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1. Introduction

• Floating and submerged structures in the ocean, such as marine 
energy devices and relevant oceanographic instruments, use 
mooring lines tethered to them and to an anchor to hold them in 
place on the seafloor. 

• Mooring lines and mooring systems may be fabricated from a variety 
of materials in different configurations depending on the type of 
device to be tethered, the depth, and the seafloor topography of the 
location. 
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• As the marine energy industry and the need for ocean observation increase, concerns around the 
effects of devices, mooring systems, and moored observing equipment will need to be addressed to 
minimize potential risks to marine animals. 

• One such concern is the potential for marine mammals, sea turtles, large fish, diving seabirds, and other 
marine animals to become entangled in mooring systems and lines associated with devices and buoys. 

• Because of devices, instruments, and their mooring systems acting as artificial reefs and fish 
aggregating devices (Kramer et al., 2015), the large predatory animals may become attracted to these 
artificial structures (Hemery et al., 2024), increasing the risk of interacting with the mooring systems.

• Entanglement in lines or cables could cause serious harm to animals, such as tissue damage, make 
movement difficult for animals, and even drowning and death (Benjamins et al., 2014). 
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Illustration by Molly Grear, Pacific Northwest National Laboratory.

1. Introduction

• Since few marine energy devices have been deployed, 
research around entanglement risk has had to focus on data 
collected from surrogates such as other ocean industries, 
including offshore oil and gas production, fishing, etc.

• While the characteristics of mooring systems depend on the 
site’s conditions and the structure to secure, those used for 
large vessels, oil platforms, floating wind turbines, and marine 
energy devices are very similar in configuration, material, and 
line diameter. 

• For example, mooring systems used for floating wind turbines 
have a line diameter between 76 mm and 234 mm (Jiang, 
2025), while those used in the oil and gas industry vary 
between 95 mm and 290 mm (Ahmed Ali et al., 2020), and 
those for marine energy devices between 130 mm and 203 mm 
(Lee et al., 2025). 

• In contrast, mooring lines used to secure oceanographic 
instruments are much thinner, with a diameter between 4.8 mm 
and 25 mm.
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1. Introduction

• The video below offers a visualization of the scale of a humpback whale and her calf compared to the 
mooring lines and cables of floating offshore wind. 

Grear & Copping 2018

https://tethys.pnnl.gov/publications/humpback-whales-floating-offshore-wind-farm-animation 
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1. Introduction

• The goal of this white paper is to summarize the available information about entanglement risk for 
marine megafauna from the mooring systems associated with marine energy devices and 
oceanographic instruments. 

• The literature associated with configurations and materials used for mooring systems for both 
technologies, as well as the factors that may increase the risk of entanglement for various marine 
megafauna, such as distribution, swimming behavior, and detection capabilities, are synthetized. 

• Mitigation and reduction strategies for decreasing entanglement risk around moorings are discussed.
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2. Marine energy devices with mooring lines

• Floating marine energy devices, both wave energy converters 
(WECs) and tidal turbines, come in multiple shapes and forms, 
requiring various mooring configurations.

• Depending on the device archetype, moorings can serve two 
purposes: station keeping and/or providing a reaction force for 
energy harvesting.

• The major wave and tidal energy archetypes and preferred 
mooring systems are outlined in the following slides.
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2. Marine energy devices with mooring lines
a. Wave energy converters

• While some WECs are installed on the seafloor (without 
lines in the water column), most common designs float at 
the surface or subsurface and are attached to the 
seafloor with mooring systems.

Point absorber

• Point absorber WECs extract energy through the vertical 
motion of the waves. 

• Point absorbers leverage the relative movement of a 
fixed body on the seabed, or submerged platform, and a 
floating body that moves vertically, providing linear 
motion to a power take off, generally in a rotational 
manner (link). 

• These devices generally have a single tether attaching 
them to an anchor on the seafloor, which usually acts as 
a reaction force. 

Illustration of a generic point 

absorber
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2. Marine energy devices with mooring lines
a. Wave energy converters

Attenuator

• Attenuator WECs consist of surface floating bodies 
that operate parallel to the wave fronts. 

• The segments rise and fall with the wave motion, 
generating hydraulic power from the flexing motion to 
a power take off (link). 

• Depending on the length, attenuators are secured to 
the seafloor with one or more mooring lines.

• In this case, mooring lines are used for station 
keeping only.

Illustration of a generic wave attenuator 

device
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2. Marine energy devices with mooring lines
a. Wave energy converters

Floating overtopping

• Overtopping WECs consist of large 
surface structures that include a reservoir 
higher than the surface of the ocean. 

• Waves overtop the reservoir, resulting in 
pressure that forces the water through a 
turbine to a power take off (link). 

• Overtopping devices tend to be large and 
are usually secured to the seafloor with 
multiple mooring lines that prevent 
translation and rotation in the swell. 

Illustration of a generic wave overtopping device
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2. Marine energy devices with mooring lines
b. Tidal energy converters

• Many tidal energy converters are bottom-mounted, with a 
gravity or piled connection to the seafloor. These devices 
do not require mooring lines and are not considered to be 
an entanglement risk for marine animals.

Tidal kite

• A tidal kite is secured to the seabed with a single tether 
that allows the neutrally buoyant submerged device to 
“fly” through the water column. 

• The kite consists of a hydrodynamic wing and turbine, and 
a taut tether. 

• As the kite flies, the enhanced current flow generates 
power from a power take off (link).

Illustration of a generic tidal kite
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2. Marine energy devices with mooring lines
b. Tidal energy converters

Floating tidal platform

• Floating tidal turbines consist of a floating body 
with turbines mounted below the surface 
structure, allowing for easier access and 
maintenance. 

• The floating body is held in position through a 
mooring system tethered to the seafloor.

• As many of these devices are large, they often 
require multiple mooring lines.

• Depending on the devices, mooring systems 
may need to limit translation and rotation, while 
others just account for tidal range.

Illustration of a generic floating tidal platform
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2. Marine energy devices with mooring lines
c. Marine energy device arrays

• Multiple floating marine energy devices 
may be deployed in arrays to increase 
power output. 

• Generally, each device will be held in place 
with individual mooring lines, although 
some sharing of lines has been suggested. 

• In addition, power cables will connect 
individual devices in order to export power 
to shore through an integrated cable; these 
cables may be draped in the water column.

Example of a hypothetical array of subsurface wave 

energy devices with taut moorings and export cables
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3. Oceanographic instruments with mooring lines

• Oceanographic instruments and platforms are 
deployed in many areas of the oceans from estuaries 
and shallow coastal areas to the open ocean for 
observations ranging from hours to years, and may be 
associated with marine energy deployments to 
measure the energy resource available and/or to 
monitor conditions at the site. 

• These instruments collect data to explain the 
fundamental workings of the ocean, as well as tracking 
changes occurring from natural and anthropogenic 
forces. 

• Instruments may be deployed on the seafloor, 
throughout the water column, and occasionally on the 
surface. These instruments may be free floating, but 
most are anchored to the seafloor in some manner, 
with gravity foundations for bottom mounted, and with 
anchors, mooring lines, and buoyancy for the water 
column and surface placements.

Examples of seafloor, subsurface, and surface 

oceanographic instruments and platforms with 

foundations, anchors, and mooring lines
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3. Oceanographic instruments with mooring lines

• Typically, anchored oceanographic instruments that are 
intended to collect data over a long period of time do 
not include surface expressions as these present a 
vulnerability to adverse winds and waves, or in the 
case of near-coastal or navigation route deployments, 
interference from human activities (vessel allisions, 
fishing gear, vandalism, etc.). 

• However, short-term deployments of instruments may 
include a surface float, sometimes with a navigation 
mast and lights; a common practice with these 
deployments may include a second float with a buoyant 
surface line to the buoy that supports the instrument 
mooring, for simplified retrieval.

• Subsurface instruments are typically moored to the 
seafloor, with flotation that keeps the instruments at the 
desired data collection depth under line tension; the 
flotation will bring the instrument line to the surface for 
retrieval with a release signal triggered by the 
investigator from the surface, most commonly an 
acoustic signal.
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4. Mooring system material and design

• Moorings are generally designed symmetrically to keep 
forces on the device balanced; however, in some 
situations an asymmetrical mooring may be adopted 
when ocean or seabed conditions require. 

• Materials and design considerations are important to 
maintain performance and reduce mooring line failure 
(Xu et al., 2019). 

• Mooring line failure can cause injury to both humans 
and marine animals, harm to the marine environment, 
blockage of waterways, and financial and property 
damage (Xu et al., 2019).
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4. Mooring system material and design
a. Marine energy specificities

• Marine energy moorings generally are 
designed as single point moorings or 
spread moorings (Maheen & Yang, 2023). 

• Single point moorings consist of one 
connecting point between the mooring 
system and the device.

• Single point moorings may attach mooring 
lines to a surface or subsurface body that 
will allow the device to freely rotate. 

• Typical single point mooring systems can 
include turret mooring systems, catenary 
anchor leg moorings (CALM), and single 
anchor leg moorings (SALM) (Xu et al., 
2019).

Example of turret mooring system for a couple of floating 

tidal turbine platforms 
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4. Mooring system material and design
a. Marine energy specificities

• Spread moorings consists of multiple points of connection between the mooring system and the 
device (Maheen & Yang, 2023). 

• There are a variety of spread mooring types, commonly categorized into catenary moorings and taut 
moorings. 

• Catenary moorings may have a section of chain lying on the seafloor between the mooring line and 
the anchor. 

• Catenary moorings are the most commonly used for marine energy deployments (EMEC, 2016). 

Common mooring system 

configurations: A) catenary, B) taut O
R
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4. Mooring system material and design
a. Marine energy specificities

• Lazy S mooring systems are a variation of catenary moorings, with flotation added to the line to take 
off some of the weight when very long mooring lines are required at depth. 

• Taut mooring lines and tension leg moorings have increased stiffness and generally have a smaller 
seabed footprint than catenary moorings (EMEC, 2016).

Common mooring system 

configurations: C) tension leg, D) 

Lazy SO
R

J
IP
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0
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4. Mooring system material and design
a. Marine energy specificities

• Offshore mooring lines generally use chain, wire rope, and/or synthetic rope, although synthetic 
rope is most commonly used for WEC systems (Xu et al., 2019). 

• This is because synthetic rope allows for increased tensioning, demonstrates lower fatigue 
under tension, enables less corrosion, and is cost effective (Xu et al., 2019). 

• Sections of chains within catenary moorings provide additional weight and stability for marine 
energy systems but may be more expensive and require more maintenance (such as biofouling 
removal) than ropes (Maheen & Yang, 2023).
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4. Mooring system material and design
a. Marine energy specificities

• A survey of 13 marine energy developers (9 wave, 3 tidal, 1 riverine energy) identified a 
diversity of mooring configurations, materials, and diameters.

• Chain was mostly used for catenary configurations and synthetic material for taut systems; a 
combination of synthetic ropes (or steel cable) and chain was also often used for catenary or 
catenary + taut configurations.

• The thinnest line diameter was 22 mm (polyester rope); the thickest was 200 mm (nylon rope).

Number of mooring lines

1 2 3 4 5

15% 0% 38% 31% 8%

Mooring configuration

Catenary Taut
Catenary 

+ taut

Tension 

leg
Lazy S

23% 46% 23% 0% 0%

Mooring material (sometimes in combination)

Chain Steel cable
Polyester 

rope
Nylon rope

62% 8% 38% 23%

Line diameter (sometimes in combination)

< 50 mm 50-100 mm 100-150 mm > 150 mm

54% 46% 8% 15%

Diversity of number of mooring lines, configuration, material, and diameter across 13 marine energy 

devices, expressed in percentages.
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4. Mooring system material and design
b. Oceanographic instrument specificities

• Design, shape, and material of the mooring system for 
oceanographic instruments depend on the deployment duration 
and purpose, and environmental conditions such as depth, current, 
and wave conditions, as well as technical considerations such as 
deployment capabilities, budget, and personal preferences 
(Coppola et al., 2016; Venkatesan et al., 2018). 

• Most commonly, oceanographic instruments are equipped with 
single-point mooring systems, though occasionally some long-term 
deployments may use spread moorings with two anchor lines. 

• Mooring systems for surface oceanographic instruments are 
generally taut or catenary configurations, and can also include 
floats along the length of the line to ensure positive buoyancy, 
while subsurface instruments are usually on taut or semi-taut 
moorings.

•  Although long-term deployments may use chains for added 
durability and stability, most oceanographic instruments use wire 
ropes and/or synthetic lines. Surface retrieval lines are commonly 
created using buoyant synthetic lines.

Common observation buoy 

mooring systems 
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5. Mooring system entanglement risk

• Entanglement risk with mooring systems varies depending on the 
physical characteristics of the system, including tension, loose 
ends, materials, movement of the system under various sea 
states (i.e., two-dimensional watch circle and three-dimensional 
swept volume), and curvature of the lines (Harnois et al., 2015). 

• Catenary moorings (part laying on the seafloor, part suspended 
in the water column) are kept under fairly low tension and allow 
for flexibility in the system. 

• Pre-tensioned lines that make up taut and tension moorings 
provide higher degree of tension and little flexibility, ensuring that 
mooring lines remain in place under various sea states (Harnois 
et al., 2015). 

• Accessory buoys can be added at various parts of the lines to 
reduce the load of the mooring system on the floating structure 
(e.g., lazy S mooring configuration); however, this increases 
flexibility in the lines.

Schematic of taut-moored and 

catenary mooring systems with 

synthetic ropes and chains
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5. Mooring system entanglement risk

Entanglement risk assessment 

for different mooring types. 

Each parameter was scored on 

a scale from 1 to 3 (1 = lower 

relative risk, 3 = higher relative 

risk). The total entanglement 

risk score ranged from 3 to 9. 

(Source: Harnois et al. 2015)

• Harnois et al. (2015) calculated the entanglement risk for different mooring types using inputs 
that relate to the physical characteristics of the mooring, such as tension, swept volume, and 
curvature.
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5. Mooring system entanglement risk

• Based on tension characteristics, the taut mooring configuration without accessory buoys had the 
lowest entanglement risk score, while catenary mooring with chains and nylon ropes, as well as 
catenary and taut moorings with accessory buoys, had the highest score. 

• Considering the swept volume ratio of each mooring type, the entanglement risk score was lowest for 
taut mooring lines, both with and without accessory buoys. 

• Accessory buoys increases the curvature of the mooring line, therefore increasing relative 
entanglement risk of moorings. 

• Overall entanglement risk was determined for each mooring type using these scores. 

• The highest risk (7) was associated with catenary moorings with chains and nylon ropes, and catenary 
moorings with accessory buoys. 

• Moderate scores (6) were given to catenary moorings with chains and polyester ropes, and catenary 
moorings with chains only, as well as the taut mooring with accessory buoys. 

• The lowest risk score (3) was assigned to the taut mooring configuration with no accessory buoys 
(Harnois et al., 2015) 
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6. Animals at risk and their specificities

• The marine animals most likely to be at 
risk of entanglement in the mooring lines 
or cables of marine energy devices and/or 
oceanographic instruments are large 
animals (megafauna) that tend to move 
slowly, don’t maneuver very well, or spend 
a lot of time at the surface and/or near 
artificial structures for food or shelter. 

• Examples include large whales, sea 
turtles, or ocean sunfish.
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6. Animals at risk and their specificities
a. Distribution – Cetaceans

• Cetaceans can occupy a variety of habitat types 
depending on the time of year, migration patterns, 
foraging areas, and breeding areas. 

• For example, the north Atlantic right whale 
(Eubalaena glacialis) primarily live in Atlantic coastal 
waters on the continental shelf, however they do also 
travel farther offshore into deep water (NOAA 
Fisheries, 2025t). 

• Generally, they can be found north off the coast of 
New England or into Canada, their known foraging 
areas, but they also migrate to shallower water off 
the southern east coast states for breeding. 

• Right whales can often be observed near the 
surface, socializing in groups (NOAA Fisheries, 
2025t). 
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6. Animals at risk and their specificities
a. Distribution – Cetaceans

• Humpback whales (Megaptera novaeangliae) are 
found in all major oceans.

• They can be observed in both deep and shallow 
waters, preferring warmer, shallow water for calving, 
and colder water for feeding both in deep and 
shallow water, requiring sometimes extensive 
migration between seasons. 

• They can be observed close to the shore and near 
the surface (NOAA Fisheries, 2025p). 

• Other whales, for example, the sperm whale 
(Physeter macrocephalus) are found in deep ocean 
waters around the world, diving deep below the 
surface to hunt for food (NOAA Fisheries, 2025k).
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6. Animals at risk and their specificities
a. Distribution – Cetaceans

• Smaller cetaceans, such as harbor porpoises 
(Phocoena phocoena) and bottlenose dolphins 
(Tursiops truncatus), are found in both temperate and 
tropical waters, and can inhabit a variety of 
nearshore coastal habitats such as bays, harbors, 
gulfs, and estuaries (NOAA Fisheries, 2025c, 2025e). 

• Bottlenose dolphins can also be found in offshore, 
deeper water. 

• These dolphins can be seen exhibiting social 
behaviors and curiosity at the surface. 

• Harbor porpoises, on the other hand, can be shy and 
hesitant to approach objects or surface near boats 
(NOAA Fisheries, 2025c).
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6. Animals at risk and their specificities
a. Distribution – Pinnipeds

• Pinnipeds, such as harbor seals (Phoca vitulina) 
and gray seals (Halichoerus grypus), inhabit coastal 
waters.

• Gray seals are found along the north Atlantic coast, 
and harbor seals along both East and West coasts 
of the U.S. (NOAA Fisheries, 2025i, 2025j). 

• Both harbor and gray seals can be found traveling 
or foraging in deeper water; however, most of the 
time, they gather in groups to haul out on rocky 
shores or beaches (NOAA Fisheries, 2025c, 2025i).
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6. Animals at risk and their specificities
a. Distribution – Sirenians

• The only sirenian present in the U.S. is the West Indian manatee (Trichechus manatus), consisting 
of two subspecies: Florida manatee and Antillean manatee. 

• West Indian manatees can be found along the Atlantic and Gulf coasts, moving around throughout 
the year as they are intolerant to cold water (U.S. Fish & Wildlife Service, 2025b). 

• They are generally found in nearshore areas, particularly those that include aquatic vegetation, 
such as seagrass and eelgrass. 

• They also need to surface for air regularly, only able to hold their breaths for up to 20 minutes (U.S. 
Fish & Wildlife Service, 2025b).
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6. Animals at risk and their specificities
a. Distribution – Sea Turtles

• The coasts of the U.S. inhabits multiple species of sea turtles. 

• Green sea turtles (Chelonia mydas) and loggerhead (Caretta caretta) sea turtles are found in the 
Atlantic, Pacific, and Gulf coasts (NOAA Fisheries, 2025m, 2025q). 

• Juveniles spend the first phase of their lives in the open ocean, before traveling to shallow coastal 
water to foraging grounds. 

• Adult green and loggerhead turtles migrate, sometimes great distances, from their nearshore foraging 
grounds, to nesting beaches to lay eggs (NOAA Fisheries, 2025m, 2025q). 
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6. Animals at risk and their specificities
a. Distribution – Sea Turtles

• Leatherback sea turtles (Dermochelys coriacea) are found in 
deep waters off the Atlantic, Pacific, and Gulf coasts, but 
their primary nesting beaches in the U.S. are in Florida, 
Puerto Rico, and the U.S. Virgin Islands (NOAA Fisheries, 
2025s). 

• Leatherback turtles spend most of their time offshore and 
can undertake long migrations between foraging and 
breeding grounds (NOAA Fisheries, 2025s). 
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6. Animals at risk and their specificities
a. Distribution – Sea Turtles

• Kemp’s ridley sea turtles (Lepidochelys kempii) 
are found primarily along the Gulf coast and the 
U.S. Atlantic coast from Florida to New England. 

• Juveniles travel offshore, drifting for the first few 
years as they grow, then migrating to nearshore 
habitats to feed (NOAA Fisheries, 2025l). 

• Adult females migrate to land to lay eggs, 
however unlike the green, loggerhead, and 
leatherback turtles, they engage in group nesting 
in which large groups gather offshore and then 
travel to the beach all at once (NOAA Fisheries, 
2025l).
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6. Animals at risk and their specificities
a. Distribution – Elasmobranchs

• More than 50 species of sharks are found along the 
Atlantic coast of the U.S., many of which spend at 
least some of their time in coastal nearshore waters, at 
either foraging or nursing grounds (NOAA Fisheries, 
2025b). 

• Basking sharks (Cetorhinus maximus) are migratory 
species that can be found in both deep and nearshore 
coastal waters. 

• They are usually observed feeding on plankton near 
the surface, but can also dive to significant depths 
(BOEM, 2024). 
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6. Animals at risk and their specificities
a. Distribution – Elasmobranchs

• Atlantic blacktip sharks (Carcharhinus limbatus) 
are found more commonly in the Gulf and 
around Florida, but can be spotted migrating as 
far north as Massachusetts (NOAA Fisheries, 
2025a, 2025r). 

• Blacktip sharks primarily inhabit the continental 
shelf and can be found off beaches and in bays 
(NOAA Fisheries, 2025r). 

• Great white sharks (Carcharodon carcharias) 
are migratory animals present in all U.S. 
temperate and subtropical waters, in both 
nearshore coastal waters and offshore pelagic 
waters. 

• Juveniles tend to remain nearshore in warmer 
waters and, as they age, they split their time 
between pelagic waters and nearshore hunting 
grounds (NOAA Fisheries, 2025a).
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6. Animals at risk and their specificities
a. Distribution – Large fish

• The largest teleost fish, the ocean sunfish (Mola mola), 
can be found in the U.S. off both the Atlantic and Pacific 
coasts (oceansunfish.org, n.d.). 

• Based off of satellite tagging data, sunfish can be found 
in the Gulf of Maine and New England during the spring 
and summer months and move south along the 
continental shelf break towards Florida and the Gulf at 
the end of summer (Potter, 2010). 

• Ocean sunfish largely inhabit deeper offshore waters; 
however, they do travel nearshore to shallower, warmer 
waters, particularly those found along the coasts of the 
in northern states (Potter, 2010).
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6. Animals at risk and their specificities
a. Distribution – Large fish

• Other large fish present along the U.S. Atlantic coast include 
swordfish, billfish and tuna species, such as the Atlantic 
bluefin tuna (Thunnus thynnus) and the North Atlantic 
swordfish (Xiphias gladius) (NOAA Fisheries, 2025o). 

• Bluefin tuna are found along the east coast, ranging from 
Canada to the Gulf coast. 

• They primarily live near the surface, but do frequently dive in 
deeper waters (NOAA Fisheries, 2025g). 

• Bluefin tuna are highly migratory species, but usually return 
to the Gulf to spawn (NOAA Fisheries, 2025g). 

• Swordfish can be found in the Gulf Stream of the western 
north Atlantic, and live both in surface and mid-water column 
areas. 

• Swordfish are migratory animals, moving between warm 
waters for spawning and colder waters for feeding (NOAA 
Fisheries, 2025f).
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6. Animals at risk and their specificities
b. Maneuverability

• Maneuverability varies per 
species depending on body 
shape, size, and skeletal 
structure. 

• The table provides an overview 
of the relative flexibility of 
various marine animal groups, 
associated with their potential 
risk of entanglement due to limits 
in maneuverability. 

• More details about animal 
maneuverability are provided in 
the following slides.

Body flexibility of different megafauna groups 

(Source: Benjamins et al., 2014) 
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6. Animals at risk and their specificities
b. Maneuverability – Cetaceans

• Cetaceans share several morphologic features 
associated with increased hydrodynamic 
performance, including streamlined bodies, 
oscillation of caudal flukes for propulsion, and 
hydrodynamic flippers (Weber et al., 2014). 

• Smaller cetaceans have the advantage of faster 
turning rates and shorter turn radius compared to 
larger bodied cetaceans (Howland, 1974). 

• Cetaceans that have flexible bodies and mobile 
flippers sacrifice speed for increased 
maneuverability, while species with stiffer 
morphologies are faster but less maneuverable 
with a higher turn radius (Fish, 1997). 

• Body shape and body features determining 
swimming behavior and maneuverability have 
evolved over time based on feeding requirements 
and habitat considerations (Fish, 2002; Woodward 
et al., 2006).

Body form for selected baleen whale species ranked 

on cruising speed and maneuverability requirements 
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6. Animals at risk and their specificities
b. Maneuverability – Pinnipeds

• Pinnipeds, like the California sea lion (Zalophus 
californianus), exhibit a small turning radius, even 
at high swim speeds (Fish, 1997). 

• Pinnipeds have highly flexible bodies and flippers 
that aid in increasing maneuverability and quick 
turning (Fish, 1997). 

• The streamlined shape of a harbor seal’s body and 
small non-rotatable flippers allows for increased 
swimming efficiency and high agility (Zier & 
Gaydos, 2014).

Aquatic locomotion of seals and fur seals. 

a–d lateral undulation, dorsal view of a seal: 

power stroke by left hind fin (arrow) with 

abducted toes (a–c) and change to right hind 

fin with new power stroke (arrow) (d). 

e–g underwater flight, caudal view  of a fur 

seal: recovery (e), paddle phase (f), and power 

phase (g).
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6. Animals at risk and their specificities
b. Maneuverability – Sirenians

• Manatees are slow swimmers generally; however, 
they can exhibit small bursts of speed when 
threatened (Kojeszewski & Fish, 2007). 

• They swim by undulation with their bodies and 
paddle-like flukes, a relatively lower efficiency 
method than that of cetaceans (Kojeszewski & 
Fish, 2007). 

• Feeding manatees are less likely to change their 
behavior when disturbed such as a passing boat; 
however, when swimming in a traveling state, they 
are much more likely to respond to the stimulus 
and change direction (Rycyk, 2013).

Florida manatee behaviors, from resting (A) to 

fast swimming (J)
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6. Animals at risk and their specificities
b. Maneuverability – Sea turtles

• All sea turtles have streamlined bodies that limit 
drag and facilitate long distance swimming, and 
flippers that produce thrust (Lutz et al., 2002). 

• The spine and ribs of sea turtles are fused to their 
carapace, making their bodies rigid; their fore- and 
hindlimbs are thus responsible for locomotion and 
maneuvering (Lutz et al., 2002; Rivera, 2009). 

• Green turtle’s forelimbs act like wings, generating 
a strong propulsive force that allows for highly 
efficient swimming (Davenport et al., 1984).

Flipper motion of a swimming green sea turtle
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6. Animals at risk and their specificities
b. Maneuverability – Elasmobranchs

• Large pelagic species, such as the basking shark, great white shark, Atlantic shortfin mako, and 
blacktip shark, come in a variety of shapes and sizes.

• Most sharks have elongated, streamlined bodies in a fusiform shape that reduce drag and allow 
for efficient swimming, while flexibility of the body enables quick turning movements (Thomson & 
Simanek, 1977; Wilson & Wilding, 2017). 

• Basking sharks are relatively slow swimmers, even more so when filter feeding with their mouths 
open (Sims, 2000).

Shark spine stiffness and swimming efficiency
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6. Animals at risk and their specificities
b. Maneuverability – Large fish

• Despite their large size, ocean sunfish have been 
observed to be active swimmers, exhibiting highly 
directional movement (Cartamil & Lowe, 2004). 

• Ocean sunfish use both their anal fin and dorsal fin in 
a “flapping” motion to generate a forward thrust (Pope 
et al., 2010). 

• Other species of large fish, such as tunas, swordfish, 
and billfish have streamlined bodies for quick 
movement through the water (NOAA Fisheries, 2025d, 
2025f, 2025g). 

• While these fish are fast swimmers, their round body 
shape makes them not particularly flexible (Shadwick 
et al., 2013). 
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6. Animals at risk and their specificities
c. Detection capabilities

• Different animal groups have a variety 
of detection capabilities adapted to their 
habitat, environmental conditions, body 
size, and evolutionary history. 

• The general sensory capabilities of 
marine megafauna groups are 
summarized in the table.

Marine megafauna detection capabilities related to mooring lines
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6. Animals at risk and their specificities
c. Detection capabilities – Cetaceans

• Cetaceans’ wavelength sensitivity is blue-shifted and 
suited for low light levels, with maxima at 483 nm for 
sperm whales, 496 nm for gray whales, and 488 nm 
for bottlenose dolphins (McFarland, 1971). 

• While cetaceans have limited color vision, colors that 
contrast strongly with the blue of the ocean, such as 
red, orange, and white, might allow for increased 
detection of colored submerged objects (Kot et al., 
2012; Kraus et al., 2014). 

• Dolphins have poor visual acuity in the range of 10 to 
20 min of arc, a measurement of an animal’s ability to 
perceive details at a distance (Griebel & Peichl, 2003). 
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Simulation of minke whales’ greyscale vision at 

5-m depth: A = black, B = blue, C = green, D = 

yellow, E = orange, F = white

• Echolocation is the toothed whales’ additional detection capability, the ability to emit and detect 
sound waves to perceive objects in their environment. 

• For instance, harbor porpoise are able to detect submerged gillnets over 80 m away (Nielsen et al., 
2012).
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6. Animals at risk and their specificities
c. Detection capabilities – Cetaceans

• Low frequency cetaceans, like baleen whales, have a 
hearing range from 7 Hz to 36 kHz, high frequency 
cetaceans like dolphins and toothed whales from 150 
Hz to 160 Hz, and very high frequency cetaceans like 
true porpoises and river dolphins from 200 Hz to 165 
kHz (National Marine Fisheries Service 2024a). 

• Cochlear formats and frequency ranges in cetaceans 
are related to their habitats and feeding behaviors. 

• Type 1 cochlear formats are found in inshore 
porpoises and river dolphins, where they live in turbid 
waters and use high frequency signals for analyzing 
fine details. 

• Type 2 cochlear formats are found in offshore and 
pelagic dolphin species and have better mid to low 
range hearing than type 1 ears; type 2 ears are 
consistent with social species that rely on resolving 
predators and prey at greater distances (Ketten 2000).
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various species of toothed whales 
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6. Animals at risk and their specificities
c. Detection capabilities – Pinnipeds

• Pinnipeds possess mechanoreception abilities, particularly 
through the vibration of their whiskers. 

• The ability to detect water movement due to submerged 
objects or organisms is known as hydrodynamic perception 
(Hanke et al., 2013) and has been experimentally observed 
in harbor seals (Dehnhardt et al., 1998). 

• Pinniped visual acuity falls within the range of 5 to 9 
minutes of arc for underwater vision (Schusterman, 1972), 
relatively poor visual acuity compared to land animals, 
some of which have acuity under 1 arc minute.

• Underwater hearing ranges for true seals to span six 
octaves (Reichmuth et al. 2013). 

• The general underwater hearing range for true seals 
(phocids) is 40 Hz to 90 kHz, and 60 Hz to 68 kHz for sea 
lions and fur seals (otariids) (National Marine Fisheries 
Service 2024a).
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6. Animals at risk and their specificities
c. Detection capabilities – Sirenians

• Sirenian vision is better suited for focusing on 
objects further than 1-m away than detection of 
close-by objects (Bauer et al., 2003; A. M. Moore et 
al., 2022). 

• West Indian manatees have dichromatic vision, 
inhibiting their ability to distinguish colors from grey; 
they can, however, discriminate between brightness 
levels (Griebel & Schmid, 1997). 

• Manatees have whole-body distribution of vibrissae, 
which they use for both tactile investigation and 
detection of hydrodynamic stimuli (Reep et al., 
1998). 

• Along with vibrissae, manatees possess stiff 
whiskers around their mouths, allowing for tactile 
sensation and detection of changes in water current 
and pressure (Florida Fish And Wildlife Conservation 
Commission, n.d.).
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• Sirenian hearing was experimentally 
determined to be within the range of 0 to 

90.5 kHz, with greatest sensitivity at 16 

– 18 kHz (Gaspard et al., 2012; Moore 
et al., 2022).

50



6. Animals at risk and their specificities
c. Detection capabilities – Sea turtles

• While sea turtles are somewhat nearsighted on land, they 
spend most of their time in well-lit surface waters and have 
well developed visual systems (Lutz et al., 2002).

• The optical system of sea turtles enables the detection of 
UV light, along with spectral sensitivity ranging from ≈ 400 
to 640 nm (Swimmer & Brill, 2006). 

• Leatherback sea turtles have peak visual sensitivity to 
blue/green wavelengths (around 500 nm) of light and 
green turtles to orange light (around 600 nm) (Swimmer & 
Brill, 2006). 

• Sea turtles’ photoreceptors contain different colored oil 
droplets that allow them to broaden their range of color 
perception and increase their color discrimination 
(Southwood et al., 2008). 

• Sea turtles hear low-frequency sounds within the range of 
100 to 1000 Hz, with greatest sensitivity between 200 and 
400 Hz (Moein Bartol & Musick, 2003). 
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• Green sea turtles, for example, detect 
a frequency range of 200-700 Hz with 

highest sensitivity around 400 Hz 

(Ridgway et al., 1969). 51



6. Animals at risk and their specificities
c. Detection capabilities – Elasmobranchs

• Elasmobranchs can detect objects through multiple senses: hearing, olfaction (i.e., smell), vision, 
pressure and vibrations, electro-perception, taste, and touch.

• Many pelagic shark species are attracted to low-frequency sounds in the 25 to 1000 Hz, with 
attractiveness increasing as frequency decreases (Myrberg et al. 1976; Myrberg 2001). 

• Irregularly pulsed sounds, such as movement of prey, are more attractive to sharks than regularly 
pulsed sounds (Myrberg et al. 1976), such as noises emitted from submerged permanent or semi-
permanent objects. 

• The sense of smell is highly developed in sharks, allowing them to sense prey, communicate, and 
navigate from over 100 m away from a source (Collin et al. 2015). 
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6. Animals at risk and their specificities
c. Detection capabilities – Elasmobranchs

• Increased eye size in pelagic elasmobranchs is likely an adaptation for improved sensitivity and visual 
acuity (Land & Nilsson, 2012). 

• Oceanic sharks exhibit relatively high spatial resolution and improved visual acuity, compared to 
benthic shark species that tend to have smaller eyes and may rely on other non-visual senses (Lisney 
& Collin, 2007; Raschi et al., 2001). 

• Elasmobranchs that spend more time at depth tend to have visual pigments shifted toward shorter 
wavelengths (470-485 nm, blue shifted), while those spending more time in surface waters have visual 
pigments shifted towards longer wavelengths (500-510nm) (Hart et al., 2011). 

• Elasmobranchs have the ability to detect electric field signals from their prey (Kim 2007); however, it 
remains uncertain whether species can distinguish between natural and anthropogenic EMF signals 
(Collin et al. 2015; Newton et al. 2019). 
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6. Animals at risk and their specificities
c. Detection capabilities – Large fish

• Ocean sunfish have been found to have visual acuity similar to adult 
sharks, but lower than other large pelagic fish, like the blue marlin, with 
visual acuity increasing with body size (Fritsches et al., 2003). 

• Ocean sunfish have the highest visual clarity at the lower frontal portion of 
their visual field; this is advantageous for detecting prey, moving through 
the water column, and foraging on the seafloor (Kino et al., 2009).

• Billfishes have large eyes, peak sensitivity around 484 nm (blue-green) 
and may have potential for color vision (Collin et al., 2000). 

• Other large pelagic fish, including tunas and swordfish, have peak 
sensitivity at 488 nm, and have likely adapted their vision for deeper, blue 
ocean water (Fritsches & Warrant, 2004). 

• Pelagic species that hunt closer to the surface of the water have greater 
potential for color discrimination  (Southwood et al., 2008).  

• Tunas are hearing generalists, detecting low-frequency sounds less than 
1000 Hz, with highest sensitivities around 200 to 500 Hz depending on 
species (Southwood et al., 2008).

Visual field of ocean sunfish

K
in

o
 e

t 
a

l.
 2

0
0
9

54



7. Entanglement risk to marine megafauna

• Entanglement records from other industries, such as fishing, 
boating, and environmental monitoring have involved large 
whales, dolphins, sea turtles, and pinnipeds (Benjamins et 
al., 2014; Daniel et al., 2023; Dodge et al., 2022). 

• Large fish, such as ocean sunfish, sharks like basking 
sharks, and rays have been caught in commercial fishing 
gear and may be at risk of entanglement in ropes and lines 
(Benjamins et al., 2014). 

• Records of sirenian (manatees) entanglement are rare but 
have been documented in crab pot lines and other ropes 
(Beck & Barros, 1991). 

• Entanglement in anthropogenic materials can lead to 
asphyxiation, tissue damage, difficulty with movement or 
foraging, increased drag if towing entangled material, and 
potential population level effects on vulnerable species if an 
entangled animal dies or is unable to reproduce or care of its 
young (Benjamins et al., 2014; Cassoff et al., 2011; Moore & 
van der Hoop, 2012).
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7. Entanglement risk to marine megafauna
a. Animal behavior near mooring lines

• Animal behavior near mooring lines and 
power cables can be informed by 
observations from other marine industries 
and activities. 

• In 2013, green sea turtles were observed 
foraging on an algae encrusted mooring line 
used to secure a vessel (de Carvalho-Souza 
et al., 2016). 

• The turtles took strong bites, exposing the 
nylon rope filaments, and were observed 
taking breaks to rest after feeding, remaining 
motionless in the water column before 
swimming away. 

• Sustained grazing can lead to weakened 
mooring lines, ingestion of nylon fibers, and 
increased presence near the mooring system 
due to increased feeding opportunities (de 
Carvalho-Souza et al., 2016).
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7. Entanglement risk to marine megafauna
b. Entanglement observations

• No entanglement of animals has been observed in the mooring 
lines or cables of marine energy devices, and a single event has 
been reported so far of a leatherback turtle entanglement in the 
surface line of an oceanographic instrument. 

• Most documentation of megafauna entanglement comes from 
encounters with fishing gear.

• Between 1980 and 2009, 1032 events of north Atlantic right whale 
entanglements in fishing gear were documented, involving at least 
626 different whales (Knowlton et al. 2012). 

• At least 306 of these whales got entangled more than once, one of 
them having been found entangled at least seven times, and five 
whales at least six times. 

• While entanglement rates were similar for males and females, 
juveniles presented a higher entanglement rate. 
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7. Entanglement risk to marine megafauna
b. Entanglement observations

• In Florida, about 6% of the strandings of dolphins, 
manatees, and sea turtles recorded between 
1997 and 2009 were identified as resulting from 
entanglement with fishing gear, increasing 
throughout the time period: 132 dolphins, 380 
manatees, and 1070 sea turtles (Adimey et al., 
2014). 

• Entangling fishing gear were monofilament lines 
(75%), trap pot gear (18%), nets (5%), and mixed 
gear (2%).
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7. Entanglement risk to marine megafauna
b. Entanglement observations

• Data from the Disentanglement Network on the continental shelf 
of Massachusetts from 2005 to 2019 was used to analyze sea 
turtle entanglements (Dodge et al., 2022). 

• 280 sea turtle entanglement events were recorded over that time, 
including 272 leatherback turtles. 

• Of the 272 leatherback entanglements, 251 occurred from buoy 
lines, of which 92% were from fishing pots or traps, 3% were from 
boat mooring lines, and the other 5% were from other buoy lines 
like those used in aquaculture or with research pots and traps. 

• In the majority of cases, the line was wrapped around the neck or 
front flippers of the turtle, and almost all were entangled near the 
surface, within two body lengths of the buoy (Dodge et al., 2022). 

• For most of these sea turtle entanglements, the buoy line was 
white (68%), of 0.95-cm diameter (94%), and made of polyblend 
material (86%).
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7. Entanglement risk to marine megafauna
c. Entanglement process

• A sea turtle entanglement event in fishing and 
mooring lines was simulated using footage from 
disentanglement and rescue events, and one 
witnessed event, in order to understand how 
entanglement occurs (MacNicoll et al., 2017). 

• In the simulation, the entanglement began with 
a turtle encountering a mooring line and making 
contact, followed by the line wrapping around 
the turtle’s flipper or shoulder (or neck in severe 
cases). 

• Sensing the entanglement, the turtle would 
attempt to turn and disentangle itself; however, 
with the unintended effect of tightening the loop. 

• A second simulation was completed with a 
mooring line with higher stiffness, leading to the 
line not wrapping around the turtle’s limbs and 
the turtle not becoming entangled (MacNicoll et 
al., 2017).
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Turtle simulation of entanglement with mooring line 

(left) and simulation of same event but with higher 

mooring stiffness, resulting in an encounter, but no 

entanglement (right)
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7. Entanglement risk to marine megafauna
c. Entanglement process

• Another group of researchers developed an interactive tool to simulate the entanglement of a north 
Atlantic right whale in the ropes of fishing pots, enabling whale behavior such as swimming motion, 
body roll, vertical and horizontal direction shifts, and surface activities (Howle et al., 2018). 
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Simulations of a north Atlantic right whale entanglement in a 

fishing line, resulting in a flipper and body wrap (left) or in a 

peduncle wrap (right)

• A flipper and body entanglement was 
obtained with the whale engaging in a 
body roll upon initial contact with the 
rope; flipper sweep angle and body 
roll direction were important factors 
influencing whether an entanglement 
was happening, and its severity. 

• Peduncle entanglements were the 
results of different behaviors, such as 
an evasion turn upon encounter that 
resulted in wrapping the tail, contact 
with the rope followed by surface 
activity, or a flipper and body wrap 
that slips along the body, freeing the 
flipper but entangling the peduncle 
(Howle et al., 2018).
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7. Entanglement risk to marine megafauna
d. Entanglement risk

Risk based on animals’ biological characteristics

• Entanglement risk of marine megafauna from mooring systems can be estimated based on physical 
characteristics of the animals, such as body size, body flexibility, ability to accurately detect mooring 
components, and foraging styles (Benjamins et al., 2014).

Entanglement risk for 

megafauna groups based 

on four biological risk 

parameters. Each 

parameter was scored on 

a scale of two or three (1 

= lower relative risk, 2/3 = 

higher relative risk). The 

total entanglement risk 

scored from four (minimal 

risk) to ten (maximum risk) 

(Benjamins et al. 2014)
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7. Entanglement risk to marine megafauna
d. Entanglement risk

• Relative to body length, cetaceans, particularly large baleen and sperm whales have the highest 
entanglement risk, while smaller animals, such as small and medium sized whales and dolphins, 
ocean sunfish, seals, and sea turtles have lower entanglement risks. 

• In relation to body flexibility and the ability to easily maneuver around lines to avoid entanglement, 
cetaceans, sea turtles, and sunfish are at the highest risk, while more flexible species such as 
pinnipeds and sharks are at relatively lower risk. 

• In terms of their ability to detect the mooring lines, almost all megafauna groups were assessed as 
having detection distances from 1-10 body lengths; only the toothed whales (e.g., sperm whale, 
dolphins, porpoises, etc.) had a detection distance of greater than 10 body lengths because of their 
ability to echolocate (Benjamins et al., 2014). 

• Animals that rely more on sight, such as sea turtles, would likely need to approach the lines closer 
for detection, than those that rely on echolocation. 

• Relative to their foraging styles, animals that lunge feed, such as some baleen whales like 
humpbacks, have a higher risk of entanglement near mooring lines. 

• Filter feeders (e.g., some baleen whales like gray whales, basking and whale sharks) have the next 
highest relative entanglement risk, and pursuit hunters (e.g., toothed whales, pinnipeds, other large 
sharks, sunfish) have the lowest relative risk (Benjamins et al., 2014).

63



7. Entanglement risk to marine megafauna
d. Entanglement risk

• Tallying the risk scores from these biological 
characteristics, small-sized toothed whales 
(e.g., porpoises, dolphins), pinnipeds, and 
large sharks other than basking sharks 
appear to be at least risk of entanglement 
based on the overall biological risk score (5). 

• Medium and large-sized toothed whales, sea 
turtles, basking sharks, and ocean sunfish are 
at greater relative risk (6-7), and medium and 
large baleen whales have the greatest overall 
entanglement risk (9-10) (Benjamins et al., 
2014).
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7. Entanglement risk to marine megafauna
d. Entanglement risk

Risk based on mooring types

• Combining risk assessments based on animal characteristics and the physical characteristics of 
marine energy mooring system configurations (i.e., tension, swept volume, curvature), the taut 
configuration presented the lowest relative risk for all megafauna groups (Benjamins et al., 2014).

Relative entanglement risk 

assessment for megafauna 

groups and marine energy 

mooring type based on 

physical and biological risk 

assessments. Relative risk 

increases as the color of 

the cell increases. LF = 

lunge feeder, FF = filter 

feeder, footnote 2 marks 

species not occurring in 

Scottish waters (Benjamins 

et al. 2014)
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7. Entanglement risk to marine megafauna
d. Entanglement risk

• Baleen whales are at higher relative risk for all other 
mooring configuration types. 

• Toothed whales (except small whales, dolphins and 
porpoises), sea turtles, basking sharks, and the 
ocean sunfish are at moderate relative risk for all 
other configuration types. 

• The lowest relative entanglement risk is faced by 
small toothed whales, dolphins, and porpoises, 
pinnipeds, and large sharks (except basking/whale 
sharks) around catenary and chain (and polyester) 
moorings, taut moorings, and taut moorings with 
accessory buoys. 

• Catenary mooring configurations that include chain 
and nylon or accessory buoys have lower tension 
than other configurations and may pose a relative 
greater risk to these animals (Benjamins et al., 2014). 
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7. Entanglement risk to marine megafauna
d. Entanglement risk

• The single vertical mooring lines of oceanographic 
instruments are unlikely to entangle marine organisms. 

• However, subsurface moorings may present some 
entanglement risk to animals in the water column, 
depending on the depth of the top of the deployment and 
the depth to which specific animals dive and swim. 

• The animals most likely to be at risk are large whales and 
perhaps some sea turtles, as other species have greater 
maneuverability, should they encounter a line. 

• On the other hand, the surface lines sometimes 
associated with oceanographic instruments are likely to 
pose the most significant risk of entanglement. 

• Animals swimming at the surface, in particular sea 
turtles, may swim between the two surface floats without 
detecting the floating line and become entangled as, in 
these case, the floats do not provide enough resistance 
to keep the surface line taut.
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8. Entanglement mitigation strategies

• Marine energy mooring systems do not have any loose end and are 
already relatively taut, making entanglement risk very unlikely. 

• Nevertheless, several mitigation strategies can be employed to make 
the chains, ropes, and/or lines more detectable by animals. 

• Regarding oceanographic instruments, the highest risk for marine 
animal entanglement is likely to be floating surface lines that are 
often flexible and offer little resistance to animal interactions. 

• Removing these surface lines would lower the risk, at the cost of 
greater retrieval convenience of the oceanographic instruments. 

• Other placements of oceanographic instruments (seabed mounted, 
subsurface) present lower risks of entanglement but may still benefit 
from some mitigation depending on the material and stiffness of the 
mooring lines. 

• Several strategies exist from the fishing industry to make gear more 
detectable by animals or to weaken lines at strategic places to 
release caught animals, that may be applicable to oceanographic 
deployments.

O
c
e

a
n
 H

a
rv

e
s
ti
n
g

 T
e
c
h
n

o
lo

g
ie

s

68



8. Entanglement mitigation strategies
a. Strategies to increase mooring detectability

• Increasing detectability of the mooring lines and cables by the animals is primordial. 

• Fishing and aquaculture industries have long used acoustic deterrent devices, or pingers, to reduce 
marine mammal bycatch and depredation, with inconclusive results (Hamilton & Baker, 2019). 

• Results are very much species- and location specific, with signs of habituation, and even attraction, 
to pingers observed in some cetacean and pinniped species. 

• In addition, the acoustic emissions from pingers may reach harassment levels set forth in the NMFS 
Technical Guidance on anthropogenic sounds and marine mammals (National Marine Fisheries 
Service, 2024) and lead to animal displacement from crucial habitats (Hemery et al., 2024). 

• The chain components of a mooring system, if able to clank, may generate sufficient noise to deter 
some species, though also attract the curious ones. 
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• For these reasons, increasing the acoustic footprint 
of the mooring system, through pingers or other 
methods, is unlikely to provide reliable mitigation 
strategies to increase detectability and reduce 
entanglement risk.
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8. Entanglement mitigation strategies
a. Strategies to increase detectability

• Increasing visibility of the mooring system components may be 
a more reliable strategy, by either using thicker lines, ropes, or 
chains, or using colors that animals at risk can detect. 

• Various studies have suggested that large whales (e.g., minke, 
humpback, right) may better detect rope colors that contrast 
with the natural blue-green background in the photic zone 
during daylight periods, such as orange or white (Kot et al. 
2012), with right whales detecting red and orange ropes from a 
greater distance than the black or green ones (Kraus et al., 
2014). 

• Sea turtles, on the other hand, have peak sensitivity to colors 
such as blue and green (leatherback turtle) and yellow and 
orange (loggerhead and green sea turtle) (Levenson et al., 
2004; Swimmer & Brill, 2006). 

• If whales and sea turtles are both taxa of concern in a 
deployment area, a solution may be to use synthetic ropes 
with different colors of strands or patterns, like a mix of white, 
orange, and green.
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8. Entanglement mitigation strategies
a. Strategies to increase detectability

• Efforts from fisheries bycatch reduction research have 
shown the addition of UV or green light emitting diodes 
(LEDs) can result in a significant reduction in sea turtle 
or seabird entanglement with lines and nets (Mangel et 
al., 2018; Wang et al., 2013). 

• However, it is cautioned that light emissions may affect 
species differently, for example attracting pinnipeds and 
fish, and this should be considered carefully if used as 
an entanglement mitigation strategy.

• Additional avenues to increase detectability involve 
increasing the acoustic reflectivity of the mooring 
systems to be better detected by echolocating marine 
mammals, or increase the water turbulence generated 
around the mooring line to increase detectability by 
animals with whiskers or lateral lines. 

• However, these approaches would require more 
research on their effectiveness.
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8. Entanglement mitigation strategies
b. Strategies that involve mooring system integrity

• Animal entanglement simulation studies found that when line 
tension and bending stiffness were increased for pot ropes and 
mooring lines, the risk of entanglement for large whales and sea 
turtles decreased, as it enabled the animals to interact with the line 
without getting it looped around a body part (Howle et al., 2018; 
MacNicoll et al., 2017). 

• Whenever possible, stiffer and less bendy wire or synthetic ropes 
should be prioritized, by selecting lines with larger diameters and/or 
made of stiffer material.

• Conversely, another study argued that ropes with relatively low 
breaking strength (i.e., < 7.56 kilonewtons) would enable large 
whales to break free from a life-threatening entanglement 
(Knowlton et al., 2016). 

• However, this study was focused on fishing ropes; while this rope 
strength is orders of magnitudes lower than what marine energy 
mooring systems require, it may be sufficient for short-term 
deployments of oceanographic instruments to withstand routine 
operation, especially if the use of a surface line is required.
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8. Entanglement mitigation strategies
b. Strategies that involve mooring system integrity

• An alternative to using entire mooring lines of lower 
strength for oceanographic instruments is to embed 
within strategic sections of the lines a weak link insert 
or splice in a length of weaker-strength rope, like 
those used in the northeast trap/pot fishery (NOAA 
Fisheries, 2022). 

• These approved links and splice mitigation strategies 
have a 1,700-pound breaking strength and would 
break free if a whale becomes entangled. 

• The breaking strength would be significantly lower for 
smaller animals like sea turtles (Dodge et al., 2022) 
and additional research may be required to develop 
weak link inserts or splices that will work with sea 
turtles and small pinnipeds.

Examples of weak link insert (top) and splice 

(bottom)
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8. Entanglement mitigation strategies
b. Strategies that involve mooring system integrity

• Finally, other entanglement mitigation strategies are more 
focused on monitoring integrity and maintaining proper 
functioning of the mooring systems (ORJIP, 2022). 

• One crucial strategy includes performing routine visual 
inspections of the lines and cables to identify any potential 
weak points that would need repairs or any tangled 
derelict debris or fishing gear that would need removal. 

• Another strategy includes installing tension sensors on the 
mooring lines, such as strain gauged load measuring pins, 
to monitor and maintain tension.

• Distributed Acoustic Sensing (DAS) or Fiber Bragg Grating 
(FBG) technologies can also be used to monitor mooring 
line integrity, by embedding fiber optic cables into the 
mooring lines, or attached along, to detect strain, fatigue, 
and structural failures (Lee et al. 2023).
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8. Entanglement mitigation strategies
c. Strategies to increase mooring reactivity

• When integrated into mooring systems, elastic hawsers 
can slowly stretch to double their resting length, then 
return to the original length.

• This adds variable length to a mooring line while 
remaining under constant tension, in both horizontal and 
vertical wave motion. 

• Elastic hawsers can help reduce scope (length of mooring 
line), loads on connection points, and the watch circle of a 
device or buoy.

• Initially designed for floating docks, elastic hawsers can 
be integrated in a taut mooring configuration for marine 
energy devices and oceanographic instruments.

• Tension buoys are self-adjusting tensioning systems that 
can manage changes in water-level range and could 
provide a surface solution for oceanographic instruments.
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9. Conclusions

• Mooring systems used for floating marine energy devices and oceanographic instruments 
vary widely in configuration, material, and diameter, influencing their relative entanglement 
risks for marine megafauna.

• While remaining a low risk, catenary moorings and systems with accessory buoys present 
the highest entanglement risk due to increased curvature, movement, and swept volume.

• Taut mooring systems without accessory buoys consistently demonstrate the lowest 
entanglement risk because of their high tension and reduced flexibility.

• Large whales, especially baleen whales, present the greatest biological vulnerability based 
on their body size, lower maneuverability, feeding style, and limited detection capabilities at 
close range.

• Sea turtles, basking sharks, and ocean sunfish exhibit moderate risk, largely influenced by 
body rigidity, feeding behavior, and reliance on vision for detecting submerged lines.

• Pinnipeds, small odontocetes, and many large sharks show lower entanglement 
risk because of their higher maneuverability, better sensory capabilities, or both.
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9. Conclusions

• To date, very few entanglement events have been 
linked to marine energy or oceanographic moorings, 
but extensive evidence from fisheries and boating 
demonstrates that entanglement in anthropogenic 
lines is a well-documented threat for marine animals.

• Oceanographic instrument deployments with floating 
surface retrieval lines carry notably higher risk, 
especially for sea turtles encountering slack or lightly 
tensioned lines near the surface.
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• Mitigation strategies include improving line detectability (e.g., color selection, light cues), 
increasing line stiffness, using weak-link splices, or redesigning configurations to remove 
flexible surface lines.

• Applying a combination of engineering solutions, material choices, and placement 
strategies can significantly reduce interaction potential and help maintain low entanglement 
risk as marine energy and monitoring technologies continue to expand.
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