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ABSTRACT

Population estimates of the critically endangered North Atlantic right
whale (Eubalaena glacialis) put the number of individuals at 458 with
the actual number likely being lower due to a recent unusual mortality
event. Entanglement with fixed fishing gear is the most significant
cause of mortality of North Atlantic right whales. There remains little
documentation of how North Atlantic right whales become enwrapped
during an encounter with fixed fishing gear. In order to gain a better
understanding of how entanglements might occur, an interactive simu-
lator was developed that allows the user to swim a virtual whale model
using a standard game controller through a gear field in an attempt to
re-create an entanglement. The morphologically accurate right whale
model produces realistic swimming motions and is capable of pectoral
fin motions in response to user input. Using the simulator, gear entangle-
ments involving the pectoral flippers including ropes wrapping around
the body and entanglements involving the tailstock were re-created.
Entanglements involving the pectoral flippers with body wraps were
more easily generated than entanglements involving the tailstock only.
The simulator should aid scientists, fisheries experts, fishing gear
designers, and bycatch reduction scientists in understanding entangle-
ment dynamics and testing potential new gear configurations.
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The North Atlantic right whale (Eubalaena glacialis) has been fully
protected from commercial hunting since 1935, but the species is still
listed under the U.S. Endangered Species Act and as critically endan-
gered on the International Union for the Conservation of Nature and
Natural Resources (IUCN) Red List (http://www.iucredlist.org). Further,
the species is protected under both the U.S. Marine Mammal Protection
Act and the Canadian Species at Risk Act, which prohibit “takes.” The
only known population of this species, which mainly occurs in coastal
waters from Florida to eastern Canada, has shown a recent decline with
a population estimate of 458 individuals including 272 males and
186 females (Pace et al. 2017). In 2017 there was an Unusual Mortality
Event, primarily in Canada, resulting in 17 confirmed stranded whales
with an additional five live whale entanglements (NOAA Fisheries 2018)
indicating that the number of NARWSs is likely lower than 458. To
address the injury and mortality from ship strikes, several measures have
been taken such as shifting shipping lanes in the United States and
Canada and the recent implementation of a speed reduction rule around
ports along the U.S. East Coast (U.S. Federal Register 2013); these mea-
sures appear to have successfully reduced ship strikes (Laist et al. 2014).
However, mandated changes to fixed fishing gear, especially targeting
lobster pot “trawls,” have not resulted in a reduction in the entanglement
rates of NARWs and other species (Pace et al. 2014). Recent changes
by the Canadian Government to reduce right whale mortality include
earlier snow crab gear removal, prohibited fishing in right whale forag-
ing habitats, dynamic closures when whales are found, increased snow
crab licensing and reporting requirements, required reporting of all
commercial interactions with marine mammals, increased aerial and on-
water surveillance for right whales in the Gulf of St. Lawrence; among
others.

Mortality from Entanglement

Becoming entangled in fishing gear is dangerous for whales for sev-
eral reasons. Direct mortality from gear has been documented, but more
common is the gradual decrease in body condition associated with gear
being wrapped around body parts, including the mouth, reducing the
animal’s ability to feed (Pettis et al. 2004, Johnson et al. 2005, Moore
et al. 20006, Cassoff et al. 2011, Moore and van der Hoop 2012, Barrat-
clough et al. 2014). Even when not involving the mouth, entanglements
force animals to expend additional energy as they drag gear through the
water (van der Hoop et al. 2014) and have been shown to reduce sur-
vival (Robbins et al. 2015). A recent retrospective study using photo-
graphic evidence (i.e., scars) of current or past entanglements found that
of 626 individual whales assessed over a 30 yr time period (1980-2009),
82.9% had evidence of at least one entanglement and 59% of those ani-
mals had been entangled more than once (Knowlton et al. 2012). Repeat
entanglements are dangerous as the odds of an entanglement leading to
a serious injury or mortality increases. Annual rates of serious entangle-
ment (e.g., causing life-threatening wounds) in the population have been
as high as 3% and average ca. 1.5% over the 30 yr period. Also of
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concern, is the annual rate of all entanglements, which, for the 30 yr
period averaged 25.9%. Inter alia, this annual entanglement rate indi-
cates that many entanglements go undetected and that some whales do
manage to free themselves from gear.

Regulatory Changes to Reduce Entanglement

In an attempt to reduce entanglements in U.S. waters, the National
Marine Fisheries Service (NMFS) has implemented several regulations man-
dating modifications to gill net and pot gear in the eastern United States,
including prohibition on the use of floating line at the surface, time-area
closures, the use of weak links in buoy lines and net panels, a requirement
that lines joining fishing traps along the sea bottom must be negatively
buoyant (i.e., so-called “floating” line is believed to entangle whales as they
swim close to the bottom to feed) (Brillant and Trippel 2010), and reducing
the ratio of vertical lines/lobster pots (“trawling up”) (see https://www.
greateratlantic.fisheries.noaa.gov/protected/whaletrp/plan/index.html for a
full list of regulatory requirements). There remains a threat in the water
associated with traps and gill nets as the ropes connecting bottom gear to
surface buoys (hereafter referred to as “buoy lines”) number in the hun-
dreds of thousands (Myers et al. 2007), and in some near-shore areas of
Maine trap fishermen are exempted from using sinking groundlines under
the Atlantic Large Whale Take Reduction Plan. Another means of addres-
sing the entanglement problem is to remove the gear from an entangled
swimming whale, an operation that is expensive and dangerous for both
whales and humans. Even with the successful removal of gear, animals can
carry life-long injuries (Johnson et al. 2005, Cassoft et al. 2011, Barrat-
clough et al. 2014), with consequences that can be fatal, even if the whale
is completely disentangled (Moore et al. 2006, Moore and van der Hoop
2012, van der Hoop et al. 2017). Also, while disentanglement is sometimes
successful, many more animals become entangled than can be helped and
many entanglements are known through the existence of scars from previ-
ous entanglement events (Knowlton et al. 2012).

Whale Vision

To reduce the probability of right whale entanglements in fishing
gear, scientists and gear developers have considered the feasibility of
visually enhancing ropes and nets to improve their detectability by
whales. Studies on right whales in Cape Cod Bay using buoy line
mimics, constructed from painted PVC pipe, suggest that changing buoy
line color could improve the ability of right whales to reduce line
encounters during daylight hours (Kraus and Hagbloom 2016). Whales
were able to detect red and orange at the farthest distances (averages
3.85 m and 4.1 m), black at an intermediate distance (3.1 m average),
and green at the closest distance (1.9 m average). These trials also
showed that right whales will make drastic maneuvers to avoid colli-
sions when they see ropes in their path but did not always do so. Red
and orange ropes are likely to improve the distance of detection to a
point where whales have enough warning to successfully avoid ropes.
At the very least, eliminating green and white ropes from fixed gear is
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likely to reduce collision probabilities in all fisheries that encounter right
whales (Kraus and Hagbloom 2016).

The method we have taken to contribute to this search for solutions is
to re-create the sequence of whale behavior that can lead to entangle-
ments and to “reverse engineer” the situation in order to provide an
accurate tool to assess the effect of proposed gear changes. Here,
reverse engineering is defined as beginning with photographs or draw-
ings of an entangled whale and attempting to re-create the whale behav-
ior at first encounter with the fixed fishing gear that resulted in that
particular entanglement. A virtual whale entanglement simulator (VWES)
was created to do this, and the simulation environment also returns
information on the forces (friction, drag, gear force on whale, rope ten-
sion) experienced by the whale and the gear during an encounter. We
discuss here the VWES and report our experience in re-creating the
entanglements of Eg 3445 and Eg 3107.

In addition to providing a tool that marine mammal scientists can use
to reverse engineer whale entanglement events, an additional motivation
for this work was to create a virtual gear design software system in
which fishing gear designers and marine fisheries regulators can test
gear modifications virtually. In general, evaluating modified gear is too
difficult to test in the field, including in actual fisheries, because the
studies may be overly expensive, time-consuming, or pose too much risk
to whales. The VWES can potentially provide a platform to help gear
designers and regulators develop and promote gear types that reduce
the probability and/or severity of whale entanglements. The VWES was
developed as a serious game (Iuppa and Borst 2010) that allows the
researcher to directly control the whale’s movement in real time through
the use of a game-style controller and test various whale behavior and
gear interaction scenarios.

METHODS
Render Engine

Several application programming interfaces (APIs) were investigated
for displaying the graphical output from the VWES system. Two of the
more popular graphics APIs are OpenGL and Direct3D (Miller et al.
2009). Direct3D was developed by the Microsoft Corporation and is a
proprietary API for use with the Windows operating system. OpenGL
was originally created by the Silicon Graphics Corporation and has
become a widely used open-standard API. Both of these graphics APIs
will take advantage of hardware acceleration if the capability exists on
the computer’s graphics card (Miller et al. 2009). A third graphics API
set, XNA, is a proprietary Microsoft system that provides a managed
wrapper for the Direct3D and DirectX API sets (Cawood and McGee
2009, Harbour 2010, 2012; Jaegers 2010; Miller and Johnson 2011; Miles
2011; Reed 2011). After a review of the competing technologies, the
XNA 4.0 Game Studio programming API was selected. An advantage of
developing under the XNA API is that the modeling system can be
deployed to either computers running Microsoft operating systems or to
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Xbox game consoles. Although now deprecated by the Microsoft Corpo-
ration, XNA is an API frequently used to program Xbox and many Win-
dows games. This API set offers many advantages to the programmer
when developing graphics-intensive applications such as native integra-
tion with the managed C# computer programming language.

Physics Engine and Calculations

The dynamic behavior of the gear and collision detection turned out
to be two of the major areas of effort for this project. In order to auto-
mate many of these calculations, a commercial, off-the-shelf (COTS)
physics engine (DigitalRune 2014) that includes dynamic physics
models, collision detection, and many other physics simulation capabili-
ties was selected. While other physics engine systems are available
(Emperore and Sherry 2015), the COTS physics engine API that was par-
ticularly well-suited to this project due to its low cost, relative ease of
programming, and ease of customization.

For the entanglement reverse engineering studies considered in this
paper, a typical “in-shore” trap configuration for the Gulf of Maine was
used (McCarron and Tetreault 2012). While there are many variants of
this gear type, it was decided to use a single 18 kg, 0.91 m X 0.61 m X
0.36 m lobster trap with a 1.27 cm diameter becket connecting to a
1.27 cm diameter floating buoy line portion spliced to a 1.27 cm diame-
ter sinking buoy line portion with an overall scope of 2:1 (see Fig. S1).
While the entanglement case studies considered in this paper had smal-
ler rope diameters (for example, 0.95 cm) it was found that the use of
small diameter ropes in the VWES caused numerical issues such as
numerical instability and tunneling (rope passing through the body of
the whale). The surface marker consisted of a single 15 cm diameter
poly ball. The simulation environment consisted of a 18 m deep water
column with nearly slack tidal current and no wave action. The hydrody-
namic drag on the trap was calculated for the gear drag experiments as

1
FDZEpUzCDA (1)

where p, U, and A are the respective fluid density, relative flow speed
between the trap and the water, and the projected frontal area of the
trap. For the drag coefficient, Cp, the value 1.44 was used. This drag
coefficient was within the range of 0.69 (van der Hoop et al. 2016) and
2.3 (Budiman et al. 2004) for traps of similar size.

In programming the animation for the whale’s swimming motion, we
wanted to make sure our system would not only look natural but also
that the tail-beat amplitudes and frequencies were accurate. We expect
that correct tail motions are important in trying to re-create or under-
stand entanglements involving the peduncle and tail flukes. The swim-
ming motion of fish (Eloy 2012) and cetaceans (Rohr and Fish 2004) has
been extensively reported in the literature. Rohr and Fish (2004), when
studying swimming kinematics of seven odontocete species (Delphinap-
terus leucas, Globicephala wmelaena, Lagenorbynchus obliquidens,
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Table 1. Whale swimming movements reproducible in the current version of
VWES.

Programmable for
Movement Manual control automated model runs

Tail fluke swimming motion X X
Pectoral fins: forward-back sweep X X
Pectoral fins: tilt angle X X
Body roll X X
Ascend/descend X
Turn left/right X

X

Surface active group motions

Orcinus orca, Pseudorca crassidens, Stenella frontalis, Tursiops trunca-
tus) showed that peak-to-peak fluke amplitude falls in the range of
0.15-0.25 when normalized by body length. The tail-beat frequency fell
in the range from 1 to 2 when normalized by the ratio of swimming
speed to body length. The Strouhal number is frequently used to
describe swimming kinematics and is defined by

_A
U

St (2)

where f is the tail-beat frequency, A is the peak-to-peak tail motion
amplitude (the peak-to-trough vertical excursion of the tail trailing
edge), and U relative speed between the animal and the fluid. The
Strouhal number in swimming animals falls within the narrow range of
0.2-0.4 with peak efficiency typically found near 0.3 (Taylor et al.
2003, Rohr and Fish 2004, Eloy 2012). In the VWES, as the whale’s
swimming speed changes, the animation controller is used to modify
the frequency of the basic swimming animation so that the Strouhal
number remains constant at 0.3. While the Strouhal number might
increase for slower, less efficient swimming speeds, the VWES does not
currently implement this effect. Due to limitations imposed by numeri-
cal instability in the rope simulations, the whale swimming speed is
currently limited to a maximum of 2 m/s. The relationship between
tail-beat frequency, amplitude, and swimming speed is important for
re-creating entanglements involving the tailstock. Numerous body and
appendage movements are programmed to test various scenarios as
described in Table 1.

Fast and accurate simulation of rope dynamics with time-varying loads
and time-varying contacts is an active area of current research focus, par-
ticularly in the fields of offshore structures (Flory et al. 2005, Lee et al.
2005, Tsukrov et al. 2005, Tahar and Kim 2008), and computer graphics
(Imanishi et al. 2009, Servin et al. 2011). Information on the properties
of ropes such as strength, bending stiffness, elongation, friction, and
wear due to internal and external damage is extensive for fiber ropes
(McKenna et al. 2004, Tsukrov et al. 2005, Tahar and Kim 2008) and
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wire ropes (Costello 1997, Imrak and Erdonmez 2010). Some of the
issues that arise in generating an accurate rope model for interaction
with other objects include the need to balance computational speed,
accuracy, and numerical stability. Rope models can be classified into
two categories: continuum models and models that approximate the
rope as a chain of rigid bodies (Servin et al. 2011). The secondary cate-
gory is used in the VWES; approximating the continuous rope as either
spheres or capsule shapes, which were connected to one another with
virtual springs. The springs allow the force to be transmitted from one
link component to the next and allowed for expedient collision detection
calculations. However, if the spring constant was too large, the dynamic
rope response became numerically unstable.

Solutions for the static shape of a rope under the combined effects of
buoyancy, current, and tension loads due to buoys are well-known and
readily available (Fridman 2008). These model solutions were used in
the VWES for specifying the initial rope shape for some of the simula-
tions. In addition, specifying a simpler initial shape allowed the rope to
settle to a steady-state configuration under the combined effects of cur-
rent, buoyancy, and possible contact with other objects such as traps
was a benefit to the simulation. Measurements of floating ground line
elevation are also available (Brillant and Trippel 2010), however, this
was not implemented in the VWES because floating ground lines are
decreasingly used in U.S. pot fisheries. The capacity for multipart ropes
was included and allowed modeling the dynamics of a combined float-
ing/sinking buoy line as is currently used in lobster fisheries in the
northeast United States (McCarron and Tetreault 2012).

The hydrodynamic drag on a length of rope is dependent upon the
rope’s length and diameter, the fluid density, the angle of flow with
respect to the longitudinal axis of the rope, and is proportional to the
square of the flow speed. Equation 1 was used for calculating this drag
force where the area was calculated as the product of the rope segment
length L and diameter D. Measurements of the angle-dependent drag
coefficient for 16 mm diameter steel wire rope are available (Fridman
2008). Using the data from Fridman (table 3.3, p. 64), the angle-
dependent drag coefficient was applied to an even-symmetric cosine
function:

Cp(a) =0.688 +0.544 cos (2a + ) (3)

where a = 0 for flow aligned with the longitudinal axis of the rope seg-
ment and a = 7/2 for flow perpendicular to the rope’s longitudinal axis.
Equation 3 was used for calculating the drag coefficient on each rope
segment.

Collision detection is used to test whether or not a component, in this
case a segment of rope, contacts the whale. Collision detection was
determined by a common technique in computer game development
(Ericson 2004), by attaching a set of convex collision primitives
(spheres, boxes, cylinders, cones, capsules) to each skeleton rig bone.
Then, each bone’s collision primitive set was used to create a convex
hull that encapsulates all of the skin vertex points for that collision
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Figure 1. (a) shows the NARW skin mesh in proximity to a buoy line.
(b) shows the complete collision set constructed from a collection of convex
rigid bodies (spheres, cones, cylinders, capsules, and rectangular boxes).
(o) shows individual convex hulls enclosing the collision set for each skeleton
rig bone. These convex hulls, which move with their associated rig bone, are
used for whale-environment collision testing and interaction.

primitive set as demonstrated in Figure 1. When the position of the
whale is updated in world space or when the skeleton rig is manipu-
lated, the bone transforms are used to update the position of the convex
hulls so that they move with and articulate with the whale. Only the con-
vex hulls are used in collision testing as this is far more computationally
expedient than using either the surface mesh or the collision primitive
set. If a collision is detected, then the physics engine places equal and
opposite forces on both the whale and the contacting object causing the
object (and/or the whale) to move. This prevents the contacting object
from penetrating the whale’s surface mesh.

Whale Model Animation and Movements

The model of the 10 m (overall length) NARW used in the VWES
model was created in several steps. First, a gaming programmer created
an initial wire mesh whale using the LightWave 3D software system, bas-
ing the shapes and dimensions of the whale parts on pictures and video.
The model was then imported into the Blender software package, where
it was substantially revised using empirical measurements obtained from
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Figure 2. (a) shows the 10 m NARW whale model skeleton rig used for
pregenerated animations and user-generated movements. The surface mesh
deforms in response to movements of the skeleton rig. The vertical bone (the
root bone) is used to place the whale model in world space and does not
otherwise participate in animations or motions. (b) shows the whale near the
top of the upstroke while (¢) shows the whale near the bottom of the down
stroke.

necropsy reports and from photogrammetry efforts (for full details see
Nousek-McGregor 2010).

In order to animate the NARW model, standard computer graphics
techniques were employed (Lever 2001) and the Blender software pack-
age to create the skeleton rig shown in Figure 2a. Each skin mesh vertex
of the whale model is assigned to move in response to up to four skele-
ton rig bones according to an assigned mathematical weight. The surface
mesh deforms in response to either preprogrammed or user-directed
movements of the skeleton rig (see Table 1). Using Blender, two anima-
tions were created. The first animation is the basic bind (resting) pose
for coasting whale posture, while the second animation is the basic
swimming movement. The swimming animation near the top of the
upstroke is shown in Figure 2b and near the bottom of the downstroke
in Figure 2c. These two basic animations are imported into the VWES at
load-time and the animation controller is used to smoothly map from
one animation (bind or swimming) to the other. The animation control-
ler is also used to control the speed (frequency) of the swimming
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Figure 3. Images showing a range of flipper motions, including:
(a) abduction, (b) adduction, (c) pronation, (d) supination. While cruising,
many cetaceans maintain a rearward swept posture with their flippers, as
shown in (b), in order to reduce drag forces. For maneuvering, the flippers are
typically swept forward as (a) shows. (¢) and (b) show the flippers pitched in
order to produce net pitch and/or roll moments on the whale for maneuvering.

animation. In addition to these programmed animations, the user may
directly control the spine and flippers by use of the game controller in
order to mimic thrashing or surface-active group (SAG) motions
(Table 1).

The skeleton rig, through user-input commands from the game con-
troller, also moves and positions the pectoral flippers. For example, if
the user directs the whale to surface or dive, the pitch of the whale’s
pectoral flippers changes relative to the whale’s root bone. Flow over
the pitched flippers creates a net pitching moment on the whale and
causes the whale to surface or dive accordingly. If the user directs the
whale to turn, the whale’s pectoral flippers pitch in opposite directions
and create a net rolling moment on the whale. Figure 3 demonstrates
the pectoral flippers near the extremes of their range of motion.

Entanglement Case Studies

A typical entanglement involving a mid-body wrap (PCCS WR-
2005-18, NMFS E25-05) is shown in the aerial photograph of entangled
NARW Eg 3445 in Figures 4 (upper) and 5 (upper). This whale, a 2-yr-
old female born in 2004, was first observed entangled on 3 December
2005 and was partially disentangled on 12 December 2005. The gear
removed from the whale included approximately 122 m of 0.95 cm and
0.79 cm poly rope with a number of splices, gangion lines, and three
20 cm yellow trawl cans. Also removed from Eg 3445 were 18.9 m of
additional poly rope with a single 15 cm spherical float that was thought
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Figure 4. North Atlantic right whales Eg 3445 (upper image) showing fishing
gear wrapped around the whale’s body and Eg 3107 (lower Image) showing an
entanglement involving the tailstock. Eg 3445 was a 2-yr-old female born in
2004, entangled 5-296 d when partially disentangled on 12 December, 2006. Eg
3107 was a 1-yr-old female with one prior entanglement interaction and was
entangled 57 to 266 d when disentangled on 1 September 2002. Eg 3107 was
sighted dead on 13 October 2002. Eg 3445 was last sighted in 2006 and is
presumed dead. (Photo credits upper: 3 December 2005, Wildlife Trust, GA;
lower: 6 July 2001, Brier Island Whale and Seabird Cruises).

to be from a separate entanglement. Based on the dates of the last
entanglement-free sighting and the first entangled sighting, Eg 3445 had
been entangled between 9 d and 296 d. The whale was last sighted in
2006 and is now presumed dead.

A second typical entanglement type involves wraps around the caudal
peduncle and/or flukes (PDDC WR-2002-12, NNFS E15-02, accessible at
http://www.bycatch.org), as shown in the photograph in Figure 4
(lower) with a diagram of the entangling gear shown in Figure 5
(lower). NARW Eg 3107 was a 1-yr-old female that had been entangled
between 57 d and 266 d when it was first sighted entangled on 6 July,
2002. The lobster trap gear consisted of 0.95 cm polysteel/PET buoy line
with one small rigid buoy and two buoy sticks. The thin line wrapped
once around the caudal peduncle, twisted tightly back upon itself, and
had cut deeply into the tailstock. Eg 3107 was disentangled on
1 September 2002 and confirmed dead on 13 October 2002.
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Figure 5. The drawing of Eg 3445 (upper) shows an entanglement (NMFS
E25-05) involving a body wrap with gear consisting of 1.11 ¢cm and 0.79 cm
polysteel and 0.95 cm polypropylene buoy lines. The gear trailed 122 m behind
the whale and attached to three hard buoys. The gear was from two different
samples with the second sample likely caught by the first. The drawing of Eg
3107 (lower) shows a typical fluke/peduncle entanglement (NMFS E15-02). The
0.95 cm diameter line was deeply embedded in the tailstock, tightly tangled on
itself, and was attached to one hard buoy and two buoy sticks. (Illustrations by
S. Landry, PCCS; full case studies available at http://www.bycatch.org).

A third common entanglement in baleen whales involves trap rope
passing through the mouth (Cassoff et al. 2011). For this type of entan-
glement, the trap line often gets wedged tightly in the baleen plates and
can be difficult or impossible to fully remove. Mouth wraps also fre-
quently additionally involve combinations of flipper and or fluke wraps.
The VEWS whale model does not currently have the capability to simu-
late oral entanglements.

ResuLts AND Di1scussioN

The first case study is an entanglement involving a body wrap in the
vicinity of the pectoral flippers, similar to the entanglement of Eg 3445
as shown in Figure 4 (upper) and Figure 5 (upper). The sequence of
events leading to a flipper-involved body wrap is shown in Figure 6.
This type of entanglement is most easily generated by having the whale
initiate a rolling behavior, beginning when the buoy line is initially
detected on the head by the forward-moving whale. Entanglements
involving the pectoral flipper(s) are the most easily generated entangle-
ment type using the VWES. Several factors influence whether a particu-
lar encounter would result in entanglement including flipper sweep
angle, roll direction, roll rate, current speed and direction relative to the
whale’s path, the whale’s vertical position in the water column, and gear
lateral offset. Through repeated simulations, the VEWS found that
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Figure 6. NARW becoming entangled in lobster trap gear resulting in a
flipper and body wrap. This type of entanglement is most easily generated if
the whale executes a roll just before encountering the buoy line. (a) shows the
whale at the moment of detection while (b) shows the whale beginning the
execution of a roll away from the buoy line. Note that while maneuvering the
whale would likely have its flippers in the foreword swept orientation.
(c) shows the whale halfway through the roll which is nearly completed in (d).
In our simulations, we find that if the line becomes stuck at the forward
insertion of the flipper, a roll typically results in the line wrapping around
the body.

flipper wraps were more difficult to generate if the flipper is maintained
in the aft-swept cruising configuration (Fig. 3b). Roll direction was also
an important factor on whether an encounter resulted in an entangle-
ment. For example, if the whale detected a rope with any lateral offset
(left or right of the direction of travel), and the whale rolled away from
the rope the VWES found that an entanglement was more likely to
result. This was because the pectoral flippers are located toward the ven-
tral side of the centerline. Through repeated simulations of first encoun-
ter, the VWES found that for a rolling maneuver without a change in
water column height, entanglements were more likely to occur for
encounters near the sea floor than for encounters near the sea surface.
Another important variable on whether an encounter resulted in a per-
sistent entanglement appears to be lateral gear offset from the axis of
travel. If the buoy line encounters the flipper’s leading-edge closer to
the tip than the root, then the flippers natural leading-edge curvature
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Figure 7. A gear encounter resulting in a peduncle wrap. We found that
peduncle wraps can be generated easily by two methods. First, by turning away
from (a) but interacting with (b) the rope. Subsequent lateral motions of the
tailstock then result in complete wraps around the peduncle as shown in
(o) and (d). The second method of generating a peduncle wrap is for the rope
to wrap from one side of the peduncle over or under the flukes and trail aft.
Then, a roll causes the rope to wind upon itself completing the entanglement.

was more likely to cause the rope to shed. When a flipper-involved
entanglement also had one or more body wraps, friction between the
rope and skin prevented the rope from sliding and resulted in a lasting
entanglement.

The second case study investigated how entanglements involving the
tailstock could be generated (Fig. 7). We found three possible mecha-
nisms for entanglements initiated with the tail stock. The first mechanism
was a turn to avoid the gear followed by contact between the tailstock
and gear. The second mechanism was possible contact with the gear fol-
lowed by surface active group motions (flailing, thrashing). The final
mechanism was an encounter that initially began as a flipper or body
wrap. Then, as entrained gear trailed aft, it became wrapped on the tail-
stock. This was followed by the rope being freed from the flipper with
only the tailstock wrap remaining. This type of entanglement was most
easily created by having the whale execute a combination of pitch and roll
in an attempt to avoid a buoy line. The VWES found that tailstock entan-
glements were difficult do generate without the whale executing turning
and/or surfacing behaviors.
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The NARW entanglement simulation model re-created rope configura-
tions similar to those observed from actual entanglement case studies by
manipulating whale behaviors when colliding with, and in response to,
buoy lines, the initial point of contact, orientation of body parts such as
pectoral fins, and initial body movements by the whale in response to
contacting the line. The body rolling behavior observed on two occa-
sions for humpback whales becoming entangled in vertical ropes
appeared to be a critical whale response behavior that would increase
the likelihood of an entanglement. Interestingly, the possibly instinctual
reaction of rolling away from the rope was shown to increase the proba-
bility that the whale would become entangled. Simulations suggest that
if contact occurs deeper in the water column, keeping all other variables
constant, entanglement is more likely to occur, although this will be
dependent on water depth and the distance of rope from the point of
contact to the water surface relative to the size of the whale and speed
of roll, because a slower roll may allow for more line to shed before get-
ting hung up on the whale. Showing how the types of real-world entan-
glements can occur provides a starting point for examining possible
gear modifications to prevent entanglements that will be the focus of the
next phase of tests using the model, and below we discuss a number of
these that we will consider.

Similar to experiments using a towed NARW flipper model (Baldwin
et al. 2009), the VWES simulations revealed that the buoy rope was more
frequently shed when the flipper was swept rearward. With the flipper
swept forward, the VWES did not show the rope being shed from the flip-
per. For encounters near the middle and especially the lower water col-
umn heights, our VWES simulations did not show the rope sliding until
the buoy was in contact with the flipper. This was likely due to the imbal-
ance in rope tension between the ascending and descending portions of
the buoy like not being great enough to overcome the friction forces
between the whale skin and rope. Instead, there was typically sliding until
the slack was removed from both the ascending and descending portions
of the rope, at which point the tension on the ascending and descending
rope segments, together with the friction force of the rope on the flipper’s
leading edge, were balanced and the gear became entrained. For these
middle and lower water column interactions, we found that the encounter
was more likely to result in a lasting entanglement. Furthermore, in our
study we also observed that higher tension was a factor that facilitated
entanglement. Although the body of evidence to date does not indicate
that increasing line stiffness is a priority for preventing whale entangle-
ments and may even result in more severe injuries if applied, future
model scenarios using the VWES can help us improve our understanding
about this potential modification.

With our VWES simulations, we found that tailstock entanglements
were easily generated if the whale displayed SAG-type movements after
encountering the gear, and the role of this thrashing behavior in produc-
ing entanglements warrants further examination using the model.

The fisheries in which such ropes might be practically used is cur-
rently the focus of a separate New England Aquarium (Boston, MA)
study with fishermen in New England, and the VWES model can serve
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as a platform for further testing this hypothesis using multiple simula-
tions of ropes with different breaking strengths.

Conclusion

This study focused on modifying buoy lines in commercial fishing
gear, although another alternative fishing strategy avoids the deploy-
ment of vertical ropes; and in some cases horizontal groundlines alto-
gether. In southeastern Australia, at least two commercial lobster pot
fishermen have incorporated the use of acoustically released buoy lines
that remain within a mesh bag on a line that is suspended on average
18 m above the pot while the gear is deployed. This method nearly elim-
inates the line in the water column, which should also remove the risk
of entanglement almost completely. Although this technique is widely
considered the safest for whales and leatherback sea turtles prone to
entanglement in fishing ropes, and the technology has existed for many
years that can be used in pot fishing gear, considerable evaluation of this
method is still needed that must especially address the relative cost,
safety, reliability, and an alternative to buoys at the surface of the water
that are used not only by their owners but also other fishermen and
boaters that use them to avoid conflicts with the gear set below.

It is our intention that the VWES developed under this project will
assist marine mammal scientists, fisheries experts, fishing gear
designers, and bycatch reduction scientists in understanding what gear
types and what whale behaviors lead to entanglements. In this vein, we
hope to produce a more user-friendly version of the model that can be
shared as a tool for evaluating the efficacy of different gear types and
modifications. Additionally, through the virtual testing of different, per-
haps new or untested gear types, the VWES will help to identify promis-
ing new gear techniques to help to avoid baleen whale entanglements
and/or to lessen the severity of entanglements that do occur. While our
focus was on the NARW, additional species that are prone to entangle-
ments in buoy lines such as other baleen whales and leatherback sea tur-
tles, could be examined using the model if adequate models are
constructed and programmed with the correct articulations and swim-
ming behaviors.
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The following supporting information is available for this article
online at http://onlinelibrary.wiley.com/doi/10.1111/mms.12562/suppinfo.
Figure S1. Example gear configuration used for whale entanglement
simulations. The trap (shown) is connected to a surface buoy (not
shown) by a bridle, gangion line, a section of floating line, and a
section of sinking line.
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