following sections.

3.5.3

FLUME/LABORATORY STUDIES

Results from several fish-turbine interaction tests in
laboratory settings suggest high survival rates (>95%).
Researchers generally report evasive and avoidance
behaviors because strikes are not typically observed,
necessitating the assumption that any injury/mortality
reported was associated with strike, though the stud-
ies caution that other sources of mortality such as net
mesh entrainment, confinement sensitivity, and fish
condition variability might have occurred (Amaral et
al. 2014, 2015; Castro-Santos and Haro 2015). Castro-
Santos and Haro (2015) used several monitoring tools
in a semi-controlled laboratory/flume setting to
examine fish behavioral responses and injury associ-
ated with upstream passage of adult American shad
and downstream passage of juvenile Atlantic salmon
around a vertical axis cross-flow turbine (EnCur-

rent Model ENC-005-F4) operated at up to 2.38 m/s.
They observed a high survival rate for juvenile Atlantic
salmon (98.3%), and that adult American shad were
more willing to enter the flume in the absence of the
turbine. Mortality for fish that passed through the
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flume was <5%. Statistical power of both negative
results was low, so the authors cautioned interpreta-
tion and identified the need for a higher sample size to
improve statistical power.

Amaral et al. (2015) combined a flume study and mod-
eling exercise to determine the ability of fish to avoid
rotor passage, strike injuries, and mortality. They
modeled the probability of entrainment and survival
given the ability to avoid turbines and compared esti-
mates of passage survival among MRE turbine types.
Injury and water velocity were positively related and
the probability of injury increased with fish size; but
there was no difference in survival rate between treat-
ment and control groups for hybrid striped bass,
rainbow trout, or white sturgeon with a Free Flow
Power turbine with a 1.5 m diameter and seven blades,
operating at 40 - 125 rpm in velocities of 1 - 3 m/s.
Entrainment probability was low for rainbow trout
and white sturgeon, indicating the ability to evade the
device when they were released within 1.5 m upstream
of the device at velocities of 1.1 - 2 m/s. However,
hybrid striped bass were entrained at a higher rate

(20 - 60%). The authors concluded that “most fish
will be able to escape or evade turbine entrainment.”
The probability of survival for rainbow trout and white
sturgeon was 1.00 while hybrid striped bass was 0.96
with the upper 95% confidence interval including 1.00.
Behavioral responses under dark and light conditions
did not differ, contrary to other reports that indicated
visual cues are likely important for turbine avoidance
(Viehman and Zydlewski 2015a; Hammar et al. 2015;
Wilson et al. 2007). However, the authors concluded
that nonvisual cues were important in promoting posi-
tive rheotaxis even though results were confounded

in the dark at velocities greater than 1.5 m/s. Together
these studies indicate some species and size-specific
differences in behavior around MRE turbines.

Generally, these and other turbine laboratory experi-
ments indicate that water velocity and fish length are
important in determining whether fish are injured
during entrainment, though no significant differences
have been identified when comparing treatment and
control groups in specific studies. Similar to conven-
tional hydropower turbines the velocity vectors and
hydrodynamic relationships between inflowing water
and rotor blades are similar for conventional hydropower

and axial-flow MRE turbines, and we would expect a
similar relationship between fish length and strike prob-
ability and mortality to hold true for MRE turbines (EPRI
2011). However, conventional hydropower turbines have
shear stress conditions, severe turbulence and gradi-
ents of pressure field that are considerably higher (EPRI
2011). Specifically, the relatively open configuration of
MRE turbines allows fish to avoid/evade turbine pas-
sage and, if they are unable to evade entrainment, the
slow blade rotation rate has been suggested to result in
less damaging strikes and better fish survival than with
conventional hydropower turbines (EPRI 2011). Romero-
Gomez and Richmond (2014), using a particle-tracking
model to estimate the probability of blade-strike injury
as a function of length for a hypothetical, non-ducted,
MRE turbine with blades 2.44 m high, found that greater
fish lengths were associated with higher probabilities

of blade strike and associated mortality (although they
reported lower probabilities of strike with increasing
water velocity). However, to date, a narrow range of fish
lengths have been tested and higher survival at MRE
turbines has been attributed to slower rotational speeds
and strike velocities, perhaps leading to lower strike
probabilities and mortality rates (Amaral et al. 2015).

3.5.4

FIELD STUDIES

Field studies includes investigations of evasion and
avoidance near turbines, and baseline assessments.

EVASION AND AVOIDANCE

Field studies have been used to elucidate fish avoidance
and evasion around several MRE devices (Bevelhimer
et al. 2015; Viehman and Zydlewski 2015a; Hammar

et al. 2013) and fish presence in the vicinity of tur-
bines (Vieser 2014; Viehman et al. 2015; Broadhurst et
al. 2014; Broadhurst and Orme 2014), yet fish strikes
from field studies have yet to be observed (Viehman
and Zydlewski 2015a; Broadhurst et al. 2014; Hammar
et al. 2013; Nemeth 2014). Since the 2013 reporting of
fish interactions with the test ORPC cross-flow device
in Cobscook Bay (ORPC Maine LLC. 2014; Viehman
2012) further analysis revealed that there was a 51%
probability of fish passing above or below the turbine
blades while they were rotating and a 47% probability
of the fish to enter the rotating turbine; the fate of the
remaining fish was unknown (Viehman and Zydlewski
2015a). Fish species could not be separated using the
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acoustic camera, but their lengths ranged from 4 to 30
cm. Turbine evasion was 35% more probable while the
turbine was rotating than when it was static, and eva-
sion distance was shorter at night than during the day
with an approximate evasion distance of 1.7 m for indi-
viduals and 2.5 m for schools.

Fish interaction with a full-scale axial-flow device
(Verdant Gens) in a tidal river system in New York was
examined to quantify changes in fish position rela-
tive to the turbine, swimming direction, and veloc-

ity near the device (Bevelhimer et al. 2015). Using a
bottom-mounted multibeam acoustic camera (DIDSON
[Dual-Frequency Identification Sonar]), Bevelhimer

et al. (2015) examined fish behavior while the turbine
was operational, not rotating, and not installed (Figure
3.3). They observed fish <20 cm in length and found
that there was no indication that behavior (swimming
direction or proximity) was different during turbine
operation than when it was not installed or not operat-
ing. However, they found that the fish’s vertical loca-
tion shifted deeper when the turbine was operating and
that the numbers of fish in the area increased signifi-
cantly once the turbine was removed, possibly indicating
avoidance of the area while the turbine was deployed.
Data are expected to be used in a strike model.

A vertical axis cross-flow turbine was studied during
the daytime in a subtropical zone (Hammar et al. 2013).
Authors observed no fish collisions with the rotor in
place and no reduction in fish movement through the
area while the turbine was in place. This was described
as a deterrent effect and it was reported to increase
with current speed. When the rotor was absent, fish
movement through the area was not influenced by
current speed. A similar response was observed by
Viehman and Zydlewski (2015a). Avoidance occurred
within 0.3 m of the turbine rotor for benthic reef fish
and 1.7 m for larger predatory fish (Hammar et al.
2013). When the rotor was present the number of pas-
sages was reduced and the number of gap passages
(not within the width of the rotor field) was signifi-
cantly lower for the 37 genera observed. Assemblage-
level effects were also observed. The overall genus level
assemblage composition during control and treatment
periods was dissimilar. Univariate tests for each gen-
era found 5 out of 17 were significantly affected at all
current speeds; at high current speeds (>0.6 m/s) the

only genera affected were browsers, most of which had
a compressed body shape. The power of the statistical
tests for other genera was too low to reliably interpret.
Evasion was observed for six genera and character-
ized as a startle response with a distinct turn and burst
swim away; some species (wrasses) demonstrated
more agile movements around blades and no fish
strikes were observed. Only 19 fish (of 1757 total) were
observed using burst swimming or another evasion
tactics to avoid the rotor. The authors concluded that
maximum swimming speed was of little importance
for evasion of a single device. There was some indica-
tion of feeding guild differences in distance maintained
from the rotor edge with browsers keeping a farther
distance than invertebrate and fish feeders. Larger
predators showed caution and were considered of low
collision risk. The authors suggested that a single tur-
bine may not be an issue. However, the presence of
multiple genera with different life strategies could be
affected by multiple turbines, potentially creating a
barrier to reaching desirable habitats.

A similar video study was used to observe fish presence
around a single ducted turbine (OpenHydro) deployed
in the temperate waters of the UK (Broadhurst et al.
2014). Photographic stills were collected hourly over

two 15-day periods (in two different years) during the
deployment of the device. Shoals of fish appeared to use

Figure 3.3. Plan view of the DIDSON acoustic camera field with turbine at
the top of the figure and a passing school of fish in the middle. River flow
was right to left. (From Bevelhimer et al. 2015)
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the device for temporary protection or feeding and the
single identified species, pollack, generally appeared in
groups. Mean fish abundance was negatively correlated
with water velocity. Patterns differed between years and
there was no apparent threshold velocity that determined
changes in fish abundance. The authors did not observe
any collision or strike events.

Continuing with video observation studies, two river in-
stream devices were installed and monitored on the Kvi-
chak River in Alaska, USA (Nemeth 2014). The first device
was the RivGen deployed by ORPC and the second device
was the CycloTurbine deployed by Boschma Research
Incorporated. Fish were monitored using video cameras
and lights mounted directly on the devices. Ten-minute
blocks from each hour of footage were subsampled for
review. Fish were observed traveling upstream, down-
stream, and milling near the device. No fish were detected
going through the RivGen unit and one lamprey was
observed moving downstream through part of the Cyclo-
Turbine. Close examination of the lamprey was not pos-
sible because lights were not installed at the time. Most
fish monitored were salmonids and were less abundant
at the device than they were along the edges of the river.
The effectiveness of video cameras and lights was shown
to make detection of fish possible out to 10 to 15 ft during
daylight and at night with lights on.

Swimming behavior data were gathered from a field
study to characterize natural fish movements in a
population viability model (Hammar et al. 2015). The
researchers found that the presence of fish was nega-
tively related to current speed; most species were very
rarely present when currents were stronger than 1 m/s,
indicating low probability of co-occurrence of fish
with a rotating turbine. Fish that stayed in the cur-
rents swam with the currents, therefore increasing
their likelihood of entering a turbine. As current speed
increased, the probability of swimming at mid-water
depths increased. Current effects on swimming were
most pronounced between 0.7 to 0.8 m/s and the prob-
ability of fish entrainment increased with increasing
current speed, especially those exceeding 0.7 m/s.

FISH PRESENCE IN A REGION: BASELINE

Broad ecological studies in MRE areas can provide

an indication of the species that “inhabit or pass
through the waterbody of an MRE device and can
become unavoidably entrained in the water in front of
a turbine,” as has been identified for risk of collision
above and by Amaral et al. (2015). By describing spe-
cies assemblages present in these regions the possible
negative effects can be narrowed down.

Attraction to devices has been shown to occur in
predatory fish species (Broadhurst et al. 2014) with an
associated increase in local biodiversity near the device
(Broadhurst and Orme 2014; in the Fall of Warness tidal
race of the Orkney Islands within the EMEC site with an
OpenHydro device). The researchers concluded that the
device site functioned as a localized artificial reef struc-
ture (especially for invertebrates). This study did not
include a “before” installation component. A similar
ecological study of previously uncharacterized finfish
assemblages in tidally dynamic areas was examined in
the United States. The study employed standard com-
mercial otter trawl netting and nearshore seining to
establish a baseline understanding of the fish assem-
blage prior to the installation of MRE devices in Cob-
scook Bay (Vieser 2014). Forty-six different fish species
were documented along with temporal shifts in diver-
sity and species presence. Both studies imply variable
temporal ecological patterns, and the authors identified
the need for longer-term studies but caution the stage
of the industry makes longer-term studies difficult.

Fish presence and vertical distributions around a hor-
izontal-axis cross-flow MRE device (ORPC TidGen®)
were documented to understand the probability of fish
being entrained at a certain depth of the water column
that corresponds to the depth where the turbine was to
be deployed (Viehman et al. 2015; Staines et al. 2015).
Stationary down-looking hydroacoustics were used in
a Before-After-Control-Impact (BACI) design in Cob-
scook Bay, Maine, USA (Figure 3.5). Generally, the pro-
portion of fish tended to increase toward the sea floor,
and the vertical distribution of fish only varied slightly
over different seasons. The control site was comparable
to the impact/turbine site (Viehman et al. 2015) before
turbine installation, and vertical distributions were
different before and after device installation, possibly
as a response to the device itself (Staines et al. 2015),
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but sample size was limited to 3 months of operational
deployment of the ORPC TidGen® device (Figure 3.4).
This approach—seasonal, stationary down-looking
hydroacoustics surveys—provided a repeatable pro-
tocol and useful data set to determine the potential
effects of an operational MRE device on the verti-

cal distribution of fishes. It allowed for robust com-
parisons between surveys conducted before and after
device installation, and the concurrent use of a control
site accounted for inter-annual variation.
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Figure 3.4. Output from the mob@-’ddﬂﬁfléﬂk}ng hydroacoustic survey
that involved transects in which the boat drifted with the current from 200
m upstream to 200 m downstream of the OCGEN® and the TIDGEN®
bottom support frame during a flood tide. Fish aggregations are shown in
the water column. (From Shen et al. 2015)

The timing and duration of occupancy, depth prefer-
ences, and patterns of striped bass in a tidal test site
in Canada (FORCE) was studied using acoustic telem-
etry (Broome et al. 2015). Such data are relevant to
informing our understanding of fish-device interac-
tion because it is related to occurrence in a region and
being present at the depth to be entrained into the
water in front of a turbine (Amaral et al. 2015). Unfor-
tunately, detection probabilities confounded an esti-
mate of occupancy in the nearfield (<100 m) of a device
but acoustic telemetry was effective for determining
mid to farfield presence (>100 m). The data suggested
that subadult striped bass were rarely detected in the
proposed device location and therefore were at lower
overall risk than adults. The authors emphasized the
continued need for nearfield information about avoid-
ance, evasion, and collision.

3.5.5

MODELS

Substantial progress has been made applying more
complex models of fish collision with MRE devices
(summarized in Table 3.3). While, to our knowledge, the
SAMS model (Wilson et al. 2007) and the geometric-
area model developed by Oak Ridge National Laboratory
(Schweizer et al. 2011) have not been validated or fur-
ther pursued, their basic ideas have been built upon.

3.5.5.1

PROBABILISTIC MODELS

Empirical data collected from various field studies
have been used to develop simple probabilistic models
to explain the possibility of fish encountering an MRE
device (Tomichek et al. 2015; Shen et al. 2015). A 2D
probabilistic model was used to understand the likeli-
hood of an MRE (Verdant axial flow) device to strike
Atlantic sturgeon in the East River, New York (Tomi-
chek et al. 2015). The model was parameterized using
seven probabilities to estimate that the probability of
an Atlantic sturgeon being struck by a turbine blade is
less than 0.1% (with no level of certainty indicated).
This was the second iteration of this model and the
authors noted that updating the model with monitor-
ing data (additional acoustic telemetry data) better
informed each probability and was useful to the indus-
try and associated management agencies.

Shen et al. (2015) estimated the probability of fish
encountering a rotor in Cobscook Bay based on their
known distribution prior to turbine installation
(Viehman et al. 2015). Three probabilities were used to
determine that the total probability of fish being at the
depth of the rotating elements of the ORPC TidGen®
was 5.8% (95% CI: 4.3 - 7.3%). Combined with previ-
ous evasion data (Viehman and Zydlewski 2015a) only
50% of fish within 5 m of the turbine enter the device.
Therefore, the probability of fish encountering a tur-
bine blade would be less than 2.9%.

3.5.5.2

COMPUTATIONAL MODELS

Two different computational modeling approaches
have been used to simulate blade strike at an axial-
flow MRE device (Romero-Gomez and Richmond
2014). A computational fluid dynamics (CFD) model
was used to determine the probability of impact by
dividing the time a theoretical fish requires to pass the
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Table 3.3. Comparison of model parameters used in recently developed models of MRE-fish encounter or collision, listed in order of mention in the text.
The italicized text represents a common categorization to explain collision risk. Parameters associated with the categories estimated for each model are

given.

Type of Become Entrained in Water in Receive
Reference Model Inhabit Area Front of Turbine Struck by Rotor Lethal Injury
Tomichek etal.  op Fish distribution/  Fish distribution @ different Blade rotation; Blade
2015 Probability occurrence water velocities; turbine rotor area; interaction®@
avoidance behavior (unknown) distribution of water velocity
Shenetal. 2015 1p Fish distribution ~ Avoidance behavior at Fish at depth of rotor within
Probability (depthy; two distances 3 m of rotor
Romero-Gomez  3p Time to pass plane; Biological Perfor-
and Richmond duration between blades®; mance Assess-
2014 particle simulation (based ment
on mass, velocity and (BioPA) Survival@
drag forces)®
Hammar et al. Probability Array passage Turbine entry (dependent on: Turbine injury (dependent on:
2015 and popula- hazard zone, avoidance failure,  hydraulic stress, collision, blade
tion viability co-occurrence) damage, evasion failure, blade
incident)
Amaral et al. Mark- Probability of entrainment (multi- Probability
2015 recapture to state recapture); of injury
estimate to- survival of entrainment (known (multistate);
tal passage fate); probability of
survival descaling (multi-

a
b
c
d

Used a fraction of collisions in the turbine-swept area

(
(
(
(

blade plane by the duration of the gap between adja-
cent blades. A second approach, Lagrangian particle
tracking, used a momentum balance equation and esti-
mated fish as a neutrally buoyant sphere, to evaluate
survival during a blade strike. These models reported
on only those particles that would pass through the
swept area of the turbine rotors and be capable of col-
lision. Romero-Gomez and Richmond (2014) used the
Biological Performance Assessment (BioPA) framework
of Richmond et al. (2014) for conventional hydro-
power turbines to understand fish injury (as evaluated
in the field and laboratory) as it relates to engineer-
ing design, based on the Lagrangian particle-based
model. Their simulations suggested that interaction
with a blade depended on 1) the release location of the
neutrally buoyant (fish) sphere; 2) localized entrain-
ment in a traveling eddy; and 3) the angular position
of blades with respect to particle location as it crosses

state)

Dependent on speed of fish (assumes maximum burst), length of fish, rotational speed of blade, angle of fish
Not probabilities; the probability of strike is calculated using these two quantities.

Dependent on blade thickness, fish length, strike velocity; fish assumed to enter impact plane perpendicularly

the blade. They then used experimental fish behavior
data to determine that survival rates were relatively
high (96.7 - 99.4%) with respect to experimental evi-
dence of >90% (Amaral et al. 2015; Castro-Santos and
Haro 2015). They concluded that the driving factor of
the results was the low impact velocities (relative to
conventional hydropower). The differences, with con-
ventional hydropower and MRE designs explaining the
lower impact velocities, included the fact that MRE
designs do not compress fluid through the blades; the
turbines do not constrain the approach path and have a
lower blade rotation speed (Romero-Gomez and Rich-
mond 2014). They postulated that shrouded turbines
could have different results and warned that the model
results should not be generalized to all MRE turbines
because currently employed designs are highly varied.
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3.5.5.3

POPULATION MODELS

Hammar et al. (2015) developed a probabilistic model
to estimate population-level ecological risks. The
model incorporated fish behavior, especially swim-
ming behavior (avoidance) in strong tidal currents,
into a population viability model to estimate the effects
of turbine mortality on the population of fish in the
region. Based on literature (Viehman and Zydlewski
2015a; Wilson et al. 2007) and their own observations
Hammar et al. (2015) hypothesized two avoidance (more
consistent with the definition of evasion earlier in this
chapter) strategies: 1) reverse, i.e., change direction; and
2) diverge, ie., swim toward the outer edge of the rotor.
Option 1 would require the capacity to swim faster than
the current speed. The modeled probability of failing

to avoid a turbine varied over two orders of magnitude
among fish taxa, strategy, current speed, light condi-
tions, and turbine diameter. In most cases the prob-
ability of failing to avoid (in other words the probability
of encountering) was above 0.10 in daylight, and 0.75 in
low light. Failure increased with turbine diameter and
current speed and decreased with light level. The model
suggested failure to avoid (evade) would be high for any
fish with low swimming capability relative to the cur-
rent. The authors also indicated that the hazard zone of
an axial-flow turbine is approximated to be two-thirds
of the rotor-swept disk, and blade incident (i.e., strike)
increased with fish length and decreased with current
speed. Evasive maneuvers close to a blade were also con-
sidered; because large fish generally have lower agility
but are less affected by the hydrodynamic forces around
the blades, their chances of failing to evade were high.
Blade damage was uncertain and suspected to vary by
species and size. Based on the open design of MRE tur-
bines the hydraulic stress was expected to have little
impact on survival rate. The field case study of population
status revealed a yearly loss of 650 specimens of 10,000.
Model components can be refined for different case situ-
ations and informed by empirical data, especially con-
cerning avoidance behavior.

Amaral et al. (2015) applied mark-recapture modeling
techniques to assess the overall survival of individuals
through four different pilot-scale MRE turbine designs
using data collected in laboratory studies. Authors observed
no fish collisions with the rotor in place and reduction of
movement through the area while it was in place. Tur-

bine entrainment was species dependent and current
velocity highly affected the probability of entrainment.
Total turbine passage survival probability ranged from 88
t0 100%; adult American shad exposed to an EnCurrent
turbine had the lowest probability of survival and rain-
bow trout had the highest. The probability of injury after
entrainment was highest in hybrid striped bass, but injuries
may not have been turbine related because hybrid striped
bass that were not entrained had similar injury rates.

3.5.5.4

CONCEPTUAL RISK ASSESSMENT MODELS

Various forms of risk assessment have long been used to
make decisions about uncertain environments when not
enough is known about a system to establish a defini-
tive estimate of the chance of injury or loss (Cox and Cox
2001). Busch et al. (2013) and Copping et al. (2015) used
qualitative risk assessment approaches to understand
risks of ocean energy development. Copping et al. (2015)
developed a risk assessment framework for assessing
risk in the data-poor conditions of MRE development.
The framework involved ranking stressor-receptor
interactions by the consequences of their occurrence to
determine the potential effect of those interactions in an
effort to assess anticipated cumulative impacts. While the
process was limited by the lack of field data it was used
to identify interactions that were likely to cause the most
harm. For MRE-fish interactions the highest ranked were
accident/disaster, leaching of toxic chemicals, noise, and
presence of the dynamic device. These were all identified
with highest potential consequences, albeit with high lev-
els of uncertainty, for migratory and resident threatened
and endangered species in the case study area of Puget
Sound.

Busch et al. (2013) examined the ecological consequences
of tidal energy development and climate change using a
food web model and a risk framework. They used qualita-
tive checklists to quantify the mortality of species in the
Puget Sound that are listed under the Endangered Species
Act (ESA). Using expert opinion of uncertainty and risk
for six different environmental stressors associated with
MRE deployment (static, dynamic, chemical, acoustic,
electromagnetic, and energy removal), they developed
qualitative risk tables. These tables were used in coordi-
nation with locally relevant literature about the effects

of climate change on species in the marine environment
(e.g., temperature, hydrology, sea level, ocean acidifica-
tion, rare storm events) to explore the effects of species
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Table 3.4. Methodologies and instruments applied to date (primarily since 2013) to understand fish collision with, strike by, and evasion and avoidance

of MRE devices

Relation to Metric Device Method Location Reference
Collision
Inhabit Area Presence in region  OpenHydro — 0.25 MW, Commercial fisheries Isle of Eday, Orkney Isles —  Broadhurst and Orme
6 m diameter benthic video EMEC, UK 2014
Presence in region  ORPC TidGen® Stationary down-looking Cobscook Bay, ME, USA Viehman et al. 2015
hydroacoustics Staines et al. 2015
Presence in region  ORPC TidGen® Otter trawls and beach seines  Cobscook Bay, ME, USA Vieser 2014
Presence in region  ORPC 0CGen® Down-looking hydroacoustics Cobscook Bay, ME, USA Shen et al. 2015
Presence in region  Verdant Gen5 — Acoustic telemetry and East River, NY, USA Tomichek et al. 2015
axial flow modeling
Presence at FORCE, no turbine Acoustic telemetry Minas Passage, Canada Broome et al. 2015
specified depth present
Entrained in Evasion, avoidance, ORPC RivGen® Underwater cameras Kvichak River, AK, USA Nemeth 2014
Water in Front ~ attraction
of Device Evasion and OpenHydro — 0.25 Video Isle of Eday, Orkney Isles —  Broadhurst et al.
attraction MW, 6 m diameter EMEC, UK 2014
Evasion and Verdant — Gen5 — DIDSON East River, NY, USA Bevelhimer et al.
attraction axial flow 2015
Evasion Vertical Gorlov Field — Stereovideo Ponta Torres, Mozambique ~ Hammar et al. 2013

Evasion, avoidance,
attraction

ORPC — beta TidGen(R)

— cross-flow

Acoustic camera
(DIDSON)

Cobscook Bay, ME, USA

Viehman and
Zydlewski 2015a

Struck by Rotor;
Received Lethal
Injury

Survival/injury,
evasion, avoidance

EnCurrent Model
ENC-005-F4

Acoustic telemetry, high-

speed video, passive inte-

grated transponder array

USGS Conte Anadromous
Fish Research Center
Flume, USA

Castro-Santos and
Haro 2015

Behavior and

Free Flow Power

Video cameras, DIDSON

Alden Research Lab, USA

Amaral et al. 2014

survival ducted axial flow for behavior and 2015
Entrainment, HydroGreen Energy Balloon-tagged fish USA - Mississippi River Normandeau &
survival Associates 2009

interaction with tidal power devices and climate change.
They identified three major ecological effects associ-
ated with the combination of these changes: increas-
ing hypoxia, tidal dampening, and temperature-related
compromises to physiology affecting blade-strike harm.
Total risk to multiple species was assessed along with
trophic interactions. A mass balance food web model
was used to assess blade-strike mortality for those

species whose depth distribution was within the range

of proposed tidal power projects in Puget Sound. They

then modeled three scenarios of increasing numbers of

turbines and differing temporal extents. The greatest

risk observed was blade strike for ESA-listed spe-
cies. However, when climate change and MRE devel-
opment was assessed jointly, it became clear that
climate change should be incorporated into assess-
ments of MRE energy development, because failure
to incorporate these and trophic-level responses
could result in unrealistic expectations based on
these qualitative analyses. The authors caution that
the model parameters were based on expert opinion,
not quantitative data and further experimentation
needs to occur to inform our understanding of blade
strike and the lethal consequences.
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3.5.7

SYNOPSIS OF THE STATE OF THE SCIENCE
Knowledge gaps identified in 2013 that have since been
addressed include assessment of fish responses to tur-
bine rotation; the need for laboratory studies to focus
on appropriate species; and the need for more complex
models of biophysics with behavior and turbines at
geographically diverse locations. We now have quan-
titative indirect evidence of the effects of MRE devices
on fish behavior (avoidance and evasion; Amaral et

al. 2015; Castro-Santos and Haro 2015; Viehman and
Zydlewski 2015a), the subsequent effects on overall
presence (Staines et al. 2015; Shen et al. 2015; Bevel-
himer et al. 2015), and more specific assemblage-level
responses (Broadhurst et al. 2014; Hammar et al. 2013).
Some of these insights have been used to inform the
development of computational and probabilistic mod-
els to better explain how strike or collision may be
predicted (Hammar et al. 2015; Romero-Gomez and
Richmond 2015) or even influence population sizes
(Hammar et al. 2015; Wilson et al. 2007).

From these studies, there are common indications
that fish may be affected by the presence of an MRE
device, and most evidence is related to collision or
strike being indirect. For example, to date the survival
rate for fish passing through turbines is relatively high
(>95%) and the probability of injury to fish is posi-

tively related to increasing water velocity (Amaral et al.

2015) and fish size (Amaral et al. 2015; Romero-Gomez
and Richmond 2014). However, authors note the need
for higher sample size data sets with more turbine
designs and species groups to improve certainty and
validate models. In addition, the numbers of fish in
tidally dynamic regions seem to decrease with increas-
ing water velocities when an MRE device is present
(Bevelhimer et al. 2015; Broadhurst et al. 2014); fish
were rarely present when currents were stronger than
1m/s (Hammar et al. 2015). These data suggest a low
probability of co-occurrence of fish with a rotating
turbine (Hammar et al. 2015) and the probability of
entering a turbine increasing with increasing current
speed, especially at speeds exceeding 0.7 m/s. There is
some indication that small fish evade turbine blades at
distances less than 2 m from certain devices (Hammar
et al. 2013; Viehman and Zydlewski 2015a) and that
behavioral responses can be species-specific (Hammar
et al. 2013; Amaral et al. 2015; Castro-Santos and Haro

2015). However, there is also some evidence that larger
fish that stay in the water column at high flows will
have a difficult time avoiding a turbine (Hammar et al.
2015). Models indicate that failure to avoid a turbine
increases with turbine diameter (Hammar et al. 2015)
and current speed (Amaral et al. 2015), and decreases
with light level (Hammar et al. 2015; Viehman and
Zydlewski 2015a). The probability of an encounter with
MRE devices has been estimated between 1 and 10%
depending on the region and species/assemblage stud-
ied (Wilson et al. 2007; Tomichek et al. 2015; Shen et al.
2015). Several studies imply variable temporal ecologi-
cal patterns (Vieser et al. 2014; Broadhurst et al. 2014)
that could influence whether species will be exposed to
a device and inform how collision risk should be evalu-
ated for a region.

The state of the science of fish-MRE interactions is
currently in an early stage and progressing incremen-
tally with the development of the MRE industry itself.
New technologies progress through stages to eventu-
ally attain stability and ideally sustainability. Such
progress includes changes in research, assessment, and
monitoring approaches to document the environmental
influences of the technology. As an external example,
the development of environmental monitoring and
regulations associated with steam-powered plants
changed with the introduction of the Clean Water Act
in the United States. In this case, the mature technol-
ogy progressed to its highly informative present state
of environmental effects with the combination of
research and monitoring that involved technological
advances of the environmental monitoring approaches
themselves (Mayhew et al. 2000; Taft 2000). What is
different between the steam-plant case and the MRE
case is that the environmental impacts were realized
once the steam-plant industry itself was at a relatively
mature state and responded because of the promulga-
tion of a legal mandate. In the case of MRE develop-
ment, the industry and regulators have recognized

the potential for effects and have taken a proactive
approach to addressing them. However, this will take
time and evolve through the growing pains of changing
priorities and approaches as learning occurs along the
way. The steam-powered plant industry, for example,
experienced nearly 15 years of changes in environmen-
tal monitoring approaches to address the needs of the
industry and regulatory bodies (Mayhew et al. 2000).
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The MRE industry is nearing 10 years with only one
turbine (MCT’s) that has been deployed over multiple
years and little concurrence on optimal MRE engineer-
ing designs. As the industry develops and matures the
environmental monitoring approaches will also mature
as priority parameters and techniques are realized.

Conventional hydropower is another good example

of technology that has had a long-term research and
monitoring history involving the evolution of the sci-
ence of environmental monitoring to a point where
fish passage has been improved. Today, empirical
data have provided accurate estimates of fish passage,
mortality, and injury associated with this technol-
ogy (Coutant and Whitney 2000; Ploskey and Carl-
son 2004; Pavlov et al. 2002; Schilt 2007) as well as
stochastic modeling that compares the movement of
fish and neutrally buoyant surrogates around a hydro-
turbine (Deng et al. 2007). While some results from
this research may provide insight into fish strike for
MRE devices, significant inherent differences must be
acknowledged. MRE turbines turn much slower, which
is likely to decrease the probability of blade strike, and
are unlikely to create hydrostatic pressure changes
large enough to negatively affect nearby fish (EPRI
2011; Copping et al. 2013). While the comparability of
animal-turbine interactions in analogous industries—
e.g., conventional hydropower, oil and gas explora-
tion, and nearshore pile driving—have been deemed
somewhat peripheral to a true understanding of tidal
turbine-fish interactions (Copping et al. 2013), lessons
learned should not be ignored, rather they should be
built upon.

3.5.8

CRITICAL UNCERTAINTIES

Progress has been made since 2013 to inform our
understanding of the perceived risks of MRE-fish
interactions. However, uncertainties remain. They
range from the inability to monitor a specific event
(e.g., strike) to developing the required confidence in
the data that are collected (e.g., confidence intervals
of those events that are measured). It is important

to not only seek the former but identify the latter
because poor-quality data can be misused with the
ultimate result being failure to conserve the target of
interest (Hermoso et al. 2015); e.g., fish populations
around MRE deployments. While it is tempting to try to
increase the amount of data acquired, additional col-

lection of poor-quality data can lead to higher uncer-
tainty and poor decision-making (Hermoso et al. 2015).

There has been significant research related to blade-
strike experiments with hydropower technologies.

It may be true that some of the findings from this
research would be applicable to MRE-fish interactions
in a broad sense, but major differences in the interac-
tions themselves limit the application. This leads to
one major critical uncertainty: what happens when a
fish is struck by an MRE blade falls into the category of
“unknown” uncertainty. While this seems to provide
some indication that risk of strike is unlikely, without
some record of these events we cannot draw this con-
clusion and are left assessing how fish avoid and evade
devices. Researchers have demonstrated and postu-
lated species-specific effects (Amaral et al. 2015; Cas-
tro-Santos and Haro 2015; Hammar et al. 2013; EPRI
2011) and have suggested that extrapolation beyond
the taxa actually examined/tested is not appropriate
(Hammar et al. 2013). Some researchers have indicated
the importance of burst swimming for evasion (Wilson
et al. 2007; Romero-Gomez and Richmond 2015), but
others directly observed that very few fish used burst
swimming as an evasion tactic to avoid the rotor and
that maximum swimming speed is of little importance
for evasion of a single rotor (Hammar et al. 2013). The
most conducive conditions for observing volitional
strike are under lit conditions, yet more fish are likely
to be present under low light conditions (Viehman

et al. 2015; Viehman and Zydlewski 2015a), making
low light conditions more risky for fish because more
of them are present and reaction distance is shorter
(Viehman and Zydlewski 2015a; Hammar et al. 2013).

Computational models show promise for informing
risk to populations associated with collision but are
still riddled with uncertainty (Hammar et al. 2015),
because of the lack of data for parameterizing them
and the sparseness of data that are currently used. For
example, the population viability model of Hammar
et al. (2015) is limited by the following factors: the
models should not be generalized, particularly at array
scale because array passage will be site-specific; the
probability of turbine entry must be species-specific
(and we only have species-specific information for a
handful of species); the turbine design must be con-
sidered because it has a large influence on potential
mortality; natural fish behavior is needed to estimate
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collision risk but has not been included in most mod-
els; data are needed for model validation but none are
available; and the differences between solitary fish vs
shoaling fish behavioral responses must be considered
(e.g., Viehman and Zydlewski 20153, b).

The mechanism and frequency of injury from labora-
tory or field studies have uncertainty associated with
them that transfers to the predictive nature of the
models used to estimate effects on individuals or pop-
ulations. For example, quantitatively characterizing the
immediate environment around the turbines (inflow
and outflow turbulence and high-resolution circulation
modeling) themselves remains to be researched (Rich-
mond et al. 2014). To do so, however, the turbine envi-
ronment needs more robust quantification (as has been
accumulated for conventional hydropower, sensu Rich-
mond et al. 2014). Such quantification could be used

to develop threshold criteria, e.g., minimum pressure
for overall turbine design (Brown et al. 2012). Romero-
Gomez and Richmond (2015) proposed that better data
need to be collected on the trajectory of collision by
accounting for the finite size of the sphere (i.e., fish)
used in their model. These data had some concurrence
with experimental data and are expected to be useful to
regulators.

In lieu of modeling mechanisms of injury associated
with fish-device interaction, avoidance behavior has
proven useful here and for other industries. For exam-
ple, Busch et al. (2013) noted that modeling avoidance
helped to parameterize the number of blade strikes

in models of wind turbines (Chamberlain et al. 2006)
and that recording a lethal strike was required for full
model parameterization. Similarly, accurate assess-
ment of species vulnerability is dependent on hav-
ing spatially explicit species density data, yet there is
still uncertainty regarding the composition of animal
assemblages in MRE environments, which can be
informed by studies such as those by Vieser (2014) and
Broadhurst et al. (2014). If we do not improve upon
these uncertainties, the industry will need to continue
its reliance on expert opinion and ecological theory
(Busch et al. 2013). Indeed, there is some indication
from conceptual models that ignoring trophic interac-
tions could underestimate the risk of any individual
action, and climate change effects could be so great
that it would be difficult to discern the effects of tidal
power development.

One of the largest uncertainties remaining at present
is the scalability of results to date from single devices
to arrays (Copping et al. 2013; Castro-Santos and Haro
2015; Amaral et al. 2015; Hammar et al. 2015). While
most of the research cited above references the need to
consider the effects at the array level, none of it pro-
vides clear certainty about how fish will respond to a
single device or how to scale understanding to multiple
devices or device arrays.

3.5.9

LESSONS LEARNED

Copping et al. (2013) identified the need to focus
research and monitoring of risks on animals in relation
to the following aspects of MRE turbines: differences
between open-bladed and ducted devices; size of tur-
bine vs. deployment depth; rotational speed; solidity;
foundation or anchor design; acoustic signature; and
deterrents. Since that time, direct laboratory compari-
sons of the open-bladed and ducted devices have not
been conducted, but they have examined separately
and a few scale-size devices have been compared via
modeling (Amaral et al. 2015). Rotational speed has
been assessed from a modeling perspective (Romero-
Gomez and Richmond 2014), and, while deployment
depth has not been pursued, studies have demon-
strated that fish depth may be modified around open
axial-flow and cross-flow MRE devices (Staines et al.
2015; Bevelhimer et al. 2015).

There is an increasing awareness of the importance of
fish size, life stage, and trophic position when general-
izing fish collision issues. It should be noted that larval
and juvenile life stages have generally been ignored, but
they have been suggested to be the most likely to inter-
act with but not be harmed by a blade strike (Cada et al.
2007; EPRI 2011; Amaral et al. 2015) and the most likely
to be entrained (Viehman and Zydlewski 2015a). How-
ever, this does not mean that every species, size, and
life stage must be examined for interaction responses to
MRE devices. Evidence from Hammar et al. (2015) sug-
gests that fish feeding guilds influenced the observed
responses. As such, separation of assemblages by feed-
ing guild could inform responses to MRE devices. They
particularly indicated that larger fishes, such as apex
predators, while most able to avoid devices from a
distance, may also be most vulnerable to collision risk
because rotor detection and avoidance is difficult under
conditions of low visibility (Hammar et al. 2015).
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Field studies remain the most challenging due to the
difficulty of working in dynamic tidal regions (Shields
et al. 2011). However, researchers have collected data
under these conditions and identified new opportuni-
ties for research in environmental monitoring tech-
niques; e.g., the need for improved visualization of
turbine structures to observe strike due to the inability
of acoustic telemetry to examine mid-field avoidance
and nearfield evasive behavior (Broome et al. 2015); the
inability of acoustic imaging to examine visualization
of strike (Viehman and Zydlewski 2015a); and limita-
tions of working under low light conditions.

3.5.10
RECOMMENDATIONS

The amount of new information collected regarding
fish-MRE device interactions is encouraging. How-
ever, because research is being conducted by separate
independent researchers, better integration across
research perspectives could help advance the state of
knowledge for this field. At a minimum, terminology
should be standardized. The most recent literature

on MRE devices does not contain standard language
regarding fish interaction with devices. For example,
the distinction between evasion and avoidance is not
distinguished by many even though the most common
documented behavior is evasion (Table 3.1) and such
documentation is needed for incorporating natural
behavior in predictive models (Hammar et al. 2015;
Romero-Gomez and Richmond 2015).

Standardization of language used around collision risk,
collision, and behaviors associated with avoidance may
benefit the industry and advancement of the science
collectively, for example, to enable transferability of
metrics across projects, methods, and studies (e.g.,
laboratory, field, and models). Similarly, standardiz-
ing a spatial scale for measuring responses, i.e., based
on animal size or device size, could enhance the same
transferability. Response distances have also been con-
textualized as “near” and “far” field, but should likely
be considered relative to the size of the animal in ques-
tion; particularly because more stereotypical behav-
ioral responses (e.g., to predator risk) can be evaluated
based on animal lengths (Weihs and Webb 1984). In
addition, there may be ways to provide empirical evi-
dence of a threat using the distance of the response
(flight initiation distance, Lima et al. 2015). Because

both evasion and avoidance will be dependent on sen-
sory systems, and sensory modalities and sensitivities
vary substantially across taxa (Lima et al. 2015; Martin
2011), life stage, and environmental conditions, all of
these must be considered when establishing a common
lexicon.

The rare probability of observing an occurrence of
interaction or strike needs to be addressed. Strike
events are expected to be rare, but on top of this,
researchers are somewhat paralyzed by the amount of
data that is collected to try to observe such events. There
are available data sets that have only been subsampled
(e.g., 24 hr of 48 hr collected, Viehman and Zydlewski
2015a; 5 still photos every hour for 15 days, Broadhurst
et al. 2014) and they should be fully sampled to deter-
mine 1) whether there are missed events and 2) the
probability of such events (to be factored into designing
future research and monitoring programs).

The increasing awareness of the importance of fish
size, life stage, and trophic position when generalizing
fish collision issues may be addressed by consider-

ing group-level answers; e.g., feeding guild or habitat
linkages as suggested by Hammar et al. (2015). Labora-
tory studies (Castro-Santos and Haro 2015; Amaral et
al. 2015) can be used to target specific feeding guilds
known to inhabit tidally dynamic regions targeted for
development. Further analysis of assemblages of sites
(e.g., Vieser 2014; Broadhurst and Orme 2014) could be
used to inform the design and conduct of these labora-
tory tests and then analyses from both could be incor-
porated into models (e.g., Romero-Gomez and Rich-
mond 2015; Hammar et al. 2015; Amaral et al. 2015).
Such models have been used to suggest array design
options; e.g., the need for turbine gaps of several meters
between turbines in arrays (Hammar et al. 2015).

Options for reducing the probability of blade dam-
age and incidence have been suggested by multiple
researchers. Some identified solutions that included
rating turbines based on rotational speeds, with lower
speed being rated to represent lower risk (Hammar

et al. 2015), which is supported by several different
laboratory and modeling studies (Hammar et al. 2015;
Romero-Gomez and Richmond 2015). Because visual
detection of devices seems to be important for fishes
(Hammar et al. 2013; Viehman and Zydlewski 2015a),
increasing the detectability of a turbine by consider-
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ing rotor coloration and addition of lights could reduce
risk. Another option would be to use a stepwise system
to slow down the rotor speed when animals approach,
as suggested by Hammar et al. (2015). However, the
ability to detect the animal’s approach in time to slow
the rotor could be difficult from a technical perspective.

Application of antipredator behavior to risk models
and behavioral assessments has been explored and
deserves further consideration. For example, estima-
tion of the probability that an animal will encounter,
or be co-located with, a turbine can be informed by
predator-prey encounter models. That said, antipreda-
tor avoidance response cannot be stereotyped to all
individual fishes’ responses to a novel object because
behavioral responses and underlying mechanisms con-
trolling them vary across species. For example, habitu-
ation can make lethal contact more likely (Lima et al.
2015) and younger individuals may be more prone to
contact/inability to evade due to inexperience (Blok-
poel 1976). Generally, the diversity of fishes (20,000+
marine species alone) dictates high variation in anti-
predatory behavior avoidance reactions. Quantifying
evasion is complicated by the response of individual
animals because they may detect the object but not
change their behavior (Lima et al. 2015).

Some consideration should be given to engineering
turbines to minimize hydraulic conditions hazardous to
fishes, as has been done for conventional hydropower
turbines using BioPA (Richmond et al. 2014). This could
help address the uncertainty that remains around the
mechanism of injury and frequency of injury observed
in laboratory and field studies by reducing the over-

all risk to the fish. Computational modeling with the
incorporation of empirical data have shown some
promise for informing risk assessments. It is recom-
mended that additional models (e.g., individual agent-
based) be parameterized as well.

The need for devices “in the water” to study under
natural conditions continues to be emphasized. To do
so, the industry should continue to consider decision-
making using simulation-optimization and learn from
experience by intelligent trial and error (Cox 2015).
There is at least one successful example of an adaptive
management approach in the MRE industry (Jansuj-
wicz and Johnson 2015b), but it has not been univer-
sally embraced for various reasons. Cox (2015) suggests

that in some situations models should be dispensed
with and experiments should be run to 1) adaptively
optimize the “value of information” from traditional
decision analysis, 2) allow “low-regret” decision-
making where the probability of selecting different
actions is adjusted based on empirical performance and
adaptive learning; or 3) apply “robust” decisions that
will produce desirable consequences no matter how
uncertain the models are. There is a rich theoretical
base of robust optimization techniques (Chapter 7 of
Cox 2015) that could be drawn from to inform how the
industry interacts with environmental regulators.

In addition to better coordination of results, spe-
cific gaps need to be addressed by research studies,
while others will best be filled by monitoring around
deployed devices, or through development of specific
technologies.

RESEARCH

Decreasing uncertainty will depend on being able to
document what happens to a fish when it interacts
with a device, and then being able to collect such data
with a high level of certainty. Developing appropri-

ate equipment for such purposes is important and has
been recognized as a pressing issue as the industry
moves toward the deployment of arrays (Copping et

al. 2014). The fact remains that “direct observation

of nearfield behavior of fish in the vicinity of opera-
tional tidal turbines” (as cited in ABPmer 2010) is still
needed. As has been stated in the past (ABPmer 2010
and others), such studies could inform effective miti-
gation strategies. There is an obvious need for technical
engineering research into new environmental monitor-
ing technologies and packages that will inform or allow
documentation of behaviors of interest, e.g., evasion or
strike in the natural environment. Also needed is the
development of new algorithms (that would be more
accessible to the industry user) for processing data
collected by various instruments that are not yet read-
ily available, e.g., various multibeam sonar packages
(Melvin and Cochrane 2015).

Several researchers have suggested integrated pack-
ages of instrumentation because environmental condi-
tions (e.g., tidal stage, water velocity, light level, source
noise) together determine the operation of the turbine
and probability of strike and encounter. For example,
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photography could be used to evaluate ecological
interactions, but must be accompanied by flow mea-
surements (Broadhurst et al. 2014) because fish inter-
actions with devices are dependent on flow and turbine
responses to that flow. This would also address the
need for comparisons of periodic tidal patterns (spring/
neap) to understand the fluctuation of fish abundance
(Broadhurst et al. 2014; Viehman and Zydlewski 2015b).
An integrated package could also include acoustic
telemetry for understanding behavior around a device
(Broadhurst et al. 2014; Broome et al. 2015). Finally,
the importance of replication across key variables (e.g.,
turbines and locations) would be important to inform-
ing the industry.

There is a need for more research into the frequency

of sampling needed to really understand the effects of
tidal turbines over an entire year. Short- and long-term
periodicities exist in fish presence in tidal areas (tidal,
diel, and lunar); such periodicities can be used to deter-
mine the optimal sampling frequency for monitoring
device installations (Viehman and Zydlewski 2015b).

There is a continued need for laboratory studies of
nearfield behavior of fish in the vicinity of rotating
blades and documentation of collision damage. Tests of
a wider range of fish lengths (Amaral et al. 2015) and
species (or guilds; Hammar et al. 2015) are needed to
more completely understand the potential impacts on
fish populations and communities. Subsequently, these
data can be used to better inform computational mod-
els. However, models need to be expanded to include
multiple MRE turbine types (until a uniform design

is reached); current model results cannot be general-
ized to all MRE turbines because they are highly varied.
Current models also need better ability to calculate the
trajectory of collision by accounting for the finite size
of a sphere (i.e., fish in Romero-Gomez and Richmond
et al. [2014]) by applying natural behavioral responses
(as suggested by Hammar et al. [2014]).

Better basic understanding of fish responses to novel
objects is still needed. Future advances will rely on sys-
tematic empirical studies of a range of behaviors and
taxonomic diversity. For the MRE industry then, more
research on sensory modalities and properties across
taxa to determine the detectability of objects (Lima et
al. 2015) is needed. For example, are fish responding to
the changes in the hydrodynamic environment or the

noise produced by the device? To answer such questions,
even though some information has been gathered, more
information about device source noise is still needed
across a wider range of devices and settings (Bassett et
al. 2011; ORPC Maine LLC. 2014) to better inform models
and mechanisms for response and mitigation efforts.
Along the lines of understanding individual or species/
guild-level responses to novel objects, direct compari-
sons of animal responses to turbines relative to preda-
tory threats may be useful in better assessing whether
responses can be “stereotyped.” Hammar et al. (2015)
suggested that fish behavioral syndromes (e.g., bold-
ness and cautiousness) or feeding guilds influenced the
observed responses. These types of responses to the
novel MRE turbine should be pursued.

There is a need to better document and understand
small-scale tidal features (eddies, boils, rips, etc.) that
might influence fish distribution and behavior. The
swimming and maneuvering capabilities of fish under
conditions of extreme turbulence should be investi-
gated through laboratory and field studies to further
inform the debate about how able different species
might be to avoid collision.

The MRE industry should consider following the
Romero-Gomez and Richmond (2014) approach of
applying a BioPA framework similar to the conven-
tional hydropower approach (Richmond et al. 2014) of
applying a probabilistic design method to bridge the
gap between laboratory studies of fish injury and mor-
tality to develop a suite of performance indicators for
injury computed from a CFD model. This still assumes
the ability to identify injury mechanisms, again rely-
ing on laboratory studies and development of models
across various turbine designs.

MONITORING

Understanding critical uncertainties, e.g., strike of

an individual fish by MRE device parts, while vital to
overall mechanistic explanations of the effects and
ultimate impacts of MRE devices, may or may not be
the best metric to measure during regular monitoring
of an MRE deployment because it continues to be an
elusive metric to measure. Quantifying this metric will
likely require further development of equipment and
technology that can function in the environment of
MRE devices to observe such events.
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It seems that the more indirect measures of MRE-fish
interactions (and even collision risk) can be informed
by standard protocols used to quantify fish presence
(Viehman et al. 2015) and redistribution in the water
column (Staines et al. 2015; Shen et al. 2015) over
various temporal and spatial dimensions that would
be dictated by the environment (riverine, estuarine,
ocean) and assemblage of animals present. Broad-
hurst and Orme (2014), for example, suggest the need
for more robust studies, citing BACI experiments

and impact modeling, particularly as the state of the
industry matures since the current state makes study
designs challenging because of changing develop-
ment plans.

DEVELOPMENT (METHODS, TECHNOLOGY, ETC.)
Specific limitations to the direct measurements of
animal interactions with tidal turbines include turbid
conditions and high flow regions that have difficult
conditions for the technologies that would be best

for monitoring the interactions, e.g., optical cameras
(Copping et al. 2014). In addition, optical cameras can
be functional under non-turbid daylight conditions,
but several researchers have indicated the impor-
tance of the increase in fish density/presence at night
(Viehman and Zydlewski 2015a) along with a change

in behavior under such conditions that may affect

the level of risk to the animals (Hammar et al. 2015).
While strobes could be used to alleviate such conditions
they may interrupt behavior (Hammar et al. 2015).
Such conditions can be conducive to acoustic imaging
systems, but acoustic imaging systems have proven
difficult for long-term deployments (unless they are
cabled to a power source), and the acoustic return from
the edge of a turbine blade does not allow distinc-

tion between the animal and the blade (Viehman and
Zydlewski, unpublished). Stereo-imaging systems are
being developed to address some of these issues for the
MRE industry (Joslin et al. 2014.).

Multiple tools with triggering mechanisms for differ-
ent scale lengths to assess collision and avoidance are
being pursued (Blondel and Williamson 2013; Jacques
2014) and have been proposed (Stein and Edson 2013).
Test deployments for up to 2 weeks have been con-
ducted with a remote-sensing sonar platform that
incorporated measurements of hydrodynamic condi-
tions as well as the presence of marine animals using

hydroacoustics and multibeam imaging (Blondel and
Williamson 2013). Technical work continuing from

this includes optimizing sonar integration and refine-
ment of data processing. A combined acoustics pack-
age was also deployed in the Northeast Pacific in the
United States (Jacques 2014) for 1 month to document
fish populations/densities as an indirect measure of
overall effect at the population/group level. With any of
these standard acoustic techniques, target identifica-
tion must be validated with additional physical sam-
pling. While such systems, strategically placed near
MRE devices, are likely to inform our understanding of
avoidance and evasive behaviors, resolution is likely to
preclude assessment of strike or collision, particularly
of fishes, unless they are large-bodied.

Additional opportunities, outside of the MRE commu-
nity, should be considered; e.g., application of Sensor
Fish technology (Deng et al. 2010; Deng et al. 2014) to
answer questions about turbine mortality. Engineer-
ing of devices like Sensor Fish (to a cost-effective level
where large numbers could be produced) could result
in better informed laboratory and field studies to move
our understanding of fish-turbine interactions forward.

Recognizing that MRE development is occurring in a
dynamic environment that is much broader than an
individual fish being struck by a turbine is important,
especially in light of the need for zero-carbon emission
power resources. Therefore, an ecosystem approach
must not be forgotten and clear goals for the future

of MRE should be jointly established among all stake-
holders. Concerns of stakeholders and regulators must
continue to be addressed and the best path forward is
continued engagement among stakeholders (industry,
regulators, scientists, and community) about these
issues (Johnson et al. 2015; Jansujwicz and Johnson
2015a), particularly as new information is accumulated
and synthesized. As projects are deployed and knowl-
edge is gained, data sharing and collaboration continue
to be vital to industry advancement. Marketing the
presence of the Tethys Knowledge Base to stakeholders
will help, and the importance of synthesis across proj-
ects and regular networking of participating research-
ers and other stakeholders must be sustained.
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3.6
SEABIRDS

Diving seabirds depend on the marine environment for
foraging and may be at risk from MRE development.

3.6.1

MONITORING OF SEABIRDS INTERACTING
WITH MRE DEVICES

Regulators and stakeholders are concerned that MRE
devices may pose a risk to seabirds through collision
mortality, disturbance and displacement, and habitat
loss, if large numbers of devices are installed. Due to
the infancy of the MRE industry and a lack of devices
in the water, studies have often focused on the poten-
tial vulnerability or sensitivity of species, rather than
empirically assessing effects or monitoring seabirds
interacting with MRE devices. Most research and
empirical studies to date on seabirds and MRE devices
have focused on habitat use and potential displacement
of seabirds due to the presence and operation of MRE
devices rather than the risk of seabird collision with
MRE devices. This is in part due to the technical dif-
ficulties associated with studying birds under the water
and also due to a lack of operating devices to study.
Limited guidance is available regarding the monitoring
of ornithological impacts associated with MRE devices
and, where it is available, it is usually generic (Jackson
and Whitfield 2011). A review of the potential effects
studies and impacts of MRE devices on seabirds follows.
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3.6.1.1

DESK-BASED STUDIES

Several studies assess the risk that MRE devices may
pose to seabirds using sensitivity analyses and analysis
of previously published data on the behavior, ecol-
ogy, and distribution of species. Wilson et al. (2006)
used information available in the scientific literature
to assess the likely collision risk associated with MRE
devices. They concluded that the species groups most
at risk were divers, grebes, gannet, cormorants, sea-
ducks, and auks, although the risk was only considered
to be moderate for most of the species, or moderate/
high for gannet. However, they noted that for most
species there is limited understanding of foraging
ecology for species outside of the breeding season or
for juveniles; there are currently no empirical data
available on collision impacts of seabirds with under-
water MRE devices.

Langton et al. (2011) summarized how tidal energy
developments could affect seabirds, based on experi-
ence with other forms of disturbance, and exploring
the possible changes in behavior and habitat that have
the potential to increase a seabird’s rate of energy
acquisition from foraging, or energy expenditure, due
to displacement from feeding grounds. Summarizing
data about seabird abundance and distribution from
sources in Scotland, the authors estimated that the risk
to seabird species was likely to differ with MRE tech-
nology design and species (Figure 3.5).
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Figure 3.5. Estimate of the depths of the moving and static parts of a selection of tidal devices, when placed at optimal operating depths (minimum
operating depth was used if optimum was unavailable) and the foraging depths of diving seabirds. (From Langton et al. 2011)
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Furness et al. (2012) assessed the sensitivity of sea-
bird species in the UK to the potential adverse effects
of tidal turbines and WECs. Adapting the method of
Garthe and Hiippop (2004), they assessed the conser-
vation status of seabirds in the UK that may be present
in areas of MRE development, as well as their vulner-
ability to tidal turbines and wave energy devices. Due
to the fact that tidal turbines and WECs may affect
birds differently, they considered these two classes of
devices separately. Given the nature of wave energy
devices, it was acknowledged that even the highest
risk of collision due to structures would represent a
relatively low risk for seabirds. Several elements of
seabird behavior were included in the assessment for
tidal turbines that relate to collision risk including
mean and maximum diving depth and the use of tidal
races for foraging. In terms of diving depth, the species
that scored highly and were considered most at risk
included European shag (Phalacrocorax aristotelis), great
cormorant (Phalacrocorax carbo), common guillemot
(Uria aalge), razorbill (Alca torda), black guillemot (Cep-
phus grille), and Atlantic puffin (Fratercula arctica). This

agrees with the assessment conducted by Langton et al.

(2011), who reported that common guillemot, Atlan-
tic puffin, razorbill, European shag, great cormorant,
red-throated diver (Gavia stellata), and northern gan-
net (Morus bassanus) all dive to depths at which moving
parts of tidal turbines can be expected to operate. In
terms of the use of tidal races for foraging, European
shag, great cormorant, great black-backed gull (Larus
marinus), black-legged kittiwake (Rissa tridactyla), Arctic
tern (Sterna paradisaea), as well as the auks (common
guillemot, razorbill, black guillemot and little auk [Alle
alle]) all scored highly. Furness et al. (2012) reported
that black guillemot, razorbill, European shag, com-
mon guillemot, and great cormorant are all highly
vulnerable to interactions with tidal turbines. This
sensitivity analyses was extended by Wade (2015) to
incorporate data uncertainty in an attempt to high-
light areas and species where more targeted research is
required.

VISUAL OBSERVATIONS

Visual observation can be used to monitor seabirds
interacting with MRE devices. However, at this early
stage of MRE development there are few opportuni-
ties to observe operational MRE devices in the water.

As an alternative, studies have concentrated on the
habitat use and behavior of seabirds in the highly
energetic tidal channels where MRE devices are due to
be installed. Such studies provide information about
species that will potentially interact with the devices in
the future.

MeyGen conducted boat-based and land-based obser-
vations to gather baseline data for its Inner Sound
project in the Pentland Firth (MeyGen 2011). The boat
surveys were conducted using modified European
Seabird at Sea methods, and based on the methods
developed for surveying offshore wind farm develop-
ments (Tasker et al. 1984; Camphuysen et al. 2004).
Birds were recorded both on the sea surface and in
flight; data were collected on the density of species
recorded on the sea surface and on dive duration.
The methods for the land-based observations were
adapted from the methods used for land-based wind
farm developments. The counts from the land-based
observations were not suitable for the generation of
bird density estimates, because the decrease in actual
bird density with increasing distance from the shore
was likely confounded by the decreasing detection
rate with distance from the observer. European shag,
black guillemot, and common eider (Somateria mollis-
sima) were the species most frequently observed in
the surveys, as well as northern gannet and northern
fulmar (Fulmarus glacialis).

Wade (2015) also used land-based vantage-point
surveys to investigate seabird behavior in the Inner
Sound of the Pentland Firth. Wade (2015) found that
different species of seabirds were present in the

tidal channel throughout the year, and black guil-
lemots and European shags were present all year.

It was reported that not all species observed in the
tidal channel used the site for foraging and only low
numbers of birds were recorded diving in current
velocities optimal for commercially generating energy
from tidal devices. These findings suggest that highly
energetic tidal channels may not be an attractive for-
aging habitat for most species of seabirds, implying
that only a small number of bird species are likely to
be at elevated risk of collision with devices. However,
Wade (2015) found that most birds tended to dive into
the oncoming current, which may suggest that diving
species will be less able to detect devices if approaching
facing away from them.
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Rodger (2014) conducted similar land-based obser-
vations of another Scottish tidal channel, Bluemull
Sound, a narrow tidal channel between the islands of
Yell and Unst, Shetland. The objectives of the study
were to investigate the relationship between the den-
sity of diving seabirds under conditions suitable for
tidal generation (i.e., with the speed of the current),
and over the tidal cycle. The investigator determined
the foraging behaviors of the species present to deter-
mine whether there was likely to be an overlap with
tidal turbines. Fieldwork was conducted by Rodger
(2014) between January and March 2014; and 4118
individuals were recorded comprising 14 species. Of
these, European shag and black guillemot were the
most numerous. Results suggest that shag and black
guillemot favored the fast, unidirectional current flow
and the bird densities showed a positive correlation
with current speed. Rodger (2014) reported that num-
bers of black guillemot show a clear peak during both
ebb and flood currents and numbers were lowest dur-
ing slack periods, but there was no clear relationship
between abundance and the phase of the tidal cycle for
European shag. An interesting behavior of black guil-
lemots and European shags recorded by Rodger (2014)
and termed the “tidal conveyor” was the tendency for
the birds to be carried downstream on tidal currents,
then fly a short distance upstream to repeat the pro-
cess. Such behavior is clearly linked to the tidal cycle.

Waggitt et al. (2014 ) evaluated the use of shore-based
surveys for estimating spatial overlap between deep-
diving seabirds and tidal turbines, and simultaneously
used boat-based surveys to identify bias in the shore-
based method. They categorized the habitat within
their field site at the Fall of Warness, Orkney, as either
turbine or non-turbine microhabitats, according to
mean spring tidal current speeds. They found that puf-
fins, cormorants, and black guillemots were primarily
in non-turbine microhabitats, while the numbers of
sightings of larger auks were slightly higher in turbine
microhabitats. Their research suggests that different
species use different habitats based on current speeds.

TECHNOLOGY AND REMOTE OBSERVATIONS

The Hebridean Marine Energy Futures (HebMarine)
project focused on wave energy rather than tidal
energy, but the monitoring program for seabirds pro-
vides results that are pertinent to floating tidal tur-

bines also. It has been suggested that MRE devices may
provide roosting platforms for seabirds and may also
act as FADs, further attracting birds (Inger et al. 2009).
Seabirds are known to be attracted to and frequently
recorded on large offshore structures, e.g., oil-gas
production platforms. The HebMarine project assessed
whether seabirds used the Pelamis wave energy

device in these ways. Jackson (2014) used an autono-
mous camera deployed on the Pelamis Wave Power

P2 machine at the EMEC wave test site at Billia Croo,
Orkney, to monitor seabird use of the structure, and
found that seabirds were clearly using the device. Eight
species were recorded on the P2 machine by the cam-
era system,; the species that used the machine most
was the Arctic tern. Other species regularly seen using
the device were black guillemots and black-legged kit-
tiwakes. Jackson (2014) considered the effect of the tide
on seabird use and found that there was no particular
pattern for Arctic terns or black guillemots, but kit-
tiwakes were seen on the machine almost exclusively
during ebb tide. In addition, black guillemots were
regularly observed on the surface of the water next

to the machine, particularly on the lee-side sheltered
from wind-waves, and terns were seen feeding actively
in surface disturbance caused by the device; these
results may also be relevant for floating tidal devices.
These seabird behaviors and responses to the Pelamis
P2 machine are particularly relevant if floating tidal
devices have moving turbines close to the surface of the
water, rather than at lower depths in the water column.

Bird-borne technology (telemetry) can be used to
effectively collect data about the potential risk from
MRE devices, particularly time-depth recorders (TDRs)
that record dive profiles and vertical use of the water
column by diving birds. Langton et al. (2011) reviewed
data on the species likely to overlap with tidal tur-
bines in the water column. The black guillemot was not
included in this analysis, despite being present at the
MeyGen lease site and other areas of high tidal flow
such as the Fall of Warness, Orkney, probably due to a
lack of empirical data for this species. Previous data for
black guillemots have been as bycatch in gill nets set at
different depths (Piatt and Nettleship 1985). Masden et
al. (2013) deployed TDRs on black guillemots breeding
on Stroma, Scotland, and recorded individuals diving
to an average depth of 32 m and a maximum depth

of 43 m. The majority of dives were to the sea bottom
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for an average duration of 95 s and a maximum dura-
tion of 131 s. In addition they reported that 62% of the
dives recorded in the study were in water deep enough
to accommodate a turbine and that 37% of the diving
time was spent between 8 and 26 m below the water
surface, which encompasses depths where tidal rotors
might be deployed. Black guillemots use depths within
the water column at which tidal turbines are likely to
operate and thus this species should be considered
potentially vulnerable to collision (Masden et al. 2013)

Insight into potential collision risk can be gained by
monitoring the area of interest for seabird use. The
FLOWBEC platform (Williamson et al. 2015) has been
used with a combination of sensors: an upward-facing
multi-frequency echosounder synchronized with an
upward-facing multibeam sonar; an acoustic Doppler
velocimeter (ADV) to provide data on the local cur-
rent flow; and a fluorometer to measure water turbid-
ity. Williamson et al. (2015) deployed the platform at
the EMEC site for five 2-week deployments to assess
the interactions of birds (fish and marine mammals)
with MRE devices. The platform has great potential for
assessing collision risk for seabirds because autono-
mous detection algorithms have been developed for
different species, and the range of depths and under-
water behaviors can be identified, allowing for quanti-
fication of the amount of time different species spend
in the water column near moving components. This

is currently being developed for use by MeyGen in the
Inner Sound of the Pentland Firth. A similar integrated
instrumentation package is also being developed by
Polagye et al. (2014); it would be able to monitor sea-
bird interactions with MRE devices.

MODELING

Collision risk models have been used and form a cen-
tral component of wind farm impact assessments,
particularly in the UK (Masden and Cook 2016), and
are now being adapted to assess underwater colli-
sions (Band 2015). However, instead of adapting the
model used for offshore wind turbines (Band 2012) to
apply it to the estimation of collision for diving sea-
birds with tidal turbines, MeyGen (2011) developed an
alternative method called the Exposure Time Popula-
tion Model (ETPM) (Grant et al. 2014) to compensate
for bird movement underwater and the birds’ ability

to perceive objects such as tidal turbines. The ETPM is
designed to enable the identification of collision rates
that, given a particular population size, would be con-
sidered likely or unlikely to occur, thereby providing
evidence of whether impacts are significant. Using this
model, the species sensitivity to tidal turbines in the
Inner Sound of the Pentland Firth was considered not
significant (MeyGen 2011).

The ERM and ETPM have been used to assess the likely
risk of collision of seabirds with underwater tidal
turbines (Band 2015), because they have been used

to assess the interactions of other wildlife including
marine mammals, as discussed in Section 3.4.5. These
two models are similar in that they both use a physical
model of the turbine and the body size and swimming
activity of the seabird to estimate the potential colli-
sion rate. These models have been designed for marine
wildlife as well as seabirds, and have therefore been
discussed above in Section 3.5.3, Modeling and Data
Inputs. Unlike large marine mammals, assessing col-
lision rates for seabirds or other small animals with
sizes comparable to or less than the chord width of

a turbine blade, the Encounter Rate Model will likely
overestimate the number of encounters due to the fact
that it does not take into account the geometry of the
blade and underestimate the likelihood that a small
animal moving downstream may pass between the
blades (Band 2015). For the collision risk model, the
“double-cone”-modeled animal shape may be a suit-
able representation for most marine mammals and
foot-propelled birds, but it is likely a poor model shape
for diving seabirds, especially those that are wing-
propelled (Band 2015).

Chimienti et al. (2014) have also modeled diving birds
and tidal turbines; although their model does not
specifically estimate collision, it provides insight into
the behavior of diving seabirds when there is a tidal
turbine in the water column. Their model represents
a seabird performing a dive cycle in a vertical cross
section of the water column, and includes simula-
tions conducted to evaluate the efficiency of a predator
foraging in an environment affected by tidal energy
devices. Chimienti et al. (2014) highlight the fact that
seabird movements, intervals between prey capture,
and foraging efficiency are likely to depend on the
distribution of prey and the size and distribution of
underwater structures.

66

Annex IV 2016 State of the Science Report



FUTURE PROJECTS AND PROPOSED MONITORING
Potential impacts on birds were assessed as to be
negligible for the MeyGen project (MeyGen 2011), but
MeyGen has committed to developing a bird monitor-
ing program to improve understanding of potential
impacts that could not be quantified sufficiently during
the project environmental assessment. In terms of dis-
turbance and displacement of birds at sea, MeyGen has
provisionally proposed to conduct targeted boat- or
land-based observations of all bird species to deter-
mine how habitat use or behavior may have changed
over time; and to collect underwater noise measure-
ments of the likely prototype tidal turbines. MeyGen
has stated that understanding diving bird behavior
around tidal turbines and the risk of collisions should
be considered strategic research. It has proposed that
its monitoring program will include the installation

of one or more active monitoring systems on one or
more tidal devices to better understand the nearfield
responses of bird species to operating tidal devices, as
well as other strategic research such as exploring the
connectivity between the tidal site and local breeding
colonies using geo-locating tags (MeyGen 2011).

3.6.2

LESSONS LEARNED

Insight into seabird collision with MRE devices is lim-
ited by the small number of devices that have been
deployed and monitored. Waggitt et al. (2014) evalu-
ated the use of shore-based surveys and demonstrated
that in all cases, shore-based surveys are hampered
by the observer’s ability to detect foraging seabirds in
fast tidal currents, which results in an underestimate
of the number of seabirds that may use microhabitats
around turbines. Wade (2015) highlighted the difficul -
ties of observing and detecting seabirds out to 2 km
from shore, particularly in turbulent tidal currents, and
recommended that viewsheds for land-based surveys
only extend out to 1.5 km.

Wade (2015) found that although seabirds use tidally
energetic channels in the Inner Sound of the Pentland
Firth, few seabirds forage in current velocities opti-
mal for tidal turbine energy generation. Waggitt et al.
(2014) reported that at the Fall of Warness, Orkney
puffins, cormorants, and black guillemots were gen-
erally sighted in areas with mean current speeds less

than 2 m/s. However, Rodger (2014) stated that black
guillemots and European shags were recorded forag-
ing in current speeds greater than 2 m/s in Bluemull
Sound, Shetland, although the study did not specify the
maximum current speeds in this area.

HebMarine used automated cameras to collect data
from the Pelamis P2 device deployed at Billia Croo,
Orkney (Jackson 2014) to show that some species of
seabirds such as Arctic terns and black guillemots used
the device. This finding may also have relevance to
floating tidal turbines with structures above water and
moving parts relatively close to the surface.

Lessons have also been learned from the offshore wind
energy sector. Survey design protocols used for UK
“Round 2” offshore wind farm seabird surveys were
not able to detect changes in numbers of seabirds
(Maclean et al. 2013) because seabird numbers fluctu-
ate greatly at any given location over time. Maclean

et al. (2013) suggest that by incorporating hydro-
dynamic variables into trend analysis, the power to
detect change would increase; this may be even more
important in tidal channels with high current flows.
Although Maclean et al. (2013) were discussing dis-
placement and changes in habitat use, such survey data
(i.e., how many birds use the area) will be an important
component of assessing the risk of diving birds collid-
ing with tidal turbines. Statistical modeling methods
used by the MRE industry are designed for detecting
impact-related changes, but such methods may also
be used to produce inputs for collision risk modeling
(Mackenzie et al. 2013). Research undertaken by Mas-
den (2015) incorporates variability and uncertainty into
collision estimates. Masden (2015) highlights the sen-
sitivity of collision estimated from the Band model to
variability and uncertainty (Band 2015). A Monte Carlo
simulation update is suggested to provide estimates of
the magnitude of collision events and the likelihood of
their occurrence, because the effect of variability and
uncertainty is equally relevant in the underwater envi-
ronment where little is known about the behavior and
likely interactions of seabirds with MRE devices.
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3.6.3

RECOMMENDATIONS

Many of the priorities for reducing the risk of seabird
collisions with MRE devices that should be addressed
by research, monitoring, technology, and monitor-
ing tools are likely to overlap with those proposed
for marine mammals and fish, including those listed
below.

+ Priorities for research

inclusion of variability and uncertainty in colli-
sion rate modeling.

improved understanding of the fine-scale spa-
tial and temporal use of tidal habitat by diving
seabirds, and links to oceanography through the
development of suitable models.

development of methods to improve the under-
standing of the close-range behavior of seabirds
around operating devices, particularly in terms of
avoidance and evasion.

development of a method to detect (with confi-
dence) any collisions of seabirds with turbines.

development of collision risk methods that incor-
porate the movements of seabirds around large
turbine arrays rather than single turbines.

determination of population connectivity and
methods to assign seabirds seen at MRE sites to
breeding populations in order to assess which
populations will be affected.

inclusion of the nonbreeding season impacts into
population assessments.

improved understanding of the displacement of
seabirds from operating MRE sites because it will
influence the number of birds onsite to be at risk
from collision with an MRE device.

¢ Priorities for monitoring at future tidal energy sites

monitoring of close-range interactions of sea-
birds with deployed devices.

targeted observations (rather than generic moni-
toring) of seabird habitat use in relation to tidal/
oceanographic features to improve our under-
standing of how seabirds use the high flow envi-
ronments.

¢ Priorities for technology development

development of collision sensors to ensure that
any collisions can be detected with confidence
and that collisions can be classified to species
groups, i.e., marine mammals, fish, seabirds,
rather than marine debris or flotsam.

development of a method to obtain diving behav-
ior data from seabirds at known locations that
are relevant for MRE sites. For example, the
combination of GPS and TDR tags suitable for
diving seabirds (including small diving seabirds)
to enable diving behavior data to be attributed to
specific locations for which tidal and habitat data
are available.
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Risk to Marine Animals from

Underwater Sound Generated
by Marine Renewable Energy
Devices

The effects of acoustic output from tidal and wave devices on
marine animals were previously addressed in the 2013 Annex
IV report. The purpose of this chapter is to provide an update
of new knowledge relating the effects of underwater sound

from wave and tidal devices to marine animals.




4.1
GOALS AND OBJECTIVES

he goal of this chapter is to summarize the state of

knowledge of the effects of acoustic output from
tidal and wave devices on marine animals from marine
energy projects worldwide. The chapter objectives are
as follows:

+ Provide a synopsis of material previously addressed
in the 2013 Annex IV report.

+ Summarize new or update previously reported find-
ings from in situ studies and modeling efforts about
sound generated from wave and/or tidal devices.

+ Address existing gaps in data about the effects of
underwater noise on marine organisms from wave
and tidal devices.

4.2
APPROACH

To date, commercial-scale development has yet to
occur; therefore, relevant data are limited to deploy-
ments at discrete locations consisting of small-scale
devices and/or single devices. Assessing the effect of
noise on marine organisms from wave and tidal device
locations is accomplished by using a combination of
approaches, including human observers and optical or
acoustic measurements. Numerical modeling is also
used as a predictive tool for evaluating environmental
changes and potential biotic responses.

4.3
SOURCES OF INFORMATION

In addition to knowledge summarized in the 2013
Annex IV report (Copping et al. 2013), newer material
was gathered from the scientific peer-reviewed litera-
ture, monitoring reports for MRE devices, and research
studies, where available. In general, there have been
few new studies or modeling efforts that further our
understanding of the effects of noise from MRE devices
on marine animals in the past three years.

b
SUMMARY OF 2013 ANNEX IV
REPORT

Information about the effects of underwater noise from
MRE devices on marine animals was presented in the
2013 Annex IV report (Copping et al. 2013). This section
provides a summary of that case study.

Animals use sound in marine environments for com-
munication, social interaction, orientation, preda-
tion, and evasion. The extent to which marine animals
detect and emit sound varies by frequency and ampli-
tude. The addition of anthropogenic noise sources
from operational wave and tidal devices may induce
behavioral changes and, in extreme cases of exposure,
physical harm, especially for organisms perceived to
be at particular risk of increased noise: marine mam-
mals, fish, diving birds, possibly sea turtles, and

some invertebrates (DOE 2009; Wilson et al. 2007).
Potential effects of anthropogenic noise sources on
marine organisms are dependent on individual species’
responses, as well as characteristics of the noise source,
including amplitude, frequency, and characteristics of
how the sound propagates through seawater. A plau-
sible range of physical impacts from high-intensity
underwater sound includes temporary or permanent
reduction in hearing ability, damage to non-auditory
tissues, irregular gas bubble formation in the tissues

of fish and marine mammals, and neurotrauma (Gotz
et al. 2009; Halvorsen et al. 2012; Oestman et al. 2009).
Noise of this intensity is not anticipated from the
operation of wave and tidal devices (Polagye personal
communication). Underwater noise may also result in
behavioral changes such as avoidance of or attraction to
the source and may also include masking—interference
with communication, navigation, and detection of prey
(Clark et al. 2009; Gotz et al. 2009).

Approaches for measuring underwater sound have
been developed with considerable investments over
the last century. However, sound characterization in
areas of high tidal flow or substantial wave activity
has been poorly studied. These high-energy environ-
ments, which coincide with potential locations for
the siting of wave and tidal devices, are sources of
considerable natural sound—waves, wind, sediment
transport caused by shear stress, and pseudo-noise
(non propagating sound from turbulence acting on
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