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Abstract
A literature search was conducted by using the Web of Science® databases component of the ISI Web
of KnowledgeSM to identify recent articles that would be useful to help assess the potential environmental
effects of renewable energy development in the ocean, with emphasis on marine mammals and seabirds.
Several relatively recent general review articles that included possible effects on marine mammals,
seabirds, and fish (particularly Puget Sound forage fish and salmonids) were examined to begin the search
process. From these articles, several general topics of potential environmental effects on marine
mammals, seabirds, and fish were derived. These topics were used as the primary search factors.
Additional sources were identified by cross-checking the Web of Science databases for articles that cited
the review articles. It also became clear that the potential effects frequently were offered as hypotheses
that were not supported by the presentation of appropriate documentation. Therefore, the literature search
was refined and focused on trying to obtain the necessary information to support or challenge a proposed
potential effect.
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Project Overview
Energy generated from the world’s oceans and rivers offers the potential to make substantial
contributions to the domestic and global renewable energy supply. The U.S. Department of Energy
(DOE) Office of Energy Efficiency and Renewable Energy (EERE) Wind and Water Power Program
supports the emerging marine and hydrokinetic (MHK) energy industry. As major players in an emerging
industry, MHK project developers face challenges with siting, permitting, construction, and operation of
pilot- and commercial-scale facilities, as well as the need to develop robust technologies, secure
financing, and gain public acceptance.
In many cases, little is known about the potential effects of MHK energy generation on the aquatic
environment from a small number of devices or a large-scale commercial array. Nor do we understand
potential effects that may occur after years or decades of operation. This lack of knowledge affects the
solvency of the industry, the actions of regulatory agencies, the opinions and concerns of stakeholder
groups, and the commitment of energy project developers and investors.
To unravel and address the complexity of environmental issues associated with MHK energy, Pacific
Northwest National Laboratory (PNNL) is developing a program of research and development that draws
on the knowledge of the industry, regulators, and stakeholders and builds on investments made by the
EERE Wind and Water Power Program. The PNNL program of research and development—together
with complementary efforts of other national laboratories, national marine renewable energy centers,
universities, and industry—supports DOE’s market acceleration activities through focused research and
development on environmental effects and siting issues.
Research areas addressed include
• Categorizing and evaluating effects of stressors – Information on the environmental risks from
MHK devices, including data obtained from in situ testing and laboratory experiments (see other tasks
below) will be compiled in a knowledge management system known as Tethys to facilitate the
creation, annotation, and exchange of information on environmental effects of MHK technologies.
Tethys will support the Environmental Risk Evaluation System (ERES) that can be used by
developers, regulators, and other stakeholders to assess relative risks associated with MHK
technologies, site characteristics, waterbody characteristics, and receptors (i.e., habitat, marine
mammals, and fish). Development of Tethys and the ERES will require focused input from various
stakeholders to ensure accuracy and alignment with other needs.
• Effects on physical systems – Computational numerical modeling will be used to understand the
effects of energy removal on water bodies from the short- and long-term operation of MHK devices
and arrays. Initially, PNNL’s three-dimensional coastal circulation and transport model of Puget
Sound will be adapted to test and optimize simulated tidal technologies that resemble those currently
in proposal, laboratory trial, or pilot study test stages. This task includes assessing changes to the
physical environment (currents, waves, sediments, and water quality) and the potential effects of
these changes on the aquatic food webs) resulting from operation of MHK devices at both pilot- and
commercial-scale in river and ocean settings.
• Effects on aquatic organisms – Testing protocols and laboratory exposure experiments will be
developed and implemented to evaluate the potential for adverse effects from operation of MHK
devices in the aquatic environment. Initial studies will focus on electromagnetic field effects, noise
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associated with construction and operation of MHK devices, and assessment of the potential risk of
physical interaction of aquatic organisms with devices. A variety of fish species and invertebrates
will be used as test animals, chosen due to their proximity to and potential susceptibility to MHK
devices.
• Permitting and planning – Structured stakeholder communication and outreach activities will
provide critical information to the project team to support execution of other project tasks. Input from
MHK technology and project developers, regulators and natural resource management agencies,
environmental groups, and other stakeholder groups will be used to develop the user interface of
Tethys, populate the database, define the risk attributes of the ERES, and communicate results of
numerical modeling and laboratory studies of exposure of test animals to MHK stressors. This task
will also include activities to promote consideration of renewable ocean energy in national and local
Coastal and Marine Spatial Planning activities.
The team for the Environmental Effects of Marine and Hydrokinetic Energy Development project is
made up of staff, faculty, and students from
• Pacific Northwest National Laboratory
–

Marine Sciences Laboratory (Sequim and Seattle, Washington)

–

Risk and Decision Sciences (Richland, Washington)

–

Knowledge Systems (Richland, Washington)

• Oak Ridge National Laboratory (Oak Ridge, Tennessee)
• Sandia National Laboratories (Albuquerque, New Mexico; Carlsbad, California)
• Oregon State University, Northwest National Marine Renewable Energy Center (Newport, Oregon)
• University of Washington, Northwest National Marine Renewable Energy Center (Seattle,
Washington)
• Pacific Energy Ventures (Portland, Oregon).
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Acronyms and Abbreviations
ac

acre(s)

DOE

U.S. Department of Energy

EERE

DOE Office of Energy Efficiency and Renewable Energy

ERES

Environmental Risk Evaluation System

FY

fiscal year

ft

foot (feet)

ha

hectare(s)

J

joule(s)

kg

kilogram(s)

kJ

kilojoule(s)

km

kilometer(s)

m

meter(s)

MHK

marine and hydrokinetic

nmi

nautical miles

PNNL

Pacific Northwest National Laboratory
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1.0 Introduction
As part of Task 2.1.3, Effects on Aquatic Organisms, Pacific Northwest National Laboratory (PNNL)
project staff performed a literature survey and review to develop information with which to assess risk of
adverse outcomes associated with physical interaction with marine hydrokinetic devices (Subtask 2.1.3.6).
This report documents those activities.
The methods and approach used to conduct the survey and review are detailed in Section 2. In
Section 3, a case study of the potential effects of coastal wave energy parks on gray whale migration is
developed. Section 4 provides reviews of articles that were derived from the original general literature
search to determine the primary topics of concern regarding the potential effects of marine and
hydrokinetic (MHK) devices on seabirds. In Section 5, region-specific literature on potential effects from
MHK devices to fish is reviewed. Section 6 is a listing of the full citations for the reviewed articles.
Section 7 is a listing of additional relevant sources located during the survey but which have not yet been
reviewed.

1.1

2.0 Methods and Approach
A literature search was conducted by using the Web of Science® databases component of the ISI Web
of KnowledgeSM to identify recent articles that would be useful to help assess the potential environmental
effects of renewable energy development in the ocean, with emphasis on marine mammals and seabirds.
Several relatively recent general review articles that included possible effects of marine renewable energy
devices on marine mammals, seabirds, and fish (particularly Puget Sound forage fish and salmonids) were
examined to begin the search process (e.g., Boehlert et al. 2008; Thompson et al. 2008; Simas et al.
2009). From these articles, several general topics of potential environmental effects on marine mammals
(boldface italics in Table 2.1) and seabirds (Section 4) were derived. These topics were used as the
primary search factors. Searches were conducted with reference to the potential effects of offshore wind
farms and MHK devices on marine mammals, seabirds, and fish. Additional sources were identified by
cross-checking the Web of Science databases for articles that cited the review articles. It also became
clear that the potential effects frequently were offered as hypotheses that often were not supported by the
presentation of appropriate documentation. Therefore, the literature search was refined and focused on
trying to obtain the necessary information to support or challenge a proposed potential effect to a specific
concern.

Table 2.1. Reviewed Literature That Discusses the Potential Effects of Marine Wave Parks on Migrating
Marine Mammals
Summary (Key Points in Boldface Italics)

Reference

Sound avoidance behavior and any barrier that might be formed by the mooring
cables could change migration path of cetaceans, especially gray whales. Whales
could be forced to swim through a smaller migration corridor, which could make
them more susceptible to predators, such as killer whales (Orcinus orca). Gray
whale cows and calves could be forced further offshore where calves might have
greater risk for predation. Mooring lines in dense arrays could entangle whales.
Foraging opportunities might be reduced.
Avoiding MHK arrays might cause whales to change migration routes, which may
affect an individual whale’s fitness. Avoiding arrays could increase the distance
each whale swims during its migration, increasing the energetic costs of that
migration. Avoiding arrays also could increase predation risks and lower feeding
opportunities, which also would directly affect fitness costs.
MHK arrays could disrupt marine mammal migration patterns, which may disrupt
breeding cycles, exclude whales from key habitat, increase energetic costs, and
expose them to different predator threats. Large ocean wave parks may cause whales
to alter their migration routes between feeding grounds in Alaska and breeding
grounds in Mexico. This could delay arrival at either destination. Mammals that
swim into deeper water to avoid wave parks, could experience increased threats
from predators, such as great white sharks and killer whales, that they might not
encounter in shallow waters. Delay in reaching feeding rounds could increase
energetic costs by forcing whales to seek alternative food sources. Migrating whale
cows and calves could be more susceptible to these risks. Migrating marine
mammals could become entangled by or collide with subsurface components and
associated supports of arrays.
MHK arrays have acoustic signatures that might attract or repel marine mammals.

Boehlert et al. (2008)

2.1

Simas et al. (2009)

Thompson et al. (2008)

Boehlert and Gill (2010)

One of the expressed concerns regarding MHK devices is that placing wave parks in coastal waters
could compromise the migration patterns of whales. Disruption of the annual migration of the gray whale
(Eschrichtius robustus), which swims at least 30,000 km on its round trip from breeding grounds in Baja
California to feeding areas in the Bering Sea, is of particular concern. Among the hypothesized effects on
the migrating gray whales are increased predation risk by constricting migration corridor to between array
and shore or by forcing the whales to swim into deeper waters, increased metabolic energy costs and
delays in reaching the destinations, and interrupting feeding by blocking access to benthic areas under
arrays. The literature search focused on identifying published studies that could provide information to
evaluate these concerns. The results were developed into a technical case study that evaluated the
potential effects of the placement of wave parks in coastal waters along the migration route of the gray
whale and were rewritten into a more general form that would be suitable for a broader audience. Wave
parks and other MHK arrays may have additional effects on gray whales and other marine mammals,
including interference with communications, that were not included in this case study.

2.2

3.0 Gray Whale Case Study
Among the many concerns raised about the potential effects of coastal MHK devices on marine
mammals, one key issue is that the devices could adversely affect migrating gray whales (Eschrichtius
robustus). Gray whales make one of the longest mammalian migrations known and, because the route
follows close to shore along the West Coast of the United States, makes interactions between the
migrating whales and MHK installations highly likely. Several review articles have described the
possible effects of MHK arrays on migrating mammals in general (Simas et al. 2009) or on gray whales
specifically (Boehlert et al. 2008; Thompson et al. 2008). Often the potential risks to mammals are
described without reference to supporting literature.
One of the main concerns regarding MHK arrays and migrating gray whales is that the arrays would
provide an obstacle in the migration pathway around or through which the gray whales would need to
swim. Swimming closer to shore to pass the MHK array barrier could increase the predation risk to gray
whales by constricting migration corridor to the distance between the array and shore (Boehlert et al.
2008), which would effectively place more whales in less space, providing killer whales with a greater
opportunity to encounter gray whales. Gray whales could swim farther offshore into deeper waters to
pass an array, which also could increase their susceptibility to killer whale predation (Boehlert et al. 2008;
Thompson et al. 2008). Gray whale cows and their calves would be particularly vulnerable (Boehlert
et al. 2008, p. 102).
Gray whales that swim through an MHK array would have to negotiate its gauntlet of subsurface
floats and cables. Whales could collide with subsurface parts of the wave buoys or the catenary and
tendon lines. Entanglement with the underwater lines is possible, although very unlikely, but more severe
threat comes from the derelict fishing gear that could become entangled with the components of the array
(FERC 2010).
Avoiding an MHK array would cause the whales to change their usual migration path (Boehlert et al.
2008). Altering the migration path could lengthen the distance traveled during the migration, which
would increase the energy requirements of the whales. The increased energy costs could affect the longterm fitness of migrating whales (Simas et al. 2009). Following a different migration route could delay
the whales’ arrival at the breeding or feeding grounds, which could increase energy costs by requiring
whales to find alternative feeding areas (Thompson et al. 2008). Additionally, the placement of MHK
arrays in coastal waters could render some primary habitats as unsuitable for whale feeding under arrays,
which could affect overall fitness (Simas et al. 2009).
To evaluate the efficacy of the concerns raised about the potential adverse effects of MHK arrays on
gray whales, it is necessary to gather information about general and specific migration patterns (distance,
timing, route), gray whale predators (main species) and their behavior (hunting tactics), gray whale
swimming energetic requirements, gray whale prey (species) and feeding behavior, gray whale sensory
perception and response to noise, and the physical aspects of the MHK array (location, dimensions).
Much of the information used in the evaluation is derived from studies conducted outside the main area of
interest (coastal Oregon) and is used to understand whale biology and how that might be extrapolated to
the wave park area. Key points or effects identified by each reviewed paper (boldface italics), and their
relevance to the evaluation, are captured in Table 3.1, which also includes a citation to the appropriate
reference.

3.1

Table 3.1. Summary of Literature Used to Evaluate the Potential Effects of the Placement of Marine Wave Parks on Migrating Gray Whales
Gray Whale
Migration

Relevance to Issue

Summary

Reference

3.2

Distance from
Shore

About 66% of the southbound gray whale groups observed in January 1990
were more than 10 km (5.4 nmi) offshore and were farther off Washington
(25 km or 13.5 nmi) than Oregon (12 km or 6.5 nmi). 24% of northbound
whale groups observed in March 1990 were more than 10 km (5.4 nmi)
offshore and were farther off Washington (12 km or 6.5 nmi) than Oregon
(7.5 km or 4.0 nmi). 16% of whales were within 5 km of shore in Oregon and
8 whales within 5 km of shore in Washington.

Green et al. (1995)

Distance from
Shore/Swim Speed

Gray whale pod sizes were larger (1.8 whales) during the day than at night
(1.6 whales). The average number of whales passing per hour was higher at
night than during the day. Offshore distances were greater during the day
(2.3 km) than at night (2.0 km). The distance whales swam offshore at night did
not differ from that during the day for the second half of the migration.
Swimming speed at night did not differ from that during the day in any
comparison.

Perryman et al. (1999)

Route/Timing

Gray whales swimming between winter breeding grounds off Baja California,
Mexico, and primary feeding grounds in the Bering and Chukchi Seas,
undertake one of the longest migrations of any mammal. Summer feeding
aggregations occur off California, Oregon, Washington, and British
Columbia. These whales inhabit an area extending from at least northern
California to southeastern Alaska during the spring, summer, and autumn. They
move into Oregon waters about August to October.

Calambokidis et al. (2002)

Swim Speed

The authors tracked a gray whale swimming at a fairly consistent speed of about
5.6 km/h from Baja California to the San Francisco, California, area.

Mate and Urban-Ramirez (2003)

Route/Distance
Traveled

Most gray whales belonging to the eastern North Pacific stock migrate a
roundtrip distance of about 15,000 to 20,000 km (about 8100 to 10,800 nmi)
between feeding areas in the Arctic to calving and primary breeding areas in
Baja California. Greater calf counts at the northern stations correlated with
warmer sea-surface temperature anomalies. Increase in calf sightings related to
increased abundance of the population, ocean climate changes, or a combination
of both. About half of the yearly calving now occurs north of Carmel on the
southbound migration, if the median parturition date has not changed.

Shelden et al. (2004)

Table 3.1. (contd)
Gray Whale

3.3

Sensory
Perception
(baleen
whales)

Relevance to Issue

Summary

Reference

Distance from
Shore/Swim Speed

Shore-based visual surveys from Yaquina Head, Oregon, between December
2007 and May 2008 estimated that gray whales swam an average of 6.6 km
(3.6 nmi) offshore during their southbound migration. The northbound
migration occurs in two phases. Newly pregnant females, anestrous females,
adult males, and immature males and females (Phase A) passed Oregon from
February to April and swam about 5.1 km (2.8 nmi) offshore. Gray whale
cows with calves (Phase B) passed Oregon from April to May and swam
4.1 km (2.2 nmi) offshore. Average water depth at the locations of whale
sightings was 46 m (151 ft), and most whales follow a path along a constant
depth contour rather than following the coastline. Whales tracked at average
speeds of 6.74 km/h during the southbound migration, 6.05 km/h during Phase A
of the northbound migration, and 5.42 km/h during Phase B.

Ortega-Ortiz and Mate (2008)

Echolocation

Male humpback whales on breeding grounds in Hawaii space themselves and
“sing” long “songs.” Female humpbacks generally ignore or avoid singing
males. The songs are usually described as sexual advertisements. Authors
proposed that they could also serve as “sonar” to help males find non-singing
females, and calculated a detection distance of 4–6 km (2.2–3.2 nmi).

Frazer and Mercado (2000)

Echolocation

Authors do not support the “sonar” model of Frazer and Mercado, which
seems to be based on limited observations of whale behavior. Authors contend
that using more moderate values in a “noise-limited sonar equation” would yield
calculated detection ranges of 123–235 m (404–771 ft).

Au et al. (2001)

Echolocation

Provided rebuttal to Au et al. (2001) by asserting that noise-limited sonar
equation was not adequate to determine whether humpback songs generate
detectable echoes from other whales because it does not consider that much of
the noise encountered by singing humpback whales is spectrally and temporally
predictable. Called for experiments to test hypothesis.

Mercado and Frazer (2001)

Vision Color
Limitations

Color vision in most terrestrial mammals is based on L-cones (long-to-middlewave-sensitive; green) and S-cones (short-wave sensitive; blue). Seven species
of toothed whales and five species of seals were found to have only L-cones,
which makes them essentially color-blind. S-cones may have been lost in all
whales and seals.

Peichl et al. (2001)

Table 3.1. (contd)
Gray Whale

Relevance to Issue

Reference

Vision/
Echolocation

This booklet provides general information on baleen whales, including general
sensory perception. The whale retina contains mostly rods and is backed with a
reflective layer (tapetum lucidum) that reflects light back through the lens. No
evidence indicates that baleen whales use echolocation.

Sea World (2005)

Sound Production

Humpback whales were found to produce clicks during underwater lunges.
Relatively low levels occurred at the acoustic tags (between 143 and 154 dB re
1 mPa pp), most energy was less than 2 kHz. Intervals between clicks decreased
towards the end of click trains forming a buzz. All clicks were recorded at night
and were accompanied by sharp body rolls at the end of click bouts containing
buzzes. This acoustic behavior is probably a humpback night-time feeding
tactic and is not a precise echolocation behavior.

Stimpert et al. (2007)

Echolocation

Echolocation occurs when an organism projects acoustic signals and obtains uses
return echoes from it to sense its surroundings. Dolphins, bats, and perhaps
sperm whales can echolocate. Some baleen whales produce sounds that can be
heard over a thousand miles, and some whales may be able to hear echoes of
those sounds that reflect off large objects. Baleen whale sensitivity different
sound frequencies and not well known, so it is difficult to draw conclusions
about the possibility that the whales can echolocate.

Au and Hastings (2008)

Prey Type/
Foraging Area

Some transient killer whales pods around southern Vancouver Island foraged
almost entirely in open water and were recorded in the study area throughout the
year, whereas others foraged near pinniped haulouts and other nearshore sites.
These transient pods used the area primarily during the harbor seal (Phoca
vitulina) weaning-postweaning period. Occasionally transient and resident killer
whale pods were within several kilometers of each other, but there were no
mixed groups; transients appeared to avoid residents.

Baird and Dill (1995)

Attacks on Gray
Whales/Shelter
from Attacks

Migrating gray whales that cross the deeper waters over Monterey Canyon in
California were often attacked by transient killer whales who tried to separate
calves from mothers. Transient killer whales were most common in the area in
late spring when gray whale mothers and claves migrated northward and
pinnipeds weaned their young. Killer whales appeared to gain an advantage at
the boundary of the steep canyon wall and chased crossing gray whales north or
east toward the shelf. When attacked, the gray whales attempted to swim to the
safety of shallow water.

Ternullo and Black (2002)

3.4

Summary

Predator
Behavior
(Killer Whale
Feeding)

Table 3.1. (contd)
Gray Whale

Relevance to Issue

Summary

Reference

3.5

Prey Preference–
Gray Whales,
Seals

During a 3-year survey in the eastern Aleutian Islands, Alaska, the authors
observed resident, transient, and offshore killer whale groups. They observed
offshore killer whales once and saw residents more often than transients. Most
mammal-eating transient killer whales were observed during May and June.
Transient killer whales fed mainly on gray whales in spring and northern fur
seals (Callorhinus ursinus) in summer. Steller sea lions (Eumetopias jubatus)
were not a preferred prey during spring and summer. Most killer whales in the
eastern Aleutian Islands were residents that do not eat marine mammals.

Matkin et al. (2007a)

Prey Preference–
Fish, Other
Mammals,
Seabirds

A 20-year study of killer whale populations in Glacier Bay and Icy Strait,
Alaska, showed that West Coast transients and residents were the most
commonly observed; Gulf of Alaska transients and offshore killer whales were
much less common. Resident whales primarily ate silver (or Coho) salmon
(Oncorhynchus kisutch) and Pacific halibut (Hippoglossus stenolepis),
whereas transient whales mainly ate harbor seals, harbor porpoise (Phocoena
hocoena), Steller sea lions, and seabirds.

Matkin et al. (2007b)

Prey Preference–
Other Mammals,
Seabirds

The authors tracked transient killer whales that occurred throughout the inland
waters of southeastern Alaska during all seasons. Most transient killer whales
from southeastern Alaska also occurred in British Columbia and Washington
waters but only rarely swam off California. Transient killer whales ate Dall’s
porpoise (Phocoenoides dalli), Pacific white-sided dolphins (Lagenorhynchus
obliquidens), harbor porpoise, minke whales (Balaenoptera acutorostrata),
Steller sea lions, harbor seals, and seabirds. Transient killer whales did not
attack humpback whales (Megaptera novaeangliae), elephant seals (Mirounga
angustirostris), and sea otters (Enhydra lutris) although those species were
present.

Dahlheim and White (2010)

Attacks on Gray
Whales/Shelter
from Attacks

The authors described a 4-year study of foraging and feeding behavior of
transient killer whales that aggregate annually at Unimak Island, Alaska, during
the northbound migration of gray whales. Killer whales attacked gray whale
calves or yearlings most frequently and abandoned attacks when gray whale
cows aggressively defended their calves. Gray whales generally tried to avoid
attacks by groups of killer whales by swimming into shallow water along the
shoreline. Killer whales stopped attacks when gray whales reached waters at
depths of 3 m (9.8 ft) or less. Successful attacks occurred at water depths of 15
to 75 m (49 to 246 ft) deep, or killer whales moved prey into those depths after a
kill.

Barrett-Lennard et al. (2011)

Table 3.1. (contd)
Gray Whale
Energetics

Relevance to Issue

Summary

Reference

Energy
Expenditure/Swim
Speed

The authors measured swimming speeds and breathing rates for migrating gray
whales at Costa Azul, Baja California, and compared the swimming efforts of
southbound whales, northbound whales without calves, and northbound mothers
and calves. Southbound migrating whales averaged a swimming effort of
7.4 breaths/km with about 0.8 breaths/min. Northbound whales without calves
showed the lowest swimming effort of the three migrating groups averaged
4.7 breaths/km with about 0.5 breaths/min. Northbound mothers and calves had
swimming efforts of 7.6 breaths/km with 0.5 breaths/min and 10.1 breaths/km
with 0.7 breaths/min, respectively. The authors calculated the “cost of
transport” for northbound calves as about 0.3 and 0.55 J/kg m for 1.5% and
3% tidal volumes, respectively.

de la Gala-Hernandez et al. (2008)

3.6

South migrating gray whales (6.84 km/hr) swim faster than north migrating
whales without calves (6.48 km/hr). North migrating mother–calf pairs swam at
an average speed of about 4.4 km/hr. Gray whale calves weigh an average of
4400 kg.
Feeding

Benthic
Amphipods
Important Prey/
Bering Sea

Benthic amphipod populations in the northern Bering Sea had low fecundity and
long generation times. Most of the amphipod secondary production was
comprised of large, long-lived individuals. These amphipods were the major
prey of gray whales feeding in the Arctic. Amphipod abundance and biomass
decreased from 1986 to 1988, which caused a 30% reduction in production. The
increasing whale population may be approaching the carrying capacity of the
benthic amphipod community in the Bering Sea.

Highsmith and Coyle (1992)

Hyper-Benthic and
Pelagic Prey/
Switch Prey

Gray whales foraging in Clayoquot Sound during the summer fed on hyperbenthic mysids, pelagic porcelain crab larvae, benthic ampeliscid amphipods,
and benthic callianassid ghost shrimps. During the summer, whales switched
from eating mainly mysids to porcelain crab larvae, and then to amphipods
corresponding to changes in prey abundance and body size. Selection of
amphipod prey was based on high biomass and a high proportion of individuals
greater than or equal to 6 mm long. Gray whales are “dynamic and selective
foragers that switch prey and foraging tactics rapidly to take advantage of
short-term availability of energy.”

Dunham and Duffus (2001)

Table 3.1. (contd)
Gray Whale

Relevance to Issue

Summary

Reference

The study determined that gray whales in Clayoquot Sound, British Columbia,
ate pelagic, hyper-benthic, and benthic invertebrates. Prey included mysids
(Holmesimysis sculpta), porcelain crab zoea larvae (Pachycheles rudis), and
benthic amphipods (Ampelisca agassizi and A. careyi). Whales foraged where
most amphipods were greater than 6 mm long. The most consistent location of
the amphipod prey was between the 16- and 20-m depth contours.

Dunham and Duffus (2002)

Summer Feeding
Aggregation
Locations

Photographic surveys documented the range, abundance, and movements of a
feeding aggregation of gray whales along the Pacific Northwest coast from
southeastern Alaska to northern California. The study focused on the northern
Washington coast and Vancouver Island and showed that there were a few
hundred gray whales that ranged from northern California to southeastern
Alaska in summer months. Movements among regions were complex as whales
did not always move in the same direction at the same time of year. The
distances moved by individual whales ranged from <1 to 526 nmi (<2 to
974 km). About 70% to 100% of the whales observed off northern Washington
and from southern Vancouver Island to north of Vancouver Island had been seen
in previous years. Recruitment into this summer feeding group was not resolved.

Calambokidis et al. (2002)

Epibenthic or
Planktonic Prey/
Feeding Locations
in Oregon Waters

“Resident” gray whales annually spend May through October off the coast of
Oregon and feed on near-bottom swarms of mysids, with porcelain crab larvae
an occasional minor dietary component. Mysid swarms reach highest biomass in
April to May and disappear from nearshore waters by October to November.
The authors documented 19 locations along the central Oregon coast between
Lincoln City and Seal Rock where gray whales repeatedly forage. The
southernmost swarm location in their study, Seal Rock, is about 60 mi (97 km)
north of the proposed Reedsport wave park site. Mysid swarms occurred at
depths of about 10 m (33 ft) and, therefore, were close to shore.

Newell and Cowles (2006)

Epibenthic or
Planktonic Prey/
Use Several
Feeding Areas

Gray whales in Clayoquot Sound, British Columbia, ate mysids throughout the
season and ate porcelain crab larvae periodically. Occasional feeding on crab
larvae feeding could lessen pressure on mysid populations, which let mysids
reform swarms that could feed gray whales later in the season. Gray whale
populations need several connected habitats to fulfill summer food
requirements.

Nelson et al. (2008)
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Benthic
Amphipods,
Hyper-Benthic,
and Pelagic Prey/
Feeding Depth

Table 3.1. (contd)
Gray Whale

Relevance to Issue

Summary

3.8

Feeding Locations
in Oregon Waters/
Prey Type

Gray whales that leave the normal migration to the Bering Sea feed in Oregon
waters from about May through October are called summer residents. These
whales spend at least two days feeding in coastal waters and return to them in
successive years. Resident whales primarily feed on dense swarms of mysids
and porcelain crab larvae that typically occur in waters that range from 2 to
15 m (6.6 to 49 ft) deep and are within 0.6 km (0.3 nmi) of shore.

Adaptable Feeding
Approach

Several times during the Pleistocene, global sea-level changes eliminated or
reduced shallow water environments favored by gray whale invertebrate prey.
Fossil evidence showed that gray whales survived these drastic feeding habitat
changes, but how they did so is uncertain. The authors used modern estimates of
metabolic demand, prey availability, and feeding duration to calculate gray
whale feeding habitat carrying capacity for whale populations at current levels.
Low sea-level periods eliminated key feeding areas that were not replaced, which
affected carrying capacity. Gray whales survived the loss of primary feeding
areas by switching to a generalist filter-feeding mode, similar to that
documented for summer resident gray whales found off northern Washington
State and Vancouver Island.

Reference
Newell (2009)

Pyenson and Lindberg (2011)

The sections that follow summarize the information that was identified to address the concerns
(Sections 3.1 through 3.6), synthesize that information into a technically written conclusion about the
concerns (Section 3.7), and provide a condensed, simpler version suitable for a broader audience (Section
3.8). Full citations for the reviewed articles are listed in Section 6.

3.1 The Proposed Reedsport, Oregon Wave Park
The first step in evaluating the potential effects of a coastal wave park on gray whale migrations was
to identify the location, distance from shore, water depth at the site, and the size of the proposed Oregon
wave park. This information was available in the environmental assessment prepared per the National
Environmental Policy Act of 1969 and the Federal Energy Regulatory Commission (FERC) regulations,
18 CFR Part 380 (Order No. 486, 52 FR 47897) as part of the licensing procedure for the park (FERC
2010).
The wave park proposed for the Oregon coast would be located 4.6 km (2.5 nmi) off Reedsport,
Oregon (FERC 2010). The park eventually would contain ten wave buoys spaced 100 m (330 ft) apart
encompassing an area of 12.1 ha (30 ac; Figure 3.1). The width of the park presented to the migrating
whales probably would be no more than 305 m (1000 ft). Water depths at the proposed park site range
from 50 to 69 m (165 to 225 ft). Three 49-m (160-ft) catenary lines would moor each power buoy to 3 of
16 anchors in the array via subsurface floats placed at a water depth of 15 m (50 ft); 32-m (105-ft) tendon
lines will run from the float to the anchor on the seabed. Each wave buoy would be connected to an
underwater substation pod via a power/fiber optic cable that is connected to a subsurface float and
descends to the bottom in a lazy S pattern (FERC 2010). The power/fiber optic cables and mooring lines
would be 5–8 cm (2–3 in.) and 13–15 cm (5–6 in.) in diameter, respectively. The power/fiber optic cables
would be relatively inflexible, and tension on the mooring lines would be several tons.

Figure 3.1. Plan View of the Proposed Wave Park at Reedsport, Oregon (from FERC 2010)
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During operations, noise would be generated by the array from waves hitting the buoy float, hydraulic
cylinder cycling, hydraulic motor spinning, mooring cable vibration (i.e., strumming), and transfer of
vibration from the wave buoys’ superstructure into the water. These should produce an overall
underwater sound level in the range of about 115 to 125 dB (FERC 2010).

3.2 Gray Whale Migration Patterns
The evaluation of the potential effects of a coastal wave park on gray whale migrations required the
identification of the distance, timing, and route of the migrations. The literature search found information
that provided relatively detailed information about gray whale migration patterns. Studies were available
that clearly identified how close the whales swim to the U.S. West Coast during the migrations.
Twice each year, east Pacific gray whales swim between their breeding grounds in Baja California
and their main feeding areas in the Bering Sea. This round-trip swim of about 15,000 to 20,000 km (8100
to 10,800 nmi) is one of the longest known migrations by a mammal (Shelden et al. 2004). The whales’
migration route is somewhat unusual because it follows very close to the shoreline. This proximity to
shore allows scientists to study the migration and permits the general public to observe a large marine
mammal. The southbound migration from the Bering Sea to Baja California generally begins in late fall
and continues until early winter. The northbound migration occurs in two phases. Adult males, newly
pregnant females, and immature whales (called Phase A) begin the northward swim from the central Baja
California lagoons back to the feeding grounds in late winter. A few weeks later, mothers and newborn
calves (Phase B) begin the journey. The northbound migrations generally are closer to shore than the
southbound trip although there is overlap.
Green et al. (1995) found that in 1990 most southbound gray whale groups (66%) swam more than 10
km (5.4 nmi) offshore. Whales that passed Washington were farther offshore (25.2 km; 13.6 nmi) than
those that passed Oregon (11.9 km; 6.4 nmi). Most northbound whale groups (76%) swam within 10 km
(5.4 nmi) of the shoreline. Again, whales passing Washington were farther offshore (11.8 km; 6.4 nmi)
than those passing Oregon (7.5 km; 4.0 nmi). Only 16% of the whales passing Oregon were within 5 km
(2.7 nmi) of shore.
Ortega-Ortiz and Mate (2008), via observations at Yaquina Head, Oregon, in late 2007 and early
2008, found that most southbound gray whales passed the Oregon coast in January; the whales appeared
along the coast through late February to early March (Figure 3.2). The average distance offshore that
whales swam during the southbound trip was 6.6 km (3.6 nmi). The total corridor width extended 2.5 to
12.5 km (1.3 to 6.7 nmi) offshore, and most whales swam at 5.5 to 7 km (3.0 to 3.8 nmi) offshore.
Southbound whales swam in waters that averaged 52 m deep (171 ft); with most whales occupied waters
47 to 61 m deep (154 to 200 ft).
During the northbound swim, gray whales in Phase A appeared off Oregon from late February to
about mid-April (Ortega-Ortiz and Mate 2008). Whales in this phase swam an average of 5.1 km
(2.8 nmi) offshore; the total corridor width extended 1.5 to 10.5 km (0.8 to 5.7 nmi) offshore, and most
whales swam 3.5 to 6.5 km (1.9 to 3.5 nmi) offshore. Whales in Phase A swam in waters that averaged
46 m deep (151 ft); most whales occupied waters 39 to 53 m deep (128 to 174 ft). Northbound gray
whales in Phase B swam past Oregon from mid-April to late May (Ortega-Ortiz and Mate 2008). Whales
in this phase swam an average of 4.1 km (2.2 nmi) offshore. The total corridor width extended 0.25 to
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10.25 km (0.1 to 5.5 nmi) offshore, and most whales swam 2.1 to 5.7 km (1.1 to 3.1 nmi) offshore.
Whales in Phase A swam in waters that averaged 38 m deep (125 ft), and most whales occupied waters 28
to 48 m deep (92 to 157 ft). Ortega-Ortiz and Mate (2008) reported that migrating whales tend to swim
along a path that follows relatively constant water depth rather than swimming a relatively constant
distance off the shoreline.

Figure 3.2. Gray Whale Groups (yellow circles) Observed on Scan Surveys Off Yaquina Head During
the Northbound Migration of Mothers and Calves (April 7–May 29, 2008). The red line
marks the boundary of the State of Oregon territorial sea (from Ortega-Ortiz and Mate 2008)

3.11

The information identified in this section and Section 3.1 showed that the placement of a wave park at
4.6 mi off Reedsport, Oregon, would be directly within the normal path of migrating gray whales, and
that at least some of the whales very likely would encounter the park. The following sections identify
information used to evaluate expressed concerns that such encounters could increase gray whale
susceptibility to predation, increase the energetic costs of the migration or delay arrival at the destination,
interfere with whale feeding opportunities, or injure whales via collision or entanglement.

3.3 Gray Whale Sensory Perception
The literature search did not identify specific information about gray whale visual acuity but did
provide some general features of baleen whale vision. Marine mammal eyes have strong spherical lenses
that focus light well underwater, contain mostly rods in the retina, and have a reflective layer (tapetum
lucidum) that reflects light through the retina a second time (Sea World 2005). The predominance of rods
in the retina is an adaptation to the low underwater light levels. Terrestrial mammal retinas have two
types of cones—L-cones, which are sensitive to green to red light, and S-cones, sensitive to blue to
ultraviolet light (Peichl et al. 2001). Marine mammals do not have S-cones, which means that they see
only one part of the color spectrum. There was no information about the visual discrimination capability
of baleen whales.
Toothed whales are known to produce sounds (echolocation) that help them perceive the undersea
world around them (Au 2008). Although it is generally acknowledged that baleen whales do not
echolocate (Sea World 2005), there has been discussion of the sounds produced by humpback whales
(Megaptera novaeangliae) and whether those are used for echolocation. Frazer and Mercado (2000)
described humpback songs that they concluded were used to locate other humpback whales. The study
estimated that whale songs would produce echoes detectable at distances of 4–6 km (2.2–3.2 nmi). Au
et al. (2001) challenged the conclusions of Frazer and Mercado, in particular criticizing the use of
relatively few observations to construct the echolocation hypothesis. Au et al. (2001) also used a “noiselimited sonar equation” to estimate that the detection distance was 123–235 m (404–771 ft). Mercado and
Frazer (2001) rebutted the arguments made by Au et al. (2001), rejected the noise-limited sonar equation
as inadequate to evaluate the possibility of humpback songs serving as sonar, and called for experiments
to test the echolocation hypothesis. Stimpert et al. (2007) recorded humpback click sequences (calling
them ‘megapclicks’) during two whales’ foraging activities, concluding that the clicks were not likely to
be true echolocation sounds but might serve to identify large features such as the seafloor or other whales.
There are too many uncertainties regarding baleen whale, especially gray whale, sensory capabilities
to determine whether the wave park array structures would be detected by whales passing through an
array.

3.4 Gray Whale Predators
Evaluating the potential that a wave park could increase the susceptibility of gray whales to predation
requires knowledge of the specific predators and their hunting behavior. The literature search identified
the killer whale (Orcinus orca) as one of the main gray whale predators (Barrett-Lennard et al. 2011).
Killer whales have been fairly well studied, and several sources elucidate their prey and foraging tactics.
The general review literature also speculated that predatory attacks by great white sharks (Carcharodon
carcharias) on gray whales could increase (Thompson et al. 2008). However, searches for information on
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white shark predatory behavior and diets did not find documentation that the sharks successfully prey on
healthy gray whales.
Killer whale populations in the northeast Pacific are typically separated into three ecotypes that may
have some overlap in their geographic ranges but that typically do not interact. Migrating gray whales are
most likely to encounter the resident and transient ecotypes. Resident killer whales, which frequent
nearshore waters mainly from Alaska to Washington, feed primarily on fish, particularly salmon (Matkin
et al. 2007b). Transient killer whales range from Alaska to at least as far south as California and feed
primarily on marine mammals, such as Dall’s porpoise (Phocoenoides dalli), Pacific white-sided dolphins
(Lagenorhynchus obliquidens), harbor porpoise (Phocoena phocoena), minke whales (Balaenoptera
acutorostrata), Steller sea lions (Eumetopias jubatus), harbor seals (Phoca vitulina), gray whales, and
seabirds (Baird and Dill 1995; Matkin et al. 2007a; Dahlheim and White 2010).
Transient killer whales aggregate annually at Unimak Island, Alaska, during the northbound gray
whale migration. Barrett-Lennard et al. (2011) found that killer whales most frequently attacked gray
whale calves or yearlings and abandoned attacks when gray whale cows aggressively defended their
calves. Gray whales generally tried to avoid attacks by groups of killer whales by swimming into shallow
water along the shoreline. Killer whales stopped attacks when gray whales reached waters at depths of
3 m (9.8 ft) or less. Successful attacks occurred at water depths of 15 to 75 m (49 to 246 ft) deep.
Migrating gray whales that cross the deeper waters over Monterey Canyon in California are often
attacked by transient killer whales that frequent the area in late spring when pinnipeds wean their young
and northward migrating gray whale cows and calves pass through the area (Ternullo and Black 2002).
Small groups of a few killer whales usually attack migrating cow–calf pairs and try to separate calves
from their mothers (Ternullo and Black 2002). Killer whales appeared to gain an advantage at the
boundary of the steep canyon wall and chased crossing gray whales north or east toward the shelf. Gray
whales that are attacked attempt to swim to the safety of shallow water.

3.5 Gray Whale Energetics and Swimming Speed
Forcing whales to detour around wave parks could increase energy expended during migrations,
which could increase the whales’ stress because they do not feed much while migrating (Thompson et al.
2008); the detour could delay the whales’ arrival at the feeding or breeding destinations. To evaluate
these concerns, it is necessary to know the average amount of energy that gray whales require during
normal migratory swimming, the total distance of the migration (Section 3.2), and the average swimming
speed during migration. Few studies provide such information, probably because of the difficulty in
studying a large marine mammal in the wild. The literature search identified only one study that
measured the energetic cost of swimming in a gray whale. That study estimated the energetic cost of
swimming for a gray whale calf at 0.5 to 0.6 joules (J) per kg per m (de la Gala-Hernández et al. 2008).
The search did not find documentation of the swimming costs for adult gray whales.
Several studies have measured the swimming speeds of migrating gray whales. Two of the studies
estimated swim speeds over relatively short distances. These indicated that gray whales without calves
swim at 6.7 to 6.8 km/h (3.6 to 3.7 nmi/h) during the southbound migration but are somewhat slower
during the northbound migration, ranging from 6.1 to 6.5 km/h (3.3 to 3.5 nmi/h) (de la Gala-Hernández
et al. 2008; Ortega-Ortiz and Mate 2009). Mate and Urban-Ramirez (2003) tracked a single whale at a
relatively consistent speed of 5.6 km/h (3.9 nmi/h) during its trip from Baja California to the San
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Francisco area. Northbound whales probably swim slower than southbound whales because they have to
swim against the California Current. Gray whale cows and their calves swim at slower speeds. OrtegaOrtiz and Mate (2009) measured the speed of Phase B migrating whales at an average of 5.4 km/h
(2.9 nmi/h) while passing Oregon. De la Gala-Hernández et al. (2008) measured the average swimming
speed of cow–calf pairs at 4.4 km/h (2.4 nmi/h).

3.6 Gray Whale Feeding
The literature search identified several studies that provide the information about gray whale prey and
feeding behavior that are needed to evaluate the potential for wave parks to interfere with gray whale
feeding opportunities. Some of these studies are based on observations of whale feeding in areas distant
from the proposed wave park site (e.g., Bering Sea and Clayoquot Sound, British Columbia) but provide
useful information about key prey species and specific feeding behaviors that may also be used by whales
traveling off Oregon. These studies also document the diverse feeding behavior that enables gray whales
to adapt to changing feeding opportunities.
It is well established that gray whales migrate northward to the Bering Sea where they feed on the
very productive community of benthic amphipods, primarily on relatively large individuals (Highsmith
and Coyle 1992). However, migrating gray whales typically feed somewhat sporadically, although some
whales leave migratory routes to feed in shallow, coastal waters (Dunham and Duffus 2001; Newell and
Cowles 2006). Whales that leave the migration route, often called summer residents in the areas where
they feed, use two basic sources of food, one pelagic and one benthic. Whales in Clayoquot Sound fed on
pelagic hyper-benthic mysids and porcelain crab larvae, switching from mysids to crab larvae and then
switching to benthic amphipods as the latter became more abundant and achieved high biomass (Dunham
and Duffus 2001, 2002; Nelson et al. 2008). Prime amphipod habitat was located in waters less than 20
m (66 ft) deep. Whales that leave the migration route off Oregon from about May through October spend
at least 2 days feeding in coastal waters and return to them in successive years. These summer resident
whales, similar to those in Clayoquot Sound, feed primarily on dense swarms of mysids, small planktonic
shrimp-like crustaceans, and porcelain crab larvae that typically occur in waters that range from 2 to 15 m
(6.6 to 49 ft) deep and are within 0.6 km (0.3 nmi) of shore (Newell and Cowles; Newell 2009). The
ability to switch from one prey type to another led Dunham and Duffus (2001, p. 299) to characterize gray
whales as “dynamic and selective foragers that switch prey and foraging tactics rapidly to take advantage
of short-term availability of energy.” The adaptability of switching from a benthic feeding to generalized
filter feeding probably has enabled gray whales to adapt to the changes in sea level that have occurred in
the northeast Pacific since the Pleistocene, allowing them to survive major loss of prime feeding habitat
(Pyenson and Lindberg 2011).

3.7 Putting It All Together
The wave park proposed for the Oregon coast would be located about 4.6 km (2.5 nmi) offshore,
which is within the path of migrating gray whales, particularly those swimming northward to feeding
grounds in the Bering Sea. A primary concern associated with locating wave parks within gray migration
routes is that the parks could act as a barrier that would cause whales to alter their normal migration route
by swimming closer to or farther from shore. The general review articles suggest that such a deviation
could
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adversely affect gray whales by increasing their susceptibility to predation, increasing the energetic costs
of the migration, delaying arrival at the feeding or breeding destinations, and blocking access to feeding
areas.
Gray whales encountering a wave park of the size proposed off Reedsport, Oregon, would face a
potential barrier that is about 305 m (1000 ft) wide. Some whales likely would swim around the array
toward deeper waters, others likely would swim closer to shore, and some may try to swim through the
array. It is difficult to predict whether a whale would swim through or around an array and whether a
whale swimming through an array would be able to successfully negotiate the buoys and associated
mooring cables within the array. The spacing between buoys in the array would be about 101 m (330 ft),
so that a whale might have enough room to navigate through the array. Considering the uncertainty that a
gray whale could use sonar to detect the relatively thin mooring cables, and the possibility that vision
would not provide much warning, a whale could hit a cable. However, the cables are relatively taut and,
it is not likely that a whale would become entangled within them. A more significant possible danger to a
whale swimming through the array is the possibility of becoming entangled in derelict fishing gear that
gets caught on array structures. Monitoring is planned for the Reedsport project that would determine
whether whales safely avoid the array.
A whale approaching the center of the array would have to swim at least 150 m (492 ft) to swim away
from the park to avoid the array and would swim about 150 m back to get online with its previous path (if
it even did so). Because some northbound whales often range farther offshore than the proposed park
location and some range closer to shore, it is not possible to predict the direction in which a whale
encountering the array would swim.
An expressed concern is that wave parks could increase gray whale susceptibility to predation, either
by making them swim into deeper waters or by concentrating them in the more restricted waters between
the array and the shore. Considering the projected size of the Oregon wave park and the whales’ normal
path through the area, any whale detouring around the wave park would still be within the boundaries of
the normal migration route, regardless of whether it passed seaward or shoreward of the park, and those
whales should be no more susceptible to predation than other whales traveling along the migration
corridor. Gray whales swimming along the Oregon coast use a migration corridor that is about 9 to
10 km (4.9 to 5.4 nmi) wide. Therefore, avoiding the wave park likely would not significantly reduce the
width of the migration corridor such that a high density of whales would be forced into a small area.
The detour around a wave park would make the whales swim farther than they normally would,
which could increase the energetic costs of the migration. Using the information provided in de la GalaHernández et al. (2008), it is possible to estimate the total energetic cost of the migration and the cost of
any additional swimming required to avoid a wave park. For an average gray whale calf that weighs
about 4400 kg (9700 lb), the energy required to swim about 1 km is about 2,200,000 to 2,640,000 J,
which extrapolates to a total expenditure of about 33,000,000 to 52,800,000 kJ for the entire swim north
(15,000 to 20,000 km). Presuming that a detour could cause the whale to swim an extra 1 km (0.5 nmi),
which probably is an overestimate given the size of the planned park at Reedsport, the energy expended
for that swim would be about 2,200 to 2,640 kJ per calf, which is a trivial addition to the total energy
required for the migration.
To estimate the potential delay in arriving at the feeding area destination in the Bering Sea, one has to
presume that the swimming speeds estimated in the literature could be or would be maintained for the
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entire migration. Using a swim speed of 5.6 km/h that was measured for a whale swimming a relatively
long distance (Mate and Urban-Ramirez 2003) and a migration distance of 15,000 km, the estimated
minimum time for a whale to complete the northbound part of the migration would be at least 112 days.
Based on the same swim speed, the estimated additional time to swim about 1 km to avoid a wave park is
about 11 minutes. Gray whale cow–calf pairs swim at a speed of 4.4 km/h (de la Gala-Hernández et al.
2008), which would increase the migration time to at least 142 days. Avoiding the park would add about
14 minutes to the total migration time for a cow–calf pair.
Wave parks could interrupt gray whale feeding opportunities. Most migrating gray whales feed
sporadically. Those that do feed in coastal waters along the migration route typically are summer
residents that feed primarily on swarms of hyper-benthic mysid crustaceans, supplemented by planktonic
porcelain crab larvae and benthic amphipods. All of these prey are typically located in relatively shallow
waters that are much closer to shore than the proposed location of the Reedsport wave park. Gray whales
are very adaptable feeders and have the ability to switch from a prey declining in availability to one more
abundant. It is not likely that a wave park would seriously compromise gray whale feeding.
In summary, it is clear migrating gray whales most likely would encounter a wave park such as that
proposed for Reedsport, Oregon, but it is not reasonable to presume that such an encounter has the
potential to significantly interrupt the annual gray whale migration.

3.8 Coastal Wave Parks Should Not Interfere with Gray Whale
Migrations
Twice each year, east Pacific gray whales (Eschrichtius robustus) swim between their breeding
grounds in Baja California and their main feeding areas in the Bering Sea. This round-trip swim of about
15,000 to 20,000 km (8100 to 10,800 nmi) is one of the longest known migrations by a mammal
{Shelden et al. 2004}. The whales’ migration route is somewhat unusual because it follows very close to
the shoreline. This proximity to shore allows scientists to study the migration and permits the general
public to observe a large critter. However, the placement of wave parks, such as those proposed for along
the Oregon coast, for energy generation in coastal areas along the migration route has raised concern that
the parks could interfere with the migration. The primary concerns are that the whales would change
course to avoid the wave parks, which could increase susceptibility to predation, increase the energy
expended during the migration, or decrease feeding opportunities {Thompson et al. 2008}.
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The gray whale (Eschrichtius robustus). Illustration by Charles Melville Scammon (1872; Natural
History of the Cetaceans and Other Marine Mammals of the Western Coast of North America, with an
Account of the American Whale Fishery. J. H. Carmany & Company, San Francisco)
Gray whales feeding in the Bering Sea begin the southerly trip in late fall, with most passing by the
Oregon coast in December and January {Ortega-Ortiz and Mate 2008}, arriving at their Baja breeding
grounds in early winter. Adult males, newly pregnant females, and immature whales begin the northward
swim back to the feeding grounds in late winter. A few weeks later, mothers and newborn calves begin
the journey. Northbound whales pass the Oregon coast from late February to late May, with the peak
occurrence from late March to early May {Ortega-Ortiz and Mate 2008}. The northbound migrations
generally are closer to shore than the southern trip although there is overlap. A study in 2007 and 2008
along the Oregon coast {Ortega-Ortiz and Mate 2008} found that the average distance offshore during
the southbound trip was about 6.6 km (3.6 nmi) offshore although the width of the migration corridor
used by most whales ranged from about 5.5 to 7 km (3.0 to 3.8 nmi). During the northbound swim, most
whales are from about 2 to 6.5 km (1.1 to 3.5 nmi) offshore and individual whales tend to swim along a
relatively constant water depth rather than follow the coastline.
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Gray whale groups (yellow circles) observed on scan surveys off Yaquina Head during the
northbound migration of mothers and calves (April 7-May 29, 2008). The red line marks the boundary of
the State of Oregon territorial sea. {From Ortega-Ortiz and Mate 2008}
The wave park proposed for the Oregon coast would be located 4.6 km (2.5 nmi) off Reedsport
{FERC 2010}, well within the gray whale migration path, particularly for northbound whales. The park
eventually would contain ten wave buoys spaced 101 m (330 ft) apart encompassing an area of 12.1 ha
(30 ac). The width of the park presented to the migrating whales probably would be no more than 305 m
(1000 ft). Water depths at the park range from 50 to 69 m (165 to 225 ft). Although the ability of the
whales to detect the array at a distance, it seems likely that many whales encountering the park likely
would swim around it. Whales swimming through the array would risk collisions with the buoys or
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cables in the array, but the possibility of injury could be relatively small {FERC 2010}. Some of the
whales that swim around the array would alter course to shallower waters closer to shore, whereas others
would head for deeper waters farther offshore. A whale heading for the center of the park would have to
detour the farthest, 150 m (492 ft) to swim away from the park and 150 m back to get online (if it even
did so). The more distant that the park was detected as a “barrier,” the less detour would be needed to get
around it. No doubt some whales would attempt to swim through the park.
Wave parks could increase gray whale susceptibility to predation by making them swim into deeper
waters. The killer whale is one of the main gray whale predators {Barrett-Lennard et al. 2011}.
Migrating gray whales that cross the deeper waters over Monterey Canyon in California are often
attacked by killer whales who try to separate calves from mothers {Ternullo and Black 2002}. Killer
whales appear to gain an advantage at the boundary of the steep canyon wall. Gray whales respond to
attacks by moving into shallower water, if possible, where the killer whales will often stop the attack
{Barrett-Lennard et al. 2011}. Given the projected size of the Oregon wave park and the whales’
normal path through the area, any whale detouring around the wave park would still be within the
boundaries of the normal migration route and would be no more susceptible to predation than other
whales traveling along that path.
Forcing whales to detour around wave parks could increase energy expended during migrations,
which could increase the whales’ stress because they do not feed much while migrating {Thompson et al.
2008}. The energetic cost of swimming has been estimated for a gray whale calf at about 0.5 to 0.6 joules
per kg per meter {de la Gala-Hernández et al. 2008}. For an average calf (4400 kg), the energy required
to swim 1 km would be about 2,200 to 2,640 kJ per km, which extrapolates to about 33,000,000 to
52,800,000 kJ for the northbound migration. Presume that a detour would cause the whale to swim an
extra 1 km (0.5 nmi), which probably is an overestimate given the size of the planned park at Reedsport,
the energy expended for that swim would be about 2,200 to 2,640 kJ per calf, which is trivial versus the
total required.
Based on an average swimming speed of 5.6 km/hr, which measured for a whale swimming a
relatively long distance {Mate and Urban-Ramirez 2003}, the estimated minimum time for a whale to
complete the northbound part of the migration would be about 112 days. Based on the same swim speed,
detouring around a wave park would add about 11 minutes to the migration. Gray whale cow-calf pairs
swim at a speed of 4.4 km/hr {de la Gala-Hernández et al. 2008}, so that avoiding the wave park would
add about 14 minutes to the total migration time of at least 142 days.
Wave parks could interrupt gray whale feeding opportunities. Migrating gray whales feed somewhat
sporadically, but some whales leave migratory routes to feed in shallow, coastal waters {Dunham and
Duffus 2001, Newell and Cowles 2006}. Whales that leave the migration feed in Oregon waters from
about May through October and have been called summer residents. Summer residents spend at least two
days feeding in coastal waters and return to them in successive years. Resident whales primarily feed on
dense swarms of mysids, small planktonic shrimp-like crustaceans, and porcelain crab larvae that
typically occur in waters that range from 2 to 15 m (6.6 to 49 ft) deep and are within 0.6 km (0.3 nmi) of
shore {Newell 2009}. The proposed Reedsport wave park is farther offshore and in deeper waters than
where mysid swarms form.
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Evidence gathered to date indicates that the proposed wave parks should not adversely affect
migrating, or summer-resident, whales by increasing their susceptibility to predation, increasing energy
requirements, or interrupting feeding behavior.
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4.0 Seabirds
The review articles summarized in this section were derived from the original general literature
search to determine the primary topics of concern regarding the potential effects of MHK devices on
seabirds. Key points or effects identified by each reviewed paper (boldface italics), and their relevance to
the evaluation, are captured in Table 4.1, which also includes a citation to the appropriate source as listed
in Section 6 (References).

Table 4.1. Reviewed Literature Relevant to the Potential Effects of the Placement of Marine
Hydrokinetic Devices and Wind Farms on Seabirds
Effects on
Seabirds
Review

Review

Collisions
with
Structures

Summary (Key Points in Boldface Italics)
The authors explored the possible consequences of increased use of marine
renewable energy installations (MREIs) for seabirds. Direct negative effects
include risk of collision, disturbance, displacement and redirection during
construction, operation and decommissioning. Above-water collision with
wind-powered devices is a concern but is not as significant for low-profile
wave-powered devices. Wave devices introduce the possibility of underwater
collisions; could affect marine birds by altering oceanographic processes that
determine food availability. Conversely, wave-powered MREIs could enhance
seabird habitats by providing bird roosting sites and underwater substrates that
aggregate prey. The net result could improve and protect foraging
opportunities for marine birds, albeit with the possible risk of underwater
collisions with structures.
The authors summarized the possible effects of tidal stream and wave (TSW)
power generation activity in Scottish Waters on seabirds. The authors
evaluated potential increased rates of energy acquisition (e.g., greater prey
abundance) or expenditure (e.g., increased foraging distance if birds avoid
developments placed in normal feeding areas). Energy budget changes could
affect reproduction and survival. The authors stated that susceptibility to the
affects of TSW development probably depends on each species’ foraging
method, flight behavior, and ability to withstand environmental fluctuations.
The authors evaluated the potential effects of offshore wind farms on birds,
which can be at risk from collisions, barrier effects, and habitat loss during
2003–2004 study of year-round bird migration over the North Sea with regard
to offshore wind farms. Data from radar, thermal imaging, and visual and
acoustic observations confirmed that many diurnal and nocturnal migrants
cross the German Bight. The authors documented that migration occurred
year round but showed much seasonal and weather-related variation in
intensity, time, altitude, and species. The study found that about half of the
birds fly at “dangerous” altitudes that could lead to interaction with future
wind farms. Also, reverse migrations could increase the risk of collision for
many birds. The authors found that terrestrial birds, mostly passerines, are
attracted by illuminated offshore obstacles, especially under low visibility
conditions, and that many birds collide with the structures. The study showed
that on a few nights per year many interactions between birds and offshore
wind arrays can be expected. The authors recommended that wind turbines
be shut down on nights predicted to have adverse weather and high
migration intensity. They also suggested that wind turbines should be made
more recognizable to birds and that platform lighting should be changed
from continuous to intermittent.
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Reference
Grecian et al.
(2010)

Langton et al.
(2011)

Huppop et al.
(2006)

Table 4.1. (contd)
Effects on
Seabirds
Wind Park
Avoidance

Night
Collisions
with
Turbines

Summary (Key Points in Boldface Italics)

Reference

Two main issues regarding offshore wind farms and birds are disturbance and
collision risk. Wintering common eiders (Somateria mollissima) avoided the
Tuno Knob offshore wind park in the Kattegat, Denmark. Fewer flying birds
were in corridors within 200 m of or within the park than in corridors 200 to
600 m outside the park. Rotor movement and noise during turbine operation
did not affect flying behavior. Observations for landing birds were similar to
those for flying birds. Physical presence of the structures caused avoidance
behavior and might decrease use of otherwise suitable habitat. Results may
not be representative of conditions at night or during periods of poor visibility,
such as fog and snow.
Bird collision fatality data from 30 wind farms across North America used to
estimate that night migrant fatality rates ranged from less than 1 bird
/turbine/year to 7 birds/turbine/year at turbines from 54 to 125 m tall. Rates
higher in eastern North America and lowest in the west. Events involving
more than 3 birds killed in 1 night at 1 turbine were rare, occurring at 4 of
25,000 turbine searches; may have been caused by lighting and weather
conditions at the sites, but the L-864 flashing red lights recommended by the
Federal Aviation Administration were not involved.

Larsen and
Guillemette (2007)

4.2

Kerlinger et al.
(2010)

5.0 Fish
The 2010 MHK literature review (Kropp 2010) discussed the general effects of MHK devices on fish,
including the habitat effects and construction impacts. Principal habitat effects discussed were the
function of MHK structures as fish attraction devices and artificial reefs. The effect of pile-driving noise
on fish was the main construction-related topic discussed.
The focus of the limited 2011 literature review of the effects of MHK devices on fish was directed
toward identifying potential effects within a specific geographic area—Puget Sound. To accomplish this,
the initial literature search was to identify the fish species, or species groups, most likely to be of concern.
Then the search focused on literature that identified the abundance and distribution of the fish within
Puget Sound and other features of fish biology that could be important in determining the potential effects
of MHK devices installed in the Sound.
Key points or effects identified by each reviewed paper (boldface italics), and their relevance to the
evaluation, are captured in Table 5.1, which also includes a citation to the appropriate reference as listed
in Section 6.

5.1 Review Articles
Forage Fish—Several fish species are important forage for higher trophic levels in Puget Sound.
Forage species that reproduce in nearshore habitats within the Sound are Pacific herring (Clupea pallasi),
sand lance (Ammodytes hexapterus), and surf smelt (Hypomesus pretiosus). Some of the areas are
relatively close to proposed MHK tidal power sites. Herring and surf smelt spawning habitat includes
areas just north of Tacoma Narrows and next to Admiralty Inlet. Sand lance spawning beaches include an
area in southwestern Tacoma Narrows and next to Admiralty Inlet. The sites near Admiralty Inlet are not
along the inlet per se but are located to the west (Port Townsend, Kilisut Harbor) and south (Port
Gamble). Eulachon (Thaleichthys pacificus) and longfin smelt (Spirinchus thaleichthys) spawn in
freshwater, and Northern anchovy (Engraulis mordax) spawn in open saltwater. All use marine nearshore
zone habitats during non-spawning stages.
Salmon—Several salmon species—Chinook (Oncorhynchus tshawytscha), coho (O. kisutch), chum
(O. keta), pink (O. gorbuscha), and sockeye (O. nerka)—regularly use Puget Sound nearshore waters as
temporary habitiat during their migration from freshwater spawning areas. Most of the literature
identified in the search concerned chum, Chinook, and coho salmon. The information in the various
studies that were reviewed suggest that there is a potential for MHK devices to interact with migrating
young salmon in Puget Sound and along the coast of Oregon.
Nearshore environments may be particularly important rearing areas for juvenile Chinook in the north
Sound and chum in the south Sound (near Tacoma Narrows). Small Chinook fry (<50 mm fork length)
enter estuaries from December through April. Some of these, called migrant fry, swim quickly through
the delta, spending a few days there before entering Puget Sound. Others, called delta fry, use small
dendritic tidal channels and sloughs in tidal wetlands and remain in the deltas as long as 120 days. Parr
migrant and yearling salmon leave freshwater rearing habitats and migrate downstream to the estuary in
late spring. Juvenile Chinook occur widely throughout the Sound’s nearshore ecosystems after leaving
delta habitats. Chinook abundance nearshore typically peaks in June and July, although some fish may
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linger through October. The Strait of Georgia is an important area for juvenile Chinook. Young Chinook
that leave the Strait before September tend to do so to the north. However, those leaving during October
and November travel south through the Strait of Juan de Fuca. The specific southern route out of the
Strait of Georgia has not been identified. On a larger scale, most juvenile Chinook, except those from the
Columbia River, remained within 100 to 200 km of their birth rivers until their second year at sea.
Chinook stocks from the Strait of Georgia and Puget Sound stocks entered continental shelf waters after
their first year at sea. Columbia River spring Chinook were recovered as far north as Prince William
Sound, Alaska, during their first summer at sea, whereas most Columbia River fall Chinook salmon were
recovered from Vancouver Island south. Some Columbia River spring and fall Chinook salmon actively
migrated south of the Columbia River to waters along the Oregon coast. Sub-yearling Chinook salmon
use the surf zone off southern Oregon dissipative sandy beaches during about two months of the summer.
Smaller fish feed mainly on amphipods in early summer, and larger fish eat mostly larval and juvenile
fish later in summer.
Chum salmon fry swim through natal estuaries into Puget Sound or remain in estuarine habitats for
weeks before entering shoreline areas in the Sound. Small chum fry (<50–60 mm) migrate mainly along
shallow shoreline waters that are less than 2 m deep. At about 60 mm in length, chum fry start using
nearshore surface waters. Chum abundance in nearshore areas peaks in May and June, declining as fish
move farther offshore and migrate out of Puget Sound. Some chum still occur in nearshore areas through
October. Coho salmon smolt migration patterns have suggested distinct population groupings that range
from Kodiak Island to the Queen Charlotte Islands, the Queen Charlotte Islands south to the Columbia
River; and from the Columbia River southward.
Rockfish—Rockfish in Puget Sound form mixed species assemblages that use species-specific
habitats during their different life stages. Most adult rockfish use high-relief, rocky habitats. Some
rockfish larvae and juveniles use open-water and nearshore habitats. Nearshore vegetated habitats are
used as nursery areas for juveniles and connect those nurseries to adult habitats. There is concern over
the status of several rockfish species in parts of the Sound. Copper rockfish are listed as Vulnerable in the
South Sound, and quillback rockfish are Vulnerable in the North and Depleted in the South. Yelloweye
and canary rockfish are Depleted in North and South Sound.
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Table 5.1. Reviewed Literature Relevant to the Potential Effects of the Placement of Marine Hydrokinetic Devices on Fish in Puget Sound
Fish Group
Forage Fish

Relevance to
Issue

Reference

Species/spawning
sites

Forage fish species in Puget Sound occupy all nearshore marine and estuarine habitats, many
of which are used for spawning. Critical spawning habitats for Pacific herring, surf smelt,
and Pacific sand lance commonly occur in Pacific Northwest beach nearshore zones.
Herring and surf smelt spawning habitat includes areas just north of Tacoma Narrows
and next to Admiralty Inlet. Sand lance spawning beaches include an area in
southwestern Tacoma Narrows and next to Admiralty Inlet. All three species use
nearshore habitats near spawning areas as nursery grounds. Northern anchovies spawn and
incubate their eggs in open water. Eulachon and longfin smelt spawn in freshwater streams.
All use marine nearshore zone habitats during non-spawning stages. Herring are resident or
migratory but generally do not form large nearshore schools after spawning. Herring
spawning biomasses have stayed moderately stable for 20 years.

Penttila (2007)

Pacific herring

Pacific herring are abundant, important prey for seabirds in the Salish Sea. Herring
abundance in the Strait of Georgia increased from the 1980s to 2003 but subsequently
declined. Most spawning activity now occurs in the northwestern part of the Salish Sea.
Mean spawning time is mid-March, which is as it has been historically, but there are now
fewer spawns in January/February and April/May than before. The 2005 and 2007 cohorts
of juvenile herrings were negligible.

Chinook, chum
nearshore use

Juvenile chum, pink, coho, and Chinook salmon were sampled at southeastern Whidbey
basin (north Sound) and south of the Tacoma Narrows sill and north of the Nisqually
River (south Sound). Densities in the nearshore were highest April to June; pink and chum
generally preceding Chinook and coho into nearshore habitats. Chinook occurred during
July in the north Sound. South Sound juvenile Chinook salmon were predominantly
hatchery fish (98%); 44% of north Sound Chinook were marked hatchery fish. The Chinook
and chum salmon in nearshore regions grew steadily through time, whereas pink and coho
salmon varied inconsistently. The seasonal extent of occurrence in catches and the
documented growth suggested that nearshore environments may be particularly
important rearing areas for juvenile Chinook in the north Sound and chum in the
south Sound.
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Summary

Salmonids

Therriault et al. (2009)

Duffy et al. (2005)

Table 5.1. (contd)
Fish Group

Relevance to
Issue

Reference

Chinook salmon
habitat use

Juvenile Chinook salmon in nearshore habitat are referred to as migrant fry, delta fry
migrants, parr migrants, and yearlings, depending on their emigration from freshwater and
their size at that time. Small fry (<50 mm fork length) are the first juvenile Chinook to
arrive in estuaries, entering their natal deltas from December through April. Some pass
through the natal delta quickly, spending a few days there before entering Puget Sound
(migrant fry). Others remain in natal deltas as long as 120 days and use small dendritic
tidal channels and sloughs in tidal wetlands (delta fry). Parr migrant and yearling
salmon leave freshwater rearing habitats and migrate downstream to the estuary in
late spring. Fish size upon arrival in the delta and fish residence time there tend to be
inversely related (except for migrant fry). Increasing water temperatures and other
environmental factors, may affect the timing of juvenile Chinook salmon departure from
delta habitats. Juvenile Chinook occur widely throughout the Sound’s nearshore ecosystems
after leaving delta habitats. Abundance nearshore typically peaks in June and July; some
may linger through October. Smaller juvenile Chinook salmon (<70 mm) use low gradient,
shallow waters that have fine-grained sediments, low salinity, and low wave energy. Larger
juvenile Chinook salmon use more Puget Sound habitats including deeper, farther offshore
habitats; eventually most fish leave for North Pacific Ocean feeding grounds.

Fresh (2006)

Chum salmon
habitat use

Most chum salmon fry leave freshwater within 1-2 days of emergence, sometimes as
early as December. Fish emerging early are likely summer run chum salmon, with those
emerging later belonging to other races. Chum salmon fry either pass through natal
estuaries into Puget Sound or remain in estuarine habitats for weeks before entering
shoreline areas. Juvenile chum often occur in non-natal estuaries. Chum nearshore
migration rates in areas depend fish size, foraging success, and environmental factors (e.g.,
currents). Small chum fry (<50-60 mm) migrate mainly along the shoreline in water less
than 2 m deep. Chum fry larger than 60 mm start to use nearshore surface waters. Chum
abundance in nearshore areas peaks in May and June, declining as chum move farther
offshore and migrate out of Puget Sound; some still occur in nearshore areas through
October.

(Fresh 2006)

Summer
migration from
Strait of Georgia

Coded-wire tagged coho salmon moved out of the Strait of Georgia in July and September;
most migrating fish eventually died. Coho salmon moved northward out of the Strait of
Georgia between July and September. The hatchery coho salmon proportion declined as
hatchery fish abundance and marine survival declined; wild coho salmon abundance was
more stable.

Beamish et al. (2008)
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Table 5.1. (contd)
Fish Group

Relevance to
Issue

5.5

Summary

Reference

Fall migration
from Strait of
Georgia

About 19% of the juvenile coho salmon tagged in the northern Strait of Georgia in July 2006
and 52% of those tagged in September 2006 left the Strait; most left in October and
November through the Strait of Juan de Fuca, not to the north. The path from the
tagging site through the Strait of Juan de Fuca was not identified.

Chittenden et al. (2009)

Juvenile Chinook
beach use

Beach seine samples collected in water 1 m deep in the surf-zone of a southern Oregon
dissipative sandy beach during the summer of 2006 caught 48 sub-yearling Chinook
salmon. Mean standard length of fish caught in the surf-zone increased from 9.1 cm in July
to 12 cm in September. Smaller fish fed mostly on amphipods in early summer; larger fish
ate mostly larval and juvenile fish later in summer. All prey items were common in the surf
zone. Juveniles appear to spend up to two months in summer in the surf-zone before
migrating offshore.

Jarrin et al. (2009)

Juvenile Chinook
coastal
migrations

From 1995 to 2006, coded-wire-tagged juvenile Chinook salmon originating from Oregon to
Southeast Alaska were recovered along the coasts of Oregon, Washington, British Columbia,
and Alaska from March to November. Most juveniles, except those from the Columbia
River, remained within 100–200 km of their natal rivers until their second year at sea,
irrespective of their freshwater history and adult run timing. Most coastal stocks began the
northward migration during their second or possibly third year at sea; the Strait of Georgia
and Puget Sound stocks primarily swam into continental shelf waters after their first year at
sea. Columbia River spring Chinook were recovered as far north as Prince William Sound,
Alaska, during their first summer at sea; most Columbia River fall Chinook salmon were
recovered from Vancouver Island south. Some Columbia River spring and fall Chinook
salmon actively migrated south of the Columbia River to waters along the Oregon coast.
Distance offshore not clearly specified.

Trudel et al. (2009)

Coho salmon
smolt migrations

Coho salmon smolt migration patterns showed a trend toward later, shorter, and more
predictable migrations with increasing latitude. Migration patterns identified distinct coho
population groupings: Kodiak Island to the Queen Charlotte Islands, British Columbia;
Queen Charlotte Islands south to the Columbia River; and from the Columbia River
southward. The regional patterns suggested that coho populations have adapted to
differences in timing and relative predictability of marine environmental conditions that
are beneficial to smolts.

Spence and Hall (2010)

Table 5.1. (contd)
Fish Group
Rockfish

Relevance to
Issue
Key rockfish
stocks/status
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Summary

Reference

Rockfish in Puget Sound form mixed species assemblages that use species-specific habitats
during their different life-stages. Copper, quillback, and brown rockfish populations
that live south of Port Townsend are distinct from those in northern waters. Rockfish
eat many prey types and are prey for marine fishes, marine mammals, and seabirds. Most
adult rockfish use high-relief, rocky habitats; some rockfish larvae and juveniles use openwater and nearshore habitats. Nearshore vegetated habitats are nursery areas for
juveniles and connect nurseries to adult habitats. Rockfish status is called Healthy,
Precautionary, Vulnerable, or Depleted based on the magnitudes of population trends. Most
rockfish species have Precautionary status; copper rockfish are Vulnerable in the South
Sound; quillback rockfishes are Vulnerable in the North and Depleted in the South;
yelloweye and canary rockfish are in Depleted in the North and South Sound. Greenstriped
rockfish, redstripe rockfish, and shortspine thornyheads, which inhabit relatively deepwater,
are Healthy.

Palsson et al. (2009)
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