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Abstract: Marine energy devices harness power from attributes of ocean water to form a sustainable
energy source. Knowledge gaps remain about whether marine energy systems can affect the environ-
ment, adding another threat to animal populations and habitats already under pressure from climate
change and anthropogenic activities. To date, potential environmental effects have been studied
under the scope of stressor–receptor interactions, where moving parts of, or emissions from, a system
could harm the animals, habitats, and natural processes. While crucial for understanding effects and
identifying knowledge gaps, this approach misses a holistic view of what animals may experience
in the presence of marine energy systems. We look at six biological consequences and forces that
drive the health of an animal population and the effects expected from marine energy development:
success of early life stages; changes in competitive capabilities; growth and survival based on food
availability; susceptibility to predators; injury or death; and reproductive success. We use case
studies to develop this approach, focusing on a variety of marine animals. An approximate level
of risk is assigned for each interaction based on the biological consequences. This work highlights
the need to examine the effects of marine energy development on animal populations within their
natural habitats.

Keywords: competition; crab; early life stage; food availability; injury; marine energy; predator
susceptibility; receptor; reproductive success; seal

1. Introduction

Marine energy development is the latest entry into the portfolio of low-carbon sustain-
able energy sources for many coastal nations [1]. Marine energy is derived from the harvest
of power from the movement of ocean water in high-energy areas through tides, ocean
currents, and waves, and from temperature and salinity differentials [2]. The marine energy
industry is young and facing challenges associated with the need for further technology
development and convergence, as well as the need to acclimate to a hostile ocean envi-
ronment to reach commercial readiness [3]. In addition, remaining knowledge gaps and
uncertainties about the potential effects of these technologies on marine animals, habitats,
and oceanographic processes have slowed development [3]. Regulatory processes in many
nations require that the risk to vulnerable species and habitats be evaluated, minimized,
and mitigated where needed.

Researchers in nations with active marine energy development have been investigating
risks to marine animals from collision with rotating turbine blades, effects of sound from
devices on marine mammals and fish, effects of electromagnetic fields (EMFs) from power
cables on sensitive species, changes in critical habitats associated to the installation and
operation of the devices, and a host of other interactions. Multinational research efforts
have been spawned from the European Union [4] and the International Energy Agency’s
Ocean Energy Systems [2]. To date, most efforts to relate the potential effects of marine
energy on the environment have been approached from the perspective of the stressors,
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or portions of a device and associated systems that could cause stress, injury, or death
to marine animals, or irreparable harm to habitats [5]. The large number of groups and
species of marine animals and varied habitats that could be at risk from marine energy
devices have limited the number of studies that examine the interactions from the point of
view of the receptors (the animals and habitats that might be harmed by the devices and
systems), except in very localized and species-specific instances [6–9], as well as in a small
number of review papers (e.g., [10]).

The present study examines how the risk of harm from marine energy development
and operation might affect a broad range of receptor species. While the importance of
acute harm to animals, such as collision with a rotating turbine blade severely injuring
or killing an animal, can be easily understood, sublethal effects and chronic exposure to
deleterious emissions are more difficult to assess. For example, the continuous low level of
noise from an underwater marine energy device may affect stress levels in fish or marine
mammals, and the cumulative exposure to EMFs from multiple power cables may affect the
behavior of mobile invertebrates. To examine these sublethal effects, this paper evaluates
outcomes of stressor–receptor interactions in terms of biological consequences, and various
forces that cause them, that may potentially occur for specific receptor organisms. The
biological consequences linked to marine energy used in this analysis are listed below and
illustrated in Figure 1. These biological consequences are not an exhaustive list but cover
most developmental, behavioral, and physiological changes that may impact population
stability and maintenance. For each of these consequences, it is important to understand how
interactions with marine energy devices might specifically affect the success of individuals
from key species to contribute toward healthy populations. These consequences are:

1. Success of early life stages, through development of larvae, juveniles, or young
marine animals.

2. Changes in competitive capabilities, through the ability of marine animals to effec-
tively compete for mates, food, or space resources.

3. Growth and survival based on food availability, allowing individuals and populations
to thrive.

4. Susceptibility to predators, through the ability of marine animals to avoid or es-
cape predators.

5. Injury or death from an encounter that may remove specific individuals from popula-
tions of marine animals.

6. Reproductive success, through the ability of marine animals to mate and rear young
to support their populations.
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Figure 1. In the presence of marine energy devices, specific forces and biological consequences
integrate throughout the life cycle of a marine animal to condition its success in contributing toward
a healthy population. (Illustration by Stephanie King/Pacific Northwest National Laboratory).
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2. Methods

This paper is based on recent literature that addresses the interactions of marine
animals with marine energy devices and systems, with a focus on the long-term operation
of devices (i.e., multiple years), although aspects of construction and installation may also
be relevant. Recent literature was collected using search engines, including Google and
Google Scholar, and the dedicated collection of marine energy effects literature on the
Tethys platform (https://tethys.pnnl.gov/) (accessed on 8 November 2021). Keywords and
keyword combinations were used in the search to optimize the identification of relevant
literature (Figure 2). All relevant literature included identifiers for marine energy, with
key terms such as: wave energy, tidal device, marine renewable energy, or marine energy
device, in addition to the stressors, receptors, and biological consequences.
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Figure 2. Keyword search terms used in identifying relevant literature in Tethys, Google, and Google
Scholar included all stressors (left column), the selected receptors (middle column), and biological
consequences (right column) in various combinations. For documents where “harbor seal” or
“harbor porpoise” was searched, the British English spelling “harbour” was also included.

The literature search found 99 documents, consisting mainly of journal articles, but
also including conference papers, book chapters, magazine articles, dissertations, and
reports. From each document, all relevant information about specific interactions, in
addition to key information that describes specific biological consequences or forces for
specific species (such as prey species, biological and physiological information, or habitat
range), was collected. For each biological consequence, the existing literature was examined
in the context of how specific stressors caused by marine energy may interact with the
animal of concern, through the pathway of biological consequence. For example, how will
the noise from an underwater turbine affect a harbor seal’s early life stages, reproductive
success, susceptibility to predation, ability to compete for resources, and food availability,
or result in a serious or fatal injury? The scientific literature that addresses the interactions
of each species or group of species with marine energy devices was examined to determine
the likely reactions of the animals to the marine energy systems, and the results were
analyzed in the context of these biological consequences.

The groups of animals chosen for this study were those likely to be at risk from marine
energy development around the world, and many can also be considered to be sentinel

https://tethys.pnnl.gov/
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species for habitats common to high-energy areas (Figure 2). These groups include grey
and harbor seals (Halichoerus grypus and Phoca vitulina, respectively), crabs and lobsters
(e.g., European edible crab [Cancer pagurus] and American lobster [Homarus americanus]),
harbor porpoise (Phocoena phocoena), salmon (e.g., Atlantic salmon [Salmo salar] and Chi-
nook salmon [Oncorhynchus tshawytscha]), skates (e.g., little skates [Leucoraja erinacea]), and
diving seabirds (e.g., common guillemot [Uria aalge] and great cormorants [Phalacrocorax
carbo]). We focused on these six groups and ten species because they represent different
components of a temperate marine ecosystem where marine energy devices may be de-
ployed, and have been of greater interest to regulatory bodies because of their conservation
and/or commercial status. We further developed two case studies (for harbor/grey seals
and crabs/lobsters) because they are linked through a predator–prey relationship, which
provided a multi-trophic-level representation.

3. Marine Energy Effects on Seals

Harbor seals are common marine mammals that live along the coastlines of the
temperate northern hemisphere, whereas grey seals are only present along the shores of the
North Atlantic in North America and Europe. Both species are often observed in estuaries
and bays favorable to tidal energy development, and open coasts suitable for wave energy
projects [11–13]. Although seals may be more sensitive than other marine animals to
stressor–receptor interactions such as collision risk or underwater noise (Figure 3), other
stressors such as changes in oceanographic systems and the emission of EMFs resulting
from operational marine energy devices have no direct biological consequences for these
animals. In addition, entanglement with mooring lines is not likely to be a threat to seals
because lines associated with marine energy devices are taut and do not present loose
ends [14,15]. However, lost or drifting fishing gear caught in devices’ mooring lines may
cause a risk of secondary entanglement for seals [16].

Energies 2021, 14, x FOR PEER REVIEW 6 of 17 
 

 

 

Figure 3. Interactions of seal, crab, and lobster with marine energy devices, including a horizontal 

axis tidal turbine (lower right) and a point absorber wave energy converter (background left). The 

organisms are shown in their natural habitats, including interactions with their prey and predators. 

(Illustration by Stephanie King/Pacific Northwest National Laboratory.) 

4. Marine Energy Effects on Crabs and Lobsters 

Although seals feed mostly on fish, they do not hesitate to resort to eating crustaceans 

in the absence of their preferred prey. Crabs and lobsters are essential elements of benthic 

ecosystems, acting as scavengers and pursuing an opportunistic diet, and helping to clean 

up carcasses and other detritus in benthic habitats [33]. The installation and operation of 

marine energy devices may affect crabs and lobsters in various ways, throughout their 

different life stages (Figure 3). Risk of collision with turbine blades and entanglement in 

mooring lines do not affect crabs and lobsters because they reside on the seafloor and are 

very small in relation to marine energy devices, making it possible for them to wiggle their 

way out of potential entanglement hazards. 

Early life stages. During the early life stages, crab and lobster larvae, the megalopae, 

may be vulnerable to underwater noise produced by marine energy devices. Megalopae 

use natural underwater sounds as cues to settle in benthic habitats, and anthropogenic 

noise may mask these cues [34]. Tidal turbine noise, along with other anthropogenic ma-

rine noise, has been shown to influence the settling behavior of megalopae in several es-

tuarine crab species and delay their metamorphosis [34–36]. Although some stakeholders 

are concerned that EMFs emitted by marine energy devices and export cables may affect 

crustaceans, and especially young life stages, a laboratory experiment showed that an-

thropogenic EMFs at intensities similar to those of marine energy systems did not signif-

icantly affect juvenile lobster sheltering behavior [37]. Changes in oceanographic systems 

due to large numbers of operating marine energy devices are likely to modify the currents 

that larvae rely on for dispersal. In addition, new habitats provided by marine energy 

devices will likely increase the availability of shelter in which larvae can settle, and juve-

nile crabs and lobsters can hide from predators. However, there is a lack of research in 

these areas that undermines our understanding of these potential effects on early life 

stages. 

Change in competition. Crabs and lobsters of the same species compete for food, mates, 

and shelter. Marine energy devices and their associated systems, such as foundations, 

mooring anchors, and power export cables, have been shown to provide additional struc-

ture in benthic environments and act as artificial reefs, offering new shelter and sources 

Figure 3. Interactions of seal, crab, and lobster with marine energy devices, including a horizontal
axis tidal turbine (lower right) and a point absorber wave energy converter (background left). The
organisms are shown in their natural habitats, including interactions with their prey and predators.
(Illustration by Stephanie King/Pacific Northwest National Laboratory).

Early life stages. Mother seals nurse their pups for 4 to 6 weeks then abandon them
once they are weaned, leaving juvenile seals to discover the environment on their own
at a relatively young age [17]. Marine energy devices may have undesirable effects on
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the seals’ early life stage development, especially through collision risks as inexperienced
young seals approach tidal turbines. A report by Thompson [18] showed that young seals
extensively use areas of high tidal currents during the first few months of their life, which
could make them vulnerable to encountering the rotating blades of tidal turbines.

Change in competition. Competition among seals focuses on the availability of food
resources and finding mates during the reproduction season. The ability of seals to adapt to
changes in their environment due to the presence and operation of marine energy devices
may have an effect on their competitive success. Seals display an exceptional ability to
learn and adapt to their environments, based on acoustic cues [19]. Underwater sound
cues from a marine energy device may alternately attract a seal to a successful foraging
spot or warn of a hazardous location. The individuals who learn the appropriate reaction
to these cues may be more successful competitors than their counterparts.

Food availability. Grey and harbor seals are opportunistic carnivores, feeding mainly on
fish, as well as crustaceans and mollusks, and occasionally seabirds. Marine energy devices
may act as artificial reefs, attracting fish and other mobile organisms such as crabs [20,21],
and subsequently may increase food availability for seals, particularly because they may
act to connect seal foraging habitats [22,23]. However, it has been shown that seals do not
always forage around marine energy devices despite the prey availability, particularly in
tidal channels where studies have also shown that pinnipeds forage more actively during
flood than ebb tide [11]. In addition, seals may be able to recognize the acoustic cues of
rotating tidal turbines and choose to forage elsewhere to avoid what they may perceive as
a risk that the turbines may cause [24].

Death and severe injury. Even though monitoring around wave and tidal energy devices
has reported few, if any, instances of severe injury or death of seals due to operational
devices [25], risk of collision with the moving parts of turbines remains the most critical bi-
ological consequence for seals from operating marine energy devices. Similarly, the effects
of underwater noise from devices could be harmful to the animals’ ability to navigate [25].
However, seals may use acoustic cues from an operating tidal turbine to avoid the immedi-
ate area of the turbine well before the levels of underwater noise may cause any temporary
or permanent hearing loss or damage [26,27]. In addition, studies have shown that if a
collision were to occur between a seal and a turbine blade, it is unlikely that a collision
with the flat side of a blade would cause any injury, and impacts with the edge of a blade
at the maximum effective speed would be unlikely to cause any skeletal damage [28–30].
While a head injury to a seal may lead to disorientation and drowning [31], results of
modeling and field tests carried out with seal carcasses showed that severe injuries were
limited to the thorax, and that the severity of the injuries decreased with increasing blubber
thickness [29,32].

Knowledge gaps. Although the scientific literature provides some information about
several biological consequences of marine energy devices for seals (i.e., early life stage
development, change in competition, food availability, and death and severe injury),
additional research is necessary to understand the full extent of the risk. In particular, it is
uncertain whether interactions with marine energy devices may cause stress, leading to
reproductive failure, or whether the presence and operation of devices may affect seals’
susceptibility to their natural predators, including orca and sharks, or capability to find
their prey.

4. Marine Energy Effects on Crabs and Lobsters

Although seals feed mostly on fish, they do not hesitate to resort to eating crustaceans
in the absence of their preferred prey. Crabs and lobsters are essential elements of benthic
ecosystems, acting as scavengers and pursuing an opportunistic diet, and helping to clean
up carcasses and other detritus in benthic habitats [33]. The installation and operation of
marine energy devices may affect crabs and lobsters in various ways, throughout their
different life stages (Figure 3). Risk of collision with turbine blades and entanglement in
mooring lines do not affect crabs and lobsters because they reside on the seafloor and are
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very small in relation to marine energy devices, making it possible for them to wiggle their
way out of potential entanglement hazards.

Early life stages. During the early life stages, crab and lobster larvae, the megalopae,
may be vulnerable to underwater noise produced by marine energy devices. Megalopae use
natural underwater sounds as cues to settle in benthic habitats, and anthropogenic noise
may mask these cues [34]. Tidal turbine noise, along with other anthropogenic marine noise,
has been shown to influence the settling behavior of megalopae in several estuarine crab
species and delay their metamorphosis [34–36]. Although some stakeholders are concerned
that EMFs emitted by marine energy devices and export cables may affect crustaceans, and
especially young life stages, a laboratory experiment showed that anthropogenic EMFs at
intensities similar to those of marine energy systems did not significantly affect juvenile
lobster sheltering behavior [37]. Changes in oceanographic systems due to large numbers
of operating marine energy devices are likely to modify the currents that larvae rely on for
dispersal. In addition, new habitats provided by marine energy devices will likely increase
the availability of shelter in which larvae can settle, and juvenile crabs and lobsters can
hide from predators. However, there is a lack of research in these areas that undermines
our understanding of these potential effects on early life stages.

Change in competition. Crabs and lobsters of the same species compete for food, mates,
and shelter. Marine energy devices and their associated systems, such as foundations,
mooring anchors, and power export cables, have been shown to provide additional struc-
ture in benthic environments and act as artificial reefs, offering new shelter and sources
of food [21,38]. Crabs and/or lobsters were observed using nooks and crannies on device
foundations, under cables, and on cable protection such as concrete mattresses [39–41].
These prime shelters may spark competition and physical encounters. A decrease in
roaming behavior for the European edible crab (Cancer pagurus) was demonstrated in
the presence of EMFs, causing the crab to limit their time foraging for food, or searching
for shelter or mates. These actions amount to a decrease in potential opportunities for
competition [42].

Food availability. Because crab and lobster are opportunistic feeders and will eat
whatever prey or carcass they find, marine energy devices are unlikely to affect their food
availability. As described above, marine energy devices act as artificial reefs and increase
local biomass and biodiversity [38,43], providing more food opportunities for crabs and
lobsters. Underwater noise and EMFs emitted by marine energy devices may disrupt crabs’
and lobsters’ foraging and feeding behavior. However, ship noise, which is much louder
and more common in marine environments than marine energy device noise, has been
shown to have no significant effect on crab foraging ability in a laboratory experiment, but
to significantly affect their feeding behavior—crabs interrupt their meals more often when
exposed to ship noise versus playback of ambient noise [44]. The effects of marine energy
device noise on crab feeding behavior remain to be explored. An enclosure experiment
over an energized cable showed significant changes in lobster behavior when exposed to
EMFs compared to a control cable, suggesting an increase in foraging explorations [45].

Predator susceptibility. In addition to seals, crabs and lobsters are targeted by numerous
predators such as other marine mammals, including sea otters, various fish species, sharks,
and invertebrates, including octopus, sea stars, and other crabs and lobsters. The artificial
reef and fish-aggregating effects of marine energy devices may increase predation on crabs
and lobsters by attracting an increasing number of predators. Several reef-associated fish
species such as sea bass have been shown to feed on crabs [46]. Excessive underwater noise
can distract crabs and make them more susceptible to predators [44], although no study
has been undertaken in the context of marine energy device noise. Laboratory experiments
showed that crabs and lobsters buried themselves or took shelter over 75% of the time,
even in the presence of EMFs [47], or exhibited a significant decrease in time spent roaming
when exposed to EMFs [42], suggesting they may remain less exposed to predators.

Knowledge gaps. It is assumed that EMFs may affect crab and lobster behavior, but
no laboratory experiment has demonstrated significant trauma or differences in survival
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between exposed and control settings [48]. In addition, crustaceans are known to experi-
ence pain and stress [49] but the extent to which EMFs, underwater noise, or any other
interactions with marine energy devices may increase stress-related hormones in crabs and
lobsters, which may lead to reproductive failure, remains unknown.

5. Marine Energy Effects on Other Receptors

Although our thorough literature review focused on seals and crabs/lobsters, a less in-
depth approach was applied to various other receptors including cetaceans such as harbor
porpoises, anadromous fish such as salmon, benthic fish such as skates, and diving seabirds.

5.1. Harbor Porpoise

Harbor porpoise live in most coastal and estuarine waters of the northern hemisphere,
where they are likely to interact with anthropogenic activities at sea, including marine
energy devices. Their ability to hear, locate, and respond to tidal turbines at a distance
will modify their risk of collision, and fatal injuries are unlikely [8]. Collision risk and
underwater noise from marine energy devices may cause severe injury or death to harbor
porpoises; however, no increase in injured or dead porpoises has been observed near
marine energy sites [6,50,51]. Recent research indicates that harbor porpoises have the
ability to avoid tidal turbines in close proximity, which will limit their risk of collision [6].
Harbor porpoises feed on non-spiny fish such as herring, cod, whiting, mackerel, sardines,
and occasionally squid or octopus [52]. Because marine energy devices act as artificial
reefs, providing structure and habitat for many fish species and attracting small pelagic
fish, harbor porpoise food availability may be increased in the presence of marine energy
devices [20,21,23,53]. However, harbor porpoises’ ability to find their prey may be hindered
in the near vicinity of devices due to the potential masking of acoustic cues [54]. Although
predator susceptibility of harbor porpoises around operating marine energy devices has
not been directly studied, no change in predation has been observed at wave and tidal
energy sites to date (e.g., [55–57]). Harbor porpoise predators are mainly large sharks,
orcas, and dolphins. While shark distribution in tidal channels remains largely unknown,
some species forage in areas and at depths where tidal turbines may be placed [58,59].
Interactions between sharks and harbor porpoises are more likely along an open coast
where wave energy converters (WECs) may be present; however, no such interactions
around marine energy devices have been recorded to date. A handful of studies have
focused on orcas [60] and dolphins [8,61,62] in high-energy environments, but it remains
uncertain how their behavior around marine energy devices may increase their susceptibil-
ity to collision risk and underwater noise. Whether marine energy devices pose a greater
risk for young porpoises than adults, influence competition among harbor porpoises, or
lead to reproductive failure due to added stress remains to be investigated. Risk from
EMFs, changes in oceanographic systems, and entanglement are less of a concern because
harbor porpoises do not spend time in close proximity to the seafloor and are unlikely to
be affected by taut mooring lines [16,55,63].

5.2. Salmon

To date, there have been few specific studies of how marine energy devices may
lead to consequences for, or changes in, salmon early life stage development, competition,
food availability, severe injury or death, predator susceptibility, or reproductive failure
(e.g., [64]). Although salmon and other salmonid species (e.g., trout) are potentially at
risk of physical injury or death if struck by blades when swimming around tidal and
riverine turbines [10,65,66], the severity of the injuries and likely consequences are still
uncertain. EMFs from marine energy cables may disrupt salmon foraging and swimming
behavior due to their magneto-sensitivity [67,68], potentially affecting their competitive
and reproductive success, but this interaction has not been studied. Tidal turbines create
a reef effect and aggregate fish, and when placed in estuaries could provide new habitat
for juvenile salmon [21,69], although any positive or negative effects on juvenile salmon
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have not been observed. Adult salmon are unlikely to detect the sound pressure element
of underwater sound from tidal turbines [51,70,71]. Although no studies have examined
the effect of the particle motion component of underwater sound on salmon, their sensi-
tivity to this component may lead to adverse biological consequences, such as increased
susceptibility to predators or diminished reproductive success. Changes in oceanographic
systems and risk of entanglement with mooring systems are considered to be very low risk
for salmon [16,72].

5.3. Skates

Skates are known to detect EMFs, particularly the fields induced by their prey [73].
Based on the skates’ sensory capability, stakeholders have expressed concern that EMFs
emitted by marine energy cables may adversely affect skate populations. However, studies
have shown negligible effects, including barrier effects, direct physical injuries, or adverse
physiological effects, due to marine energy cables [74,75]. Although there have been
no specific studies on changes in skate habitat due to marine energy devices, a large
body of research suggests that loss of habitat is unlikely, and that there may be beneficial
effects [51,76–78]. Skates feed on bottom-dwelling animals such as shrimp, crab, and
clams. The artificial reef effect around marine energy devices could provide a suitable
habitat for skates [21], while also increasing food availability [79] and opportunities for
competition (Figure 3). The extent to which skates may use new habitats provided by
devices and cables to attach their egg capsules is unknown. No studies have examined
skates’ use of marine energy systems to lay their eggs, and it is unknown whether EMFs
from the power cables and devices may affect the development of skate early life stages.
The reef effect may also attract skate predators, including seals, but uncertainties remain
about whether skates are more susceptible to predators around marine energy devices.
However, seals are not known to frequently forage around marine energy devices, despite
the prey availability [24,26,80]. Gaps remain in our knowledge of potential added stress
and reproductive failure due to the installation and operation of marine energy devices.

5.4. Diving Seabirds

While seabirds do not reside in the oceans, they dive to various depths depending on
the species, chasing fish and other prey. These diving forays may provide some level of
risk for collision with the rotating blades of tidal turbines when diving depths overlap with
turbine depths (Figure 3). Collisions of seabirds with turbine blades may lead to serious
injuries or death, but current knowledge does not support the likelihood of this risk [81]. A
lack of behavioral data for seabirds in tidal environments, poor underwater visibility at
most sites that limits visual observations [82], and unknown consequences of collision limit
our understanding of the risk. Whether young seabirds are more at risk for collisions with
tidal turbines due to their lack of experience remains unknown. It is also unknown whether
interactions with marine energy devices may influence seabirds’ susceptibility to predators
or affect their reproductive success. Small pelagic fish are attracted to localized and
persistent foraging hotspots, providing increased food availability for seabirds; these same
areas that attract birds may be optimum for siting tidal turbines, causing an increased risk
of collision [83]. Seabirds are unlikely to be affected by EMFs, changes in oceanographic
systems, underwater noise, and entanglement with marine energy devices because of
their water column use, dive patterns, and the tautness of mooring lines (e.g., [14,63,84]).
Significant gaps remain in our knowledge of changes in competition among seabirds due
to the presence and operation of marine energy devices.

6. Risk to Species from Marine Energy Development

Relying on the existing literature, an approximate level of risk was assigned for each
interaction of animals with marine energy devices or systems, based on each biological con-
sequence (Figure 4). Risk was estimated as the intersection of the probability of a negative
outcome, and the consequences if that event occurred [85]. Risk implies a negative outcome
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of the interaction, but in some cases, the interaction might create positive outcomes; for
example, the presence of a marine energy device might provide increased food availability.
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Figure 4. Estimated levels of risk for interactions of animals with marine energy devices, as described
in the case studies. Where information is available, the predominant interaction driving the risk
is noted. The cells are color coded according to the color bar on the top—from green indicating
a fairly well-resolved low risk, through yellow, orange, and red, indicating increasingly higher
levels of risk. White cells indicate a lack of information and continuing uncertainty about risk.
Research to date supports the highest level of certainty around the low-risk interactions (green cells)
indicated in this table. The level of uncertainty associated with medium and high risks (yellow to
orange cells) increases considerably as there are fewer studies and greater challenges in observing
these interactions.

Each level of risk was assigned based on the following qualitative criteria:

• High risk = likely to interact with severe consequences
• Medium-high risk = high likelihood of interaction, outcomes could be severe
• Medium risk = reasonable likelihood of interaction, outcomes could be detrimental
• Medium-low risk = low likelihood of interaction, outcomes not likely to be severe
• Low risk = unlikely to interact
• Insufficient information to make an estimate.

The risk assignment took into consideration the additive effects of any relevant
stressor–receptor interactions on the biological consequences, based on the information
available in the literature. In many cases, the higher risks indicate some information about
deleterious outcomes, but the uncertainty level remains high. For example, the risk of
death and severe injury to seals and harbor porpoises remains relatively high as there are
few definitive observations of collision or active evasion of turbine blades.

7. Discussion

The six biological consequences used in this study encompass most developmental,
behavioral, and physiological changes that may have implications for population stability
and maintenance. Growth of individuals is reflected through effects on early life stage
development that includes the stages where significant growth takes place during an
animal’s life cycle. Effects that may result in changes in competition reflect any situation
where competition for mates, food resources, or shelter is affected by a physical, biological,
or chemical change, resulting from an interaction with a marine energy device. The bio-
logical consequence of food availability incorporates any situation where prey abundance,
food sources, or ability to detect prey may be altered by the presence of marine energy
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devices. The consequences of predator susceptibility describe any changes in the chances
of survival of a prey animal due to the presence and operation of marine energy devices.
Death and/or severe injury from interaction with a marine energy device will occur as the
device, parts of the system, or emissions cause physical changes or injuries that result in
the animal’s death or inability to maintain body integrity and continue its usual activities.
Reproductive success incorporates any disturbance to an animal’s ability to reproduce,
which can range from physical separation or injury caused by the device to biological or
chemical changes that disrupt mating behavior, attraction between individuals, or other
aspects of reproduction. The factors that increase the risk for the marine animals examined
in this study are most influenced by the part of the water column that the species groups
use and the ecological niche they occupy in the wild.

To maintain a healthy population of marine animals, by definition, a large portion of
individuals must succeed relative to all six of the biological consequences examined here.
Failure in any portion may lead to a reduced population over time [86]. The presence and
operation of marine energy devices apply to species groups through differing pathways of
consequence. Effects on early life stages are most likely to be derived from disruption of the
dispersal of pelagic larvae for benthic and demersal organisms such as crabs and lobsters, or
skates, or from severe injuries to inexperienced young seals, porpoises, salmon, or seabirds
if struck by turbine blades. Similarly, changes in competitive capabilities because of the
presence of marine energy anchors and lines are likely to affect the organisms living on the
seafloor who may suffer from loss of preferred habitat, although conversely, these same
organisms may benefit from the formation of new habitat on the same infrastructure [87].
How these effects scale up with arrays of multiple devices remains to be fully understood.
Growth and survival based on food availability are hard to link directly to the presence
or operation of marine energy devices for the species groups examined, except for the
possibility of providing additional small to medium-size fish and biofouling organisms
in the vicinity of the devices that could provide predators and browsers with additional
food [69,88,89]. Although the presence of marine energy devices is likely to attract prey
species, it is difficult to determine whether this could adversely affect entire prey species
populations. The likelihood of injury or death of marine mammals, fish, or potentially
seabirds from turbine blade collision remains one of the least understood risks of marine
energy [32,90]. If this were shown to be a significant issue with certain populations, the
removal of sufficient individuals of reproductive age could limit the reproductive success
of the population. Similarly, interference with the mating and rearing of young due to
the presence of the devices could become a problem, though no evidence of this has
been reported.

The location occupied by a species in the water column or on the seabed affects the
susceptibility of that group to specific aspects of marine energy installation and operation.
Benthic invertebrates and demersal fish living on or in proximity to the seafloor are more
likely to be affected by the presence of a foundation or anchor points and lines and cables
than those living higher in the water column, due to loss or alteration of critical habitat
and exposure to EMFs from export cables. The intensity of the effects will depend on the
size and number of foundations, anchors, and cables, and whether they are buried. The
placement of bottom-based equipment for marine energy devices must be considered in the
presence of bottom-living species, including those examined in this study: crabs, lobsters,
and skates [37].

Animals examined in this study that live near the surface or throughout the water
column, such as the harbor seal, harbor porpoise, or salmon, and to lesser extent diving
seabirds, are less likely to be affected by the physical presence of a marine energy device
because they can easily avoid a surface expression such as a WEC or float, the mooring
lines that stretch through the water column, and inter-array power cables that span the
space between marine energy devices at mid-depth or near the surface. The alteration or
loss of pelagic habitat caused by well-sited marine energy will be small and animals are
likely to adapt to these changes quickly. These pelagic animals are, however, more likely to
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be susceptible to injury or death from a rotating tidal turbine blade, although it is generally
thought that collision with blades is likely to be very rare, based on the space available
around devices in addition to the sensory, behavior, and swimming capabilities, such as
evasion, of the pelagic species [6,81]. Additional observations and validated models of
turbine blade encounter and collision are needed to better understand this dynamic, and
mitigation strategies may be needed to lessen the likelihood or severity of such encounters.

Noise from the operation of marine energy devices is most likely to affect marine
animals near the spreading source [54]. Marine energy generators are generally close to the
surface (although some may be placed on the bottom or mid-water column). Thus, pelagic
animals, including marine mammals, fish, diving seabirds, and sea turtles who may swim
close to or even aggregate around devices, are most likely to be affected. There is also some
evidence that planktonic larvae of crustaceans may be affected by underwater noise [35].
A few types of bottom-mounted wave devices may produce underwater noise in closer
proximity to benthic invertebrates such as crabs or lobsters and demersal fish, although it
is not known how many of these species are likely to be affected.

Changes in oceanographic conditions due to the presence and operation of marine
energy devices are likely to affect only those marine animals with broadcast eggs and
planktonic or small motile larvae. Estimates of the potential changes in flow and other
oceanographic processes due to the development of marine energy are commonly provided
by hydrodynamic models fit with simulated devices [91]. The model results indicate
relatively small changes in flow fields that may cause some alterations in the distribution
of floating and planktonic larvae, but they are unlikely to be at a magnitude that will
alter population success [92]. None of these model outputs have been validated. Marine
mammals, fish, sea turtles, and diving seabirds are unlikely to be adversely affected by
changes in oceanographic conditions at the magnitudes predicted, even by large marine
energy arrays.

Research on the interactions of marine energy devices and the marine environment
has largely focused on specific interactions that are likely to trigger regulatory requirements
or restrictions [3]. However, these studies have focused largely on the effects on individual
animals, and little is known about how marine energy effects might radiate through
populations. It is apparent that no attention has been paid to potential effects on the
reproductive success of populations due to the presence and operation of marine energy
devices (Figure 4). There has also been little attention paid to the intersection of multiple
stressors from marine energy devices on species groups, or on how these effects might
synergistically affect populations. For example, perhaps the sound from a tidal turbine
attracts fish, placing them at greater risk for collision with a tidal blade; or the additional
habitat created by a WEC foundation and anchor might attract crabs, placing them in closer
proximity to EMF emissions from a power cable. The synergy of stressors from marine
energy will require additional investigations, particularly as more devices are placed in the
water and large arrays amass off coastlines.

Even less well studied are the potential indirect effects of marine energy device
operation on the overall marine ecosystem, including changes that might occur over time
to dissolved nutrients and gases, potentially altering primary productivity, and causing
reverberations throughout the marine food web. Other indirect effects are possible, and the
understanding of these effects is still in its infancy. It is important to note, however, that the
shifting baselines of seawater chemistry and primary production due to climate change are
already altering marine food webs as we know them [93]. Separating the effects of marine
energy, first at a small scale, then at larger development scales, will be very challenging.
Similarly, separating the effects of marine energy installation, operation, maintenance, and,
finally, decommissioning from other anthropogenic effects of industries such as shipping,
commercial fishing, oil and gas operations, and shoreline development, in addition to the
cumulative effects of these various sources, will prove to be very complicated.
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8. Conclusions

Investigations of the potential effects of marine energy development are a crucial part
of moving this new industry forward. The value of providing low-carbon sustainable and
renewable energy must not come at the cost of degradation of the marine environment and
damage to fragile populations of marine animals and their habitats. To date, most investiga-
tions have focused on single-device stressors and individual animals or species. Although
considerable research is still needed to understand these somewhat simplified interactions,
there is also a need for new tools and approaches to understand what additional effects
might occur, in order to proactively minimize deleterious outcomes. Examining potential
interactions from the perspective of the receptors—the animals and habitats—provides
an additional pathway to classifying, understanding, and ameliorating potential harm.
The approach of investigating potential impacts on biological consequences and forces can
provide a starting point for exploring a population’s ability to survive long-term effects
of marine energy operation, in addition to ecosystem-wide effects of local disturbances.
These case studies of major species groups of concern for marine energy development have
provided a glimpse into how we might move beyond the need to examine the interaction
of each stressor with each potential receptor species at all marine energy sites. In particular,
this work can help apply the knowledge we have gained about the basic stressor–receptor
interactions, and relate them to the location where animals live, in addition to the life
histories of species groups. This increased understanding can be applied to careful siting
and management of marine energy devices. As we better understand how species groups
are likely to interact with operational marine energy, we can better project how large
arrays will affect the overall marine environment over time, and begin to understand the
cumulative effects of offshore renewables with other anthropogenic activities, all against
the changing backdrop of climate change.
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