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INTRODUCTION

Marine mammals are streamlined to optimize effi-
cient movement in their relatively viscous fluid envi-
ronment. Changes in the vertical and horizontal force
balances on marine animals have been shown to
affect energy consumption (Ponganis et al. 1990,
Kooyman & Ponganis 1994) while also influencing
swimming behavior and kinematics — the form, pat-

tern, or sequence of movement with respect to time.
To overcome additional drag forces, individuals
increase thrust by altering fluke stroke frequency,
amplitude, or a combination of both (Skrovan et al.
1999, Williams 1999, Cornick et al. 2006, Aoki et al.
2011); alternatively, individuals can minimize the
increase in drag by swimming at slower speeds
(Lang & Daybell 1963, Boyd et al. 1997, Cornick et al.
2006, van der Hoop et al. 2014a). Marine mammals
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ABSTRACT: Marine mammals are streamlined for efficient movement in their relatively viscous
fluid environment and are able to alter their kinematics (i.e. fluke stroke frequency, amplitude, or
both) in response to changes in force balance. Entanglement in fishing gear adds significant drag
and buoyant forces that can impact swimming behaviors across a range of timescales. We
deployed biologging tags during the disentanglement of 2 North Atlantic right whales Eubalaena
glacialis to (1) examine how their kinematics changed in response to drag and buoyancy from
entanglement in fishing gear, and (2) calculate resultant changes in swimming efficiency for one
individual. We observed variable responses in dive behavior, but neither whale appeared to
exploit added buoyancy to reduce energy expenditure. While some of the observed changes in
behavior were individually specific, some swimming kinematics were consistently modulated in
response to high drag and buoyancy associated with entangling gear, affecting thrust production.
In high drag and buoyancy conditions, fluke strokes were significantly shorter and more variable
in shape, and gliding was less frequent. Thrust and efficiency significantly differed among dive
phases. Disentanglement reduced thrust coefficients ~4-fold, leading to 1.2 to 1.8-fold lower
power (W). Ideal propulsive efficiency was significantly lower when entangled, though we
detected no difference in observed propulsive efficiency between the conditions. Similar to carry-
ing heavy objects or changing shoes, we present another condition where animals perceive
unique movement constraints over seconds to minutes and develop compensatory strategies,
altering their movement accordingly.
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tend to respond to natural (e.g. lipid loss or gain, lung
compression; Biuw et al. 2003, Nousek-McGregor et
al. 2014) or experimental (Skrovan et al. 1999, Aoki
et al. 2011) changes in buoyancy by reducing thrust
output or by gliding in the buoyancy-aided direction
to maximize swimming efficiency when possible.
Swimming animals therefore show plasticity in their
ability to adjust their fine-scale movement patterns in
response to changes in drag and buoyant forces and
moments to optimize propulsive efficiency within
constraints (Fish 1999).

Entanglement in fishing gear is the leading cause
of death to large whales in the western North At -
lantic (van der Hoop et al. 2013), and within this
region, sublethal entanglement affects 83% of the
North Atlantic right whale Eubalaena glacialis (here-
after right whale) population (Knowlton et al. 2012).
Most recorded right whale entanglement cases
involve whales that swim while towing gear that is
no longer anchored (NMFS 2003). These whales are
subject to 1.5-fold increases in drag on average,
with some gear configurations increasing drag up to
3.1-fold (van der Hoop et al. 2016). An additional
consideration is buoyancy. Right whale buoyancy
likely ranges ±1000 N depending on nutritional
condition and life stage; most right whales are posi-
tively buoyant (Miller et al. 2004, Nowacek et al.
2001, Nousek-McGregor et al. 2014). Some entan-
gling sets of fishing gear include floats and buoys
that can add 26 to 665 N of buoyancy. Disentangle-
ment response teams are trained to add buoys to
increase drag and buoyancy to slow entangled
whales and facilitate their disentanglement, a pro-
cess referred to as ‘kegging’ (NMFS 2003). Further,
many disentanglement operations require the addi-
tion of a satellite telemetry buoy to track entangled
whales until conditions (e.g. equipment, personnel,
weather or time of day) favor further attempts at
gear removal; this contributes more drag and buoy-
ancy. Entanglement in, and disentanglement from,
fishing gear therefore presents a unique context in
which to examine individual responses to changes
in force balance.

If swimming animals optimize their performance,
especially during sub-optimal conditions such as
entanglement, changes in their swimming kinemat-
ics (i.e. their fluke stroke frequency or amplitude) or
gaits in response to drag and buoyancy loading
should be detectable. The effects of entanglement-
related drag and buoyancy on the swimming behav-
ior of 1 right whale were quantified by deploying a
biologging tag (DTAG; Johnson & Tyack 2003) dur-
ing a disentanglement operation in 2011 (van der

Hoop et al. 2014b). We deployed a second tag prior to
a disentanglement attempt on a second whale; a por-
tion of entangling gear was removed and a satellite
telemetry buoy added to track the whale for another
disentanglement attempt the following day. Here, we
examine tag data from these 2 entangled whales with
differences in natural and added drag and buoyant
forces, manipulated during disentanglement proce-
dures, with the expectations that: (1) fluke strokes
and swimming speed would be altered to maintain
normal power output under high drag loading condi-
tions (Skrovan et al. 1999, Simon et al. 2012, van der
Hoop et al. 2014a); (2) individuals should take advan-
tage of added buoyancy, reducing thrust and increas-
ing speed in the buoyancy-aided direction (Aoki et
al. 2011, Miller et al. 2012, Nousek- Mc Gregor et al.
2014); and (3) swimming efficiency would be re -
duced when entangled. Together, these hypotheses
address whether animals maintain optimal swim-
ming under drag loading, or whether physiological
and anatomical constraints limit the plasticity of
these parameters and the maintenance of efficient
swimming techniques under high loading conditions
(Methling et al. 2011, Nudds et al. 2014, Shimojo et
al. 2014).

MATERIALS AND METHODS

We used DTAG data from 2 entangled right whales
(North Atlantic Right Whale Consortium Catalog
Numbers Eg 3911 and Eg 4057) to resolve changes in
dive behavior, kinematics, swimming efficiency and
power output. We tagged the 2 entangled whales
prior to their partial disentanglement, described
below. Due to the differences in their disentangle-
ment procedures and equipment deployed and re -
covered, we hypothesized that Eg 3911 and Eg 4057
experienced periods of relative low and high drag
and buoyancy loading from the gear (see Fig. 1); we
therefore compared diving behavior and kinematics
between these periods.

Case histories

We compiled individual entanglement histories
from data from the North Atlantic Right Whale
Consortium Database (NARWC 2015) and from
members of the Atlantic Large Whale Disentangle-
ment Network involved in the separate disentan-
glement attempts. For each whale, we estimated
the drag forces (N) on the entangling fishing gear
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from gear length (m) using the length−drag rela-
tionship established in van der Hoop et al. (2016).
We estimated these drag forces throughout the
course of disentanglement procedures as portions
of entangling gear were removed. The method in
van der Hoop et al. (2016) estimates average drag
over the range of speeds tested (~0.7 to 2.1 m s−1);
we assumed constant drag at this average value,
and did not alter these estimates of drag based on
dive descent or ascent rates. We estimated buoyant
forces from available manufacturer information
(Scanmarin, Polyform). We estimated the total drag
on both whales based on a turbulent spindle model
as in van der Hoop et al. (2014b) with drag aug-
mentation factors for appendages (g = 1.3) and
body oscillation (k = 1.5 ± 10%; Fig. S1 in the
 Sup plement at www. int-res. com/ articles/ suppl/ n032
p001 _ supp .pdf).

Eg 3911 was a severely emaciated (approximately
20% thinner than normal right whales; van der Hoop
et al. 2014b), 2-yr-old, 10 m female at the time of the
third and final multi-agency disentanglement effort
on 15 January 2011 near Melbourne, Florida, USA.
To facilitate this disentanglement, we injected a mix-
ture of analgesic and anti-anxiety drugs via ballistic
syringe 20 min after we attached the DTAG; the
effect of this drug mixture on right whales has been
briefly described but remains only partially under-
stood (Moore et al. 2010, van der Hoop et al. 2014b).
We placed the tag just above the right lateral mid-
line, midway between the blowhole and tail (van der
Hoop et al. 2014b, their Fig. 3).

Eg 4057 was a 3-yr-old male when first sighted
entangled on 16 February 2014 off Jacksonville,
Florida. His most recent pre-entanglement sighting
was 11 mo prior on 18 March 2013 in Cape Cod Bay,
Massachusetts; his body condition was obs erved and
evaluated as fair (i.e. not emaciated) in both sight-
ings. Prior to the disentanglement effort, we attached
a DTAG on the left flank (see Fig. 1D).

Tag data analysis

The DTAG includes a pressure sensor and 3-axis
accelerometers and magnetometers sampling at
50 Hz, though we down-sampled sensor data to 5 Hz
for analysis. We derived pitch, roll and heading
from the accelerometer and magnetometer signals
after correcting for the orientation of the tags on the
whales (Johnson & Tyack 2003, Johnson 2015), and
for tag movement during the deployment on Eg
4057.

Dive parameters

We defined dives as departures from the surface to
>5 m. We obtained water-column depth from nauti-
cal charts (GPS Geoplaner, www.geoplaner.com) for
GPS waypoints from follow vessels and aircraft dur-
ing the disentanglement procedures. We visually
determined descent and ascent portions of dives
from the DTAG depth record. We calculated descent
and ascent rates of each dive as the change in
depth/time. We used these rates as estimated swim-
ming speeds in further analyses, and note they are a
lower bound of speed as they represent change in
only one dimension. We calculated the expected
descent and ascent rates (Uexp, m s−1) as those at
which the whales would have to swim to maintain
non-entangled drag forces under the entangled con-
dition (Fig. S1). To do so, we calculated the drag force
for each dive descent and ascent with their observed
descent or ascent rates in either the high-drag or low-
drag conditions. We fit polynomial functions to the
relationship between speed and drag for each condi-
tion, and then determined the swimming speed (U, m
s−1) that would result in the same low-drag force in
the high-drag condition, for each descent and ascent.
We calculated the observed change in swimming
speed as:

(1)

and the expected change in swimming speed as:

(2)

Kinematic parameters

We calculated pitch deviation as the difference
between the mean and instantaneous body posture
accelerometer and magnetometer matrices as in
Simon et al. (2012). We used peak detection algo-
rithms to detect peaks in the pitch deviation signal
which represent individual fluke strokes (Johnson &
Tyack 2003, Johnson 2015). We calculated the dura-
tion of each fluke stroke (s) (i.e. the time be tween
peaks) for the descent, ascent, and bottom phases of
each dive, and at the surface between dives. We cal-
culated fluke stroke frequency (f, Hz) as the number
of fluke strokes divided by the duration of each phase
(s). Following convention (Woodward 2006, Nousek-
McGregor et al. 2014, van der Hoop et al. 2014b,
Johnson 2015), we transformed the pitch deviation
signal with the Hilbert transform to detect glides as
periods of oscillations <0.4 radians for >5 s.

ΔU U U Uobs low high low= −( )

ΔU U U Uexp exp= −( )low low
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Amplitude, thrust, efficiency and power estimates

We were only able to calculate peak-to-peak
fluke stroke amplitude (A, m), thrust, efficiency and
power estimates for Eg 3911; fluke stroke ampli-
tudes could not be estimated from the tag on Eg
4057 because it moved during the deployment. The
tag sensors measure movements at the point of tag
attachment and not at the position of the flukes. We
therefore estimated A by calculating maxima and
minima of the pitch deviation oscillations as meas-
ured on the tag, and then scaled the average ampli-
tude to body length (L, m). We assumed that for nor-
mal swimming, A is a constant proportion of L (i.e.
insensitive to speed), ~0.2 × L (Webb 1975b, Fish et
al. 2003). When accelerating, A in dolphins can be
as high as 0.5 × L (Skrovan et al. 1999). We scaled
the mean measured A in the low-drag condition,
representing ‘normal’ swimming behavior, to L
(10 m for Eg 3911, so mean = 2 m) and then applied
this scaling factor to the re corded pitch amplitudes
in the high-drag condition.

We calculated the total drag (D, N) on Eg 3911
based on a turbulent spindle model as in van der
Hoop et al. (2014b) with drag augmentation factors
for appendages (g = 1.3) and body oscillation (k = 1.5
± 10%). We calculated the surface wave drag aug-
mentation factor (γ) from Eg 3911’s median submer-
gence depth when entangled (3.68 m, γ =1.75) and
after disentanglement (10.68 m, γ = 1). We calculated
D on the whale when it was entangled and after dis-
entanglement, when some gear remained, by adding
the estimated average D on the gear (with floats)
established in van der Hoop et al. (2016; see ‘Case
histories’). We used this relationship instead of the
values measured in van der Hoop et al. (2014b)
because only a portion of the gear present during the
tag deployment was measured in that study.

We were interested in determining if the kinematic
changes observed in Eg 3911 affected thrust produc-
tion and overall swimming efficiency. Thrust forces
are better reported as a non-dimensionalized thrust
coefficient, CT, which allows for better comparison
across e.g. speed or size. For reference, CT ranges
from 0.3 to 1.6 in odontocetes (Fish & Lauder 2006).
Efficiency can be estimated from CT: we calculated
the average thrust coefficient for each dive descent
and ascent from tag data when the whale was entan-
gled (high drag) and after disentanglement (low
drag), and for the whale when non-entangled as:

(3)

where ρ is seawater density (1025 kg m−3), and S is
the span of the tail fluke (m) calculated from the mor-
phometric relationship based on L in Moore et al.
(2004). For reference, we also estimated CT for the
non-entangled condition across the full range of speeds
using the drag of the non-entangled whale and the
mean ± SD A of the whale when disentangled as
these provide the best-informed approximation.

We calculated the ideal efficiency (ηi) from CT

based on actuator disc theory (Prandtl 1952, Ander-
son et al. 1998) as:

(4)

ηi represents the upper limit of achievable propul-
sive efficiency (ηp) and is always greater than ηp, the
actual efficiency achieved by the whale. ηi does not
account for viscous, rotational losses and inefficien-
cies from non-uniform loading (Rayner 1979, Blake
1983, Muijres et al. 2011). ηi therefore illustrates the
general trends and the degree to which the optimal
performance of the system is affected by different
entanglement conditions.

ηp can be estimated from a combination of swim-
ming movements, animal morphology and an under-
standing of wake structure. Highly efficient swim-
ming or flying animals use their propulsors (tails or
wings) to generate vortices and then coordinate their
body movements to take further advantage of those
vortices in their wakes (Triantafyllou et al. 1993). The
Strouhal number (St) is a dimensionless number that
describes the spacing and size of shed vortices:

(5)

Optimal swimming efficiency is achieved within
the range of 0.2 < St < 0.4, when staggered vortices
form in unstable wakes where disturbances are
amplified (Triantafyllou et al. 1993, Eloy 2012). We
calculated St on the descent and ascent portion of
each dive in low- and high-drag conditions to de -
scribe the patterns in the wake of the swimming
whale, and to determine if St was within the optimal
range in either condition.

We used the values of CT and St for each dive de-
scent and ascent to estimate the angle of attack (θ, °)
and ηp from flexible foil experiments and theory (An-
derson et al. 1998, Hover et al. 2004; Fig. S2 in the
Supplement). θ is the angle between the oncoming
fluid velocity and the chord of the foil; lift is perpendi-
cular to the velocity and drag along it. In flexible foils
an estimated θ is obtained using an average chord di-
rection. We assumed the tail to follow a symmetric
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sawtooth wave profile in Hover et al. (2004), (Fig. S2)
except for where St < 0.4 where we assumed har -
monic waves. Harmonic motion in heave and pitch is
not optimal when St is high (>0.4) because of the arc-
tangent in the heave velocity term (Hover et al. 2004).
At these values of St, multi-harmonic or sawtooth mo-
tions provide far better efficiency and thrust. After es-
timating θ for each dive portion, we estimated ηp from
St based on sawtooth and harmonic contours of θ from
Hover et al. (2004, their Fig. 6) (Fig. S2). Points where
St > 1.6 and CT / St2 > 10 were not included in the θ, η,
or power (P, W) estimates.
We used our derived estimates of propulsive effi-
ciency to estimate 2 forms of P separately for the
descent and ascent of each dive in high and low drag
conditions. Thrust power, PT, was estimated as:

(6)

based on ηp, alone, while overall power, PO, included
metabolic efficiency (ηm) of 0.25 (Webb 1975b):

(7)

Statistical analysis

We compared average descent and ascent rates
within individuals between conditions with a Bonfer-
roni corrected 2-sample t-test (α = 0.025). We
expected that (1) both descent and ascent rates
would be slower in the high-drag condition, but that
(2) ascent speeds in the high-drag/high-buoyancy
condition may not be reduced as much as descent
speed, due to buoyant forces acting in the direction
of travel. To determine whether fluke stroke timing
differs with drag, we compared the duration of each
fluke stroke and mean dive fluke stroke frequencies
(f ) with 3-way ANOVA with effects of individual,
loading condition, and dive phase (descent, bottom,
ascent, and surface) and Tukey’s post-hoc HSD (R
Core Team 2015). We expected that higher drag con-
ditions would result in shorter fluke stroke durations,
or that fluke stroke rate would be greater in response
to increased drag, especially on descent (the buoy-
ancy-hindered direction). We compared theoretical
drag loading con ditions with a 2-sample t-test to
determine whether disentanglement significantly
reduced drag. We compared CT, ηi, ηp, St, PT and PO,
estimated for Eg 3911, with 2-way ANOVA and
Tukey’s post-hoc HSD (R Core Team 2015) with
effects loading condition and dive phase (descent,

bottom, ascent, and surface). To determine whether
CT was affected by drug treatment, we fit the rela-
tionship between CT and time with a linear regres-
sion model (MATLAB 2014).

RESULTS

Case histories

Eg 3911 was entangled in a total of 72 m of line,
with 2 gangions (short lengths of moderate-weight
line leading from traps to the groundline which con-
nects the traps; McCarron & Tetreault 2012) and 2
Scanmarin buoys of 42 and 45 cm diameter. At the
time of the DTAG attachment on 15 January 2011,
the entangling gear added an estimated 93 N of drag
to the whale (Fig. 1A, Table 1). During this deploy-
ment, the disentanglement response team removed
50 m of gear, including one gangion and both buoys.
The tag recorded through 4:20 h after the gear was
removed, with a total deployment time of 6:11 h.
Drug injection of a mixture of Midazolam and Butor-
phanol occurred 0:20 min after the tag was attached.
The first 1:51 h of the recording were under high
drag and buoyancy conditions, and the last 4:20 h
were low drag and buoyancy.

While the measured drag on a 34 m portion of the
removed gear with buoys was 66 N at 1.5 m s−1 (van
der Hoop et al. 2014b), an additional segment of the
entangling gear was lost during disentanglement,
expected to have added 8 N at 1.5 m s−1 (van der
Hoop et al. 2016); the total drag of the removed gear
was therefore 74 N. Based on their dimensions, the
buoys added 1058 N of positive buoyancy. The short
amount of gear that remained on the whale added 19
N of drag, and the effect of buoyancy was likely neg-
ligible (Fig. 1C). This gear remained on Eg 3911 until
she was discovered dead on 1 February 2011. The
disentanglement effort reduced drag by 79.5%.

On 16 February 2014, Eg 4057 was found entan-
gled in 155 m of 3-strand synthetic rope entering and
exiting the left side of the mouth, with one end just
above the eye and the other end trailing more than
30 m aft of the flukes before sinking out of view. The
entangling gear was estimated to have added an
average of 82 N of drag across speeds of 0.5 to 3.0 m
s−1 (van der Hoop et al. 2016). The disentanglement
team removed 104 m of line (−24 N) before attaching
a satellite telemetry buoy (+72 N drag, +157 N buoy-
ancy). The team then removed another 12.3 m of line
(−6 N) before reattaching the telemetry buoy. The tag
continued recording 1:18 h following the addition of
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the telemetry buoy. Overall, 116 m of rope was re -
moved, reducing drag by 30 N; however, the attach-
ment of the telemetry buoy resulted in a 51.2% in -
crease in drag over the original entangled condition,
totalling 124 N (Fig. 1F). Eg 4057’s tag deployment
was 3:34 h long; the first 2:16 h with low drag and
buoyancy and the latter 1:18 h with high drag and
buoyancy (Fig. 1C,F). The telemetry buoy and almost
all of the entangling gear were successfully removed
the following day. The whale was sighted and con-
firmed gear-free 20 April 2015 in Cape Cod Bay.

Dive parameters

Eg 3911 completed 154 dives over the 6:11 h de -
ployment period, with 101 and 53 dives in low-
and high-drag conditions, respectively. Significant
changes in diving behavior of Eg 3911 associated with

disentanglement have been previously de scribed (van
der Hoop et al. 2014b). Eg 4057 made a total of 20
dives over the 3:34 h deployment, with 12 and 8 dives
under low- and high-drag conditions, respectively, to
a depth of 5 to 30 m (Fig. 1F). In contrast to Eg 3911,
the depth distribution of Eg 4057 was very similar be-
tween low- and high-drag conditions (Fig. 1E). Tag
data therefore indicate variable responses in diving
behavior between these 2 individuals.

The observed changes in ascent and descent rates
of Egs 3911 and 4057 in response to drag and buoy-
ancy were different (Table 2). Eg 3911 swam signifi-
cantly slower in high-drag conditions, with descents
on average 0.32 m s−1 (46%) and ascents 0.14 m s−1

(32%) slower than ascents. Observed speeds were
greater than the expected reduction necessary to
maintain low-drag drag forces under the high-drag
condition on descents (67%) and ascents (49%;
Table 2). Eg 4057 descended significantly faster in
high-drag conditions (by 0.07 m s−1; 24%). There was
no detectable difference in ascent rate (Table 2).
Observed speeds were considerably faster than those
expected if Eg 4057 were attempting to maintain the
same drag forces as would be experienced in the
low-drag condition.

Kinematic parameters

We derived kinematic parameters from all 154
dives of Eg 3911. Due to movement of the tag on Eg

6

Whale Drag Change Buoyancy
ID before after in drag before after

(N) (N) (%) (N) (N)

Eg 3911 93 19 −79.5 1058
Eg 4057 82 124 +51.2 157

Fig. 1. Percentage of time spent at (B, E) different depths and (C, F) dive profiles from complete DTAG records of right whales
(A) Eg 3911 and (D) Eg 4057 in low- and high- drag and buoyancy conditions. Drag (with 95% CI) and buoyant forces are esti-
mated from gear dimensions from van der Hoop et al. (2016) and from manufacturer information (see ‘Materials and methods: 

Case histories’ for details)

Table 1. Added drag and buoyant forces on right whales
Eg 3911 and Eg 4057 before and after disentanglement re-
sponse efforts. Blank cells represent no or negligible amounts 

of added buoyancy



4057, we could only derive fluke stroke kinematics
for 17 dives in total, 11 in low-drag conditions and 6
in high-drag conditions. The number of individual
fluke strokes in various conditions and dive phases
are shown in Fig. 2.

There were significant, interactive effects on dive
phase and drag condition on individual fluke strokes
in these 2 whales (Fig. 2). The duration of the fluke
stroke cycle was significantly shorter in Eg 3911 com-
pared to Eg 4057 (F1,50155 = 9866.8, p < 0.0001;
Fig. 2A−H vs. Fig. 2I−P). Their response to drag con-
dition was significantly different (Whale × Condition,
F1,50155 = 3113.4, p < 0.0001) whereby in Eg 3911,
individual fluke strokes were significantly longer in
the high-drag condition compared to low-drag condi-
tion (Tukey’s HSD p < 0.0001; Fig. 2A−D vs. Fig. 2E−H).
Although this result is statistically significant, it is
likely not biologically significant, with a difference of
0.09 (95% CI 0.05−0.13) s. In contrast, Eg 4057 swam
with significantly shorter fluke strokes in high-drag
(3.95 ± 0.71 s) compared to low-drag conditions (5.42
± 0.16 s; Tukey’s HSD p < 0.0001; Fig. 2M−P vs.
Fig. 2I−L). Dive phase had a significant effect on fluke
stroke duration, especially in high-drag conditions.
Fluke strokes were significantly shorter during the
bottom phase of dives in both whales (Fig. 2B,F,J,N).

The longer fluke stroke durations observed for Eg
4057 in low-drag conditions, and especially on dive
descents (e.g. Fig. 2I), corresponded with glides.
Both individuals performed fewer glides in high-drag
conditions (Eg 4057: n = 5, 2.6 × 10−3 glides min−1; Eg
3911: n = 1, 1.5 × 10−4 glides min−1) compared to in
low-drag (Eg 4057: n = 40, 4.9 × 10−3 glides min−1; Eg
3911: n = 7, 4.5 × 10−4 glides min−1) conditions (Fig. 3).

Related to fluke stroke duration, but averaged over
each dive phase for all dives, f was significantly dif-
ferent between the 2 whales (3-way ANOVA, F1,642 =
186.9, p < 0.0001; Fig. 4); across all dive phases, f of
Eg 3911 (0.296 ± 0.072 Hz) was 40% greater than that

of Eg 4057 (0.178 ± 0.058 Hz). f also differed between
dive phases (3-way ANOVA, F3,642 = 26.55, p <
0.0001), being significantly greater at the surface
(0.326 ± 0.128 Hz) compared to all other dive phases
(Tukey’s HSD p < 0.0001 for each phase; Table 3).
Average fluke stroke rate did not, however, appear to
differ between low- and high-drag conditions (F1,642 =
0.3505, p = 0.554; Fig. 4).

Mean body pitch amplitudes were variable across
dive phases and drag conditions (Figs. 2 & 3). We
could not make quantitative comparisons of ampli-
tude for Eg 4057 due to tag movement during the
deployment, or between the tags due to differences
in tag placement. In both animals, fluke strokes ap -
peared to be more variable in duration and shape in
high drag/buoyancy (Fig. 3B,D vs. A,C), and during
bottom and ascent phases (Fig. 2B,F,N vs. C,G,O).

Thrust, efficiency and power

We estimated drag on non-entangled Eg 3911 to be
10−463 N across speeds of 0.3−2.5 m s−1 (Fig. S1 in
the Supplement). When entangled, drag on Eg 3911
was significantly (mean ± SD, 230 ± 228%) greater,
ranging from 118−909 N (2-sample t-test; t = 10.8881,
p < 0.0001). Following disentanglement, drag was sig-
nificantly re duced by on average 53 ± 7%, to 37−489
N across speeds (Fig. S1; t = −9.6970, p < 0.0001).

Both drag condition and dive phase had a signifi-
cant effect on CT. When entangled, CT during dive
descents was 0.164 ±0.082 and ascents were signifi-
cantly greater than following disentanglement (0.311
± 0.135; 2-way ANOVA, F1,304 = 83.10, p < 0.0001;
Fig. 5A). Eg 3911’s disentanglement procedure sig-
nificantly reduced thrust coefficients on descent and
ascent by 3.91- and 3.99-fold, to 0.042 (±0.012) and
0.078 (±0.018), respectively (2-way ANOVA, F1,305 =
425.8, p < 0.0001; Fig. 5A). Because a portion of gear
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Eg 3911 (n = 154) Eg 4057 (n = 20)
Descent rate (m s−1) Ascent rate (m s−1) Descent rate (m s−1) Ascent rate (m s−1)

Low drag 0.68 (±0.22) 0.44 (±0.13) 0.29 (±0.14) 0.14 (±0.11)
High drag 0.36 (±0.12) 0.30 (±0.09) 0.36 (±0.12) 0.21 (±0.10)
% change observed −46 −32 +24 +50
t, p t = −9.77, p < 0.0001 t = −7.32, p < 0.0001 t = 3.02, p = 0.0073 t = 1.42, p = 0.1733
Expected speed, high drag 0.22 (±0.10) 0.11 (±0.05) 0.08 (±0.04) 0.07 (±0.04)
% change expected −67 −49 −56 −53

Table 2. Mean (±SD) dive descent and ascent rates for right whales Eg 3911 and Eg 4057 in low- and high-drag conditions,
with the % change in observed speeds between low- and high-drag conditions and the expected reduction in speed (in m s−1

and %) to maintain the same power output as in low drag. Values for t statistic and p from 2-sample t-tests are included, with 
Bonferonni-corrected α = 0.025
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Fig. 2. Right whales show different fluke stroke patterns between individuals, dive phases and drag conditions. Individual
fluke strokes measured from pitch deviation (radians) in (A−D, I−L) low- and (E−H, M−P) high-drag conditions during the dive
(A, E, I, M) descents, (B, F, J, N) bottom, (C, G, K, O) ascents and (D, H, L, P) surface periods for 2 right whales (Eg 3911 A−H;
Eg 4057 I−P). Histograms show the frequency of observations of each duration, normalized by the total number of observa-
tions. Mean ± SD fluke stroke duration are shown in the bottom left and sample sizes (n) are denoted above each panel
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remained on the whale, CT when disentangled was
still on average 1.31- and 1.53-fold greater than esti-
mated for the non-entangled condition on descent

(0.047 ± 0.002) and ascent (0.051 ±
0.004; Fig. 5A). CT was almost always
greater during each dive’s ascent than
on descent, and is confined to a very
narrow range in low-drag conditions
(Fig. S3A in the Supplement). In high-
drag conditions, CT was much more
variable (Fig. S3A) and showed a sig-
nificant de crease with time, prior to
disentanglement and  following drug
injection (Fig. S3B). Specifically, CT on
descent (CT,desc) and ascent (CT,asc) as:

CT,desc = 0.28 − (2.97 × 10–5) × time (8)

(with time in s; R2 = 0.34, p < 0.0001),
and

CT,asc = 0.41 − (2.53 × 10–5) × time (9)

(with time in s; R2 = 0.12, p < 0.0231).
When entangled, ηi was 96.3 ± 1.7 and
93.4 ± 2.4% on descent and ascent,
respectively (Fig. 5B). After disentan-
glement, ηi for descent and ascent
increased to 99.0 ± 0.3 and 98.1 ±
0.4%, respectively (2-way ANOVA,

F1,305 = 526.8, p < 0.0001; Fig. 5B). For the non-entan-
gled whale, ideal efficiency was 99.2 ± 0.1% on
descent and 98.8 ± 0.1% on ascent (Fig. 5B).

The St was significantly lower on descent com-
pared to ascent (Fig. 6A; 2-way ANOVA, F1,305 =
11.13, p < 0.0010) but we detected no significant dif-
ference between low and high drag (Fig. 6A; F1,305 =
2.636, p = 0.1056). St on descents was 0.726 ± 0.257
compared to 0.833 ± 0.292 on ascent. Similarly, ηp

was significantly higher on descent (0.19 ± 0.09)
compared to ascent (0.14 ± 0.09; Fig. 6B; Table 4;
2-way ANOVA, F1,294 = 15.93, p < 0.0001), but we
detected no difference as drag was decreased after
disentanglement (F1,294 = 0.1413, p = 0.7073; Table 4).
PT was 1.25-fold greater on dive ascents compared
to de scents (Fig. 7; Table 4; 2-way ANOVA, F1,294 =
6.0186, p = 0.0147). Drag from en tangling gear
 significantly in creased thrust power, by 1.8- and
1.2-fold on descent and ascent, respectively (Fig 7;
Table 4; F1,294 = 13.33, p = 0.0003).
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Fig. 3. Pitch deviation (radians), showing individual fluke strokes and periods
of gliding, in (A, C) low-drag (black line) and (B, D) high-drag (blue line) con-
ditions in 2 right whales (A, B: Eg 3911 and C, D: Eg 4057). Relative dive depth 

(normalized to max depth = –1) is shown in grey lines for context
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Fig. 4. Average fluke stroke rates of right whales Eg 3911
(closed symbols) and Eg 4057 (open symbols) at different
dive phases and in low-drag (black) and high-drag (blue)
conditions. A representative dive profile (grey line) and
pitch record (black line) illustrate the periods over which
fluke stroke rates are calculated: descent (downward trian-
gles), bottom (circles), ascent (upward triangles) and surface 

(squares)
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DISCUSSION

Animals, including humans, constantly navigate an
energy landscape where kinematics or gait para -
meters are tuned to minimize metabolic cost in
response to changing constraints (Bertram 2005,
2015, Selinger et al. 2015). Swimmers tune their fluke
strokes to address trade-offs between thrust genera-
tion and efficiency to optimize performance, espe-
cially in response to changes in their natural force
balance. Laboratory studies on humans and other
animals are able to apply external forces in order to

understand motor reorganization
strategies and motor control (Bonnard
& Pailhous 1991). Similarly, in this
study we attached fine-scale move-
ment tags to 2 right whales that were
entangled in fishing gear; recording
continued while the forces on the
whales were decreased (Eg 3911, via
removal of the fishing gear) and
increased (Eg 4057, via attachment of
a satellite telemetry tracking buoy).
Many of the changes in behavior we
observed were individually specific;
swimming kinematics were modu-
lated in response to high drag and
buoyant forces associated with entan-
glement in fishing gear, but not neces-
sarily consistently between animals.
Observed changes in gait parameters
and swimming speed can significantly
affect thrust production and effi-
ciency, but may not be applicable to
all entangled whales.

Diving behavior

While the diving behavior of Eg
3911 was significantly affected by

drag and buoyancy (Fig. 1C, van der Hoop et al.
2014b), such a striking  difference was not observed
in Eg 4057. As both whales were tagged on the
breeding grounds in Florida, similar diving behaviors
were expected in comparable water depths, times of
year and point in the annual migration pattern (e.g.
see McGregor 2010). The variable responses in dive
patterns may be attributed to the difference in forces
experienced by the individuals: while drag forces
were comparable (93 N and 105 N, respectively), the
buoyant forces on Eg 3911 were an order of magni-
tude greater than for Eg 4057 (1058 N and 157 N,
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Drag Descent Bottom Ascent Surface
condition Eg 3911 Eg 4057 Eg 3911 Eg 4057 Eg 3911 Eg 4057 Eg 3911 Eg 4057

Duration (s)
Low 3.28 (0.55) 5.64 (3.25) 3.22 (0.74) 5.33 (3.14) 3.24 (0.70) 5.45 (3.19) 3.27 (0.66) 5.26 (3.04)
High 3.37 (0.71) 4.53 (1.30) 3.33 (0.74) 3.16 (1.60) 3.34 (0.73) 3.54 (1.64) 3.32 (0.72) 4.58 (1.35)

Rate (Hz)
Low 0.282 (0.029) 0.153 (0.057) 0.295 (0.037) 0.152 (0.087) 0.285 (0.033) 0.188 (0.047) 0.335 (0.120) 0.198 (0.031)
High 0.253 (0.041) 0.206 (0.015) 0.289 (0.063) 0.171 (0.094) 0.288 (0.047) 0.176 (0.052) 0.362 (0.139) 0.195 (0.017)

Table 3. Mean (SD) fluke stroke cycle duration and dive-phase averaged fluke stroke rates for descent, bottom, ascent, and surface 
portions of the dive records of 2 right whales, Eg 3911 and Eg 4057

Fig. 5. Effect of disentanglement on thrust coefficients (CT) and ideal effi-
ciency (ηi)  for an entangled right whale Eg 3911. (A) CT and (B) ηi were calcu-
lated for each descent (inverted filled triangles) and ascent (open triangles) of
entangled (blue) and disentangled (black) dives. Estimates of CT and ηi for the
non-entangled condition are shown for reference (grey lines); grey dashed
lines represent uncertainty for oscillation and gear drag estimates. Mean val-
ues (error bars = SD) are presented for each condition and dive portion. Note 

the log y-axis in (A)
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respectively, Fig. 1C,F, Table 1). Eg 3911’s more
abrupt re sponse may be due to relative change in
force balance if feedback to loading is intensity
dependent, as it is in humans and other vertebrates
(Duysens et al. 2000). For both tagged right whales,
the length of the tether to the buoys was greater than
the maximum dive depth (Eg 3911 = ~1 m tether; Eg
4057 = ~33 m tether). However, visual observations of
Eg 4057 described the telemetry buoy being pulled
underwater during dives (K. Jackson pers. comm.).
The short tag deployment durations, especially for

Eg 4057, make it difficult to assess
changes in diving behavior associated
drag and buoyancy. Future disentan-
glement operations should continue
attaching tags to collect similar data
which will enable additional compar-
isons of individual responses to entan-
glement drag.

Differences in body condition be -
tween the whales are also relevant to
differences in dive responses. Because
the total buoyancy of these individuals
is unknown, it is difficult to know just
how the ratio of body to added buoy-
ancy may affect their diving behav-
iour. Eg 3911 was 20% thinner than
mesomorphic right whales (van der
Hoop et al. 2014b), and was therefore
likely negatively buoyant; however,
the entangling gear added a consider-
able amount of positive buoyancy. If
Eg 3911 were to take advantage of
added buoyant force, we would ex -
pect little change in dive ascent rate,
and significantly greater fluke stroke
kinematics and thrust on descent in
high drag. Contrary to this expecta-
tion, CT and PT were significantly
greater on ascent than descent in
high-drag conditions (Figs. 5A & 7,
Fig. S3A in the Supplement). The only
observation suggesting buoyancy-
aided ascents was that gear removal
led to increases in descent speeds by
46% and ascent speeds by 32%; gear
had reduced speeds in both directions,
but more so in the direction opposite
the net force. Eg 3911 did not slow as
much as was expected to maintain
drag forces (Table 2). The additional
buoyancy should have been more
inhibitive for Eg 4057 on descent, as

the whale was positively buoyant (Nowacek et al.
2001). However, Eg 4057 was able to reach compara-
ble depths in both low- and high-drag and buoyancy
conditions and swam at greater speeds in high vs.
low drag (Table 2); Eg 4057 did not slow down to
reduce power output in either direction.

It is important to acknowledge that Eg 3911 was
treated with a mixture of Midazolam and Butor-
phanol 20 min (0.34 h) after the DTAG was attached
in order to facilitate the disentanglement procedure
(Moore et al. 2010, van der Hoop et al. 2014b). Mida-
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Low drag High drag
Descent Ascent Descent Ascent

Propulsive efficiency
Mean (SD) 0.19 (0.08) 0.14 (0.09) 0.17 (0.11) 0.15 (0.09)
Max 0.34 0.51 0.50 0.44

Thrust power (W)
Mean (SD) 399 (373) 604 (553) 723 (569) 706 (287)
Max 2762 2762 3858 1215

Overall power (W)
Mean (SD) 1596 (1494) 2416 (2215) 2893 (2278) 2824 (1149)
Max 11051 11051 15435 4862

Table 4. Propulsive efficiency, thrust and overall power of right whale Eg 3911
in low- and high-drag and buoyancy conditions, on descents and ascents

of dives to >5 m

Fig. 6. (A) Strouhal number (St) and (B) propulsive efficiency (ηp) during peri-
ods of dive descent (filled inverted triangles) and ascent (open triangles) and
in low-drag (black, disentangled) and high-drag (blue, entangled) conditions
for right whale Eg 3911. Mean values (error bars = SD) are presented for each
 condition and dive portion. The shaded region represents the optimal range of 

0.2 < St < 0.4
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zolam produces reliable hypnosis, amnesia, and
antianxiety effects (Reves et al. 1985), while Butor-
phanol is an analgesic (Pircio et al. 1976). Thus a mix
of these drugs was appropriate for an entangled
whale that had undergone months of pain from tissue
constriction and laceration, with granulation and
scarring, and increased work from the drag of the
entanglement. The short-term effect of this drug mix-
ture as it is absorbed from an intra-muscular in jection
over a period of approx. 30 min would be to increas-
ingly lessen pain, forget past stress, and reduce anx-
iety. Thus the animal would be likely to resume a
more ‘normal’ (vs. pain-impaired) gait for the dura-
tion of effective blood levels of the drug mixture,
which might last for an hour or more. During this
time, fluke stroke amplitude and vertical speed
increased, leading to a slight reduction in thrust coef-
ficient and an increase in swimming efficiency
(Fig. S3B). Further, van der Hoop et al. (2014b) found
significantly higher fluke stroke rate and RMS fluke
stroke energy after injection, but still prior to disen-
tanglement. In a different right whale (Eg 3311), a
similar drug mixture led to a significant increase in
respiratory frequency an hour after injection, along
with increases in swimming speed and a marked

reduction of boat evasion (Moore et al.
2010). Together, these data suggest
that anti-anxiety and analgesic drugs
likely reduce pain to enable standard
locomotion at higher speeds.

Kinematic responses

It was expected that, similar to bow-
head whales (Simon et al. 2009), right
whales would reduce swimming
speeds and adopt continuous swim-
ming gaits (i.e. increase fluke stroke
frequency) in higher-drag scenarios;
fluke stroke duration would therefore
reflect the relative strength of oppos-
ing forces for the 2 whales. Both
whales were subject to higher drag
when swimming at the surface (Hertel
1969, Webb 1975b), resulting in
shorter fluke strokes and higher fluke
stroke rates (Figs. 2 & 4). For Eg 3911,
it was expected that fluke strokes
would be longer on descent, as the
animal was likely negatively buoyant,
and shorter on ascents. The opposite
was expected for Eg 4057, a healthy

and likely positively buoyant individual: fluke stroke
durations would be shorter on descent compared to
ascent. Overall, drag loading should shorten fluke
strokes, especially in the direction opposing move-
ment. While the overall expectation of shorter fluke
stroke durations with drag loading was observed for
Eg 4057 (Fig. 2I−L vs. M−P), the expected pattern of
fluke stroke duration with respect to dive phase was
not observed. If whales were taking advantage of
added buoyancy, the in verted pattern of what was
observed in entangled Eg 4057 would be expected:
shorter on descent and higher on ascent (Fig. 2I vs.
K). Again, it does not appear that these whales were
taking advantage of the buoyancy added by the
entangling gear. This may be because the buoyancy
was not acting at the center of mass, but instead was
trailing 15 to 30 m behind the whales, often deeper
than their dive depths.

The significantly longer fluke strokes in Eg 4057,
especially in low-drag conditions, correspond to peri-
ods of gliding. Both individuals showed fewer in -
stances of gliding in high-drag conditions, consistent
with more propulsion to counter greater drag forces,
as has been observed in other balaenids during high-
drag filter feeding (Simon et al. 2012). Alternative
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Fig. 7. (A) Thrust power  on dive descent (filled inverted triangles) and ascent
(open triangles) and in low-drag (black, disentangled) compared to high-drag
(blue, entangled) conditions for right whale Eg 3911. (B) Thrust power esti-
mates derived from swimming kinematics (symbols) approximate theoretical
calculations related to speed (lines). Dotted lines represent uncertainty in 

oscillation and gear drag estimates
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gaits may not always be an option (Maresh et al.
2014), and these data suggest that despite consider-
able drag loading, whales still appear to use stroke
and glide swimming when entangled (Eg 4057;
Fig. 3C,D), albeit less frequently, and are able to
exploit some cost-effective swimming techniques.

There are a number of trade-offs that must be bal-
anced when altering kinematics. For example, thrust
increases, but, beyond a certain threshold, efficiency
decreases with fluke-stroke frequency (Daniel 1991)
and, again, beyond a certain threshold, with the
angle of attack (Chopra & Kambe 1977). Swimming
animals often increase fin-beat frequency in re -
sponse to changes in force balance (Skrovan et al.
1999, Williams 1999, Cornick et al. 2006, Aoki et al.
2011). Adjusting frequency instead of amplitude may
be a strategy to reduce body distortion required for
large-amplitude movements that would further
increase drag (Fish et al. 2003); there may also
be limitations on the amount of work per stroke
(Lovvorn et al. 2004). Changes in amplitude are less
common in the literature compared to frequency, but
may be particularly useful in generating high thrust
when especially needed, such as for rapid accele -
rations (Fish et al. 2014) or at the initiation of dives
(Fig. 3B).

Changes in efficiency

Whales swim by oscillating their tails and body, the
rate, amplitude and angle of which can be altered to
optimize propulsive efficiency. The relationship
between these kinematic parameters and swimming
speed is represented by St (Eq. 5), where the greatest
swimming efficiencies occur in the range 0.2 < St <
0.4 (Triantafyllou et al. 1993, Eloy 2011). We ex -
pected that frequency, amplitude and speed would
be adjusted to maintain efficiency or a given St in
low- and high-drag conditions. Some swimmers are
able to compensate and maintain St (Noren et al.
2011, Nudds et al. 2014), whereas others have signif-
icantly greater and suboptimal St with drag loading
(Lang & Daybell 1963; Methling et al. 2011). In this
study, the St of right whale Eg 3911 was significantly
lower on descent than ascent, but did not change sig-
nificantly following removal of entangling fishing
gear (Fig. 6A). Propulsive efficiencies were signifi-
cantly greater on descents vs. ascents, but were
maintained between drag conditions. Eg 3911 ap -
peared to be able to alter kinematics to compensate
for the effects of drag loading to maintain similar,
although sub-optimal, propulsive efficiency.

Individual and context-specific compensatory strate -
gies occur on a range of temporal scales. Ants and
other load-carrying insects show plasticity in their
step patterns and leg positions (Zollikofer 1994).
Humans respond on the order of seconds to con-
straints in step frequency, stride length, or walking
speed (Bertram 2005) and converge on new ener-
getic optima within minutes to realize seemingly
small savings in energetic cost (<5%; Selinger et al.
2015). High-heel wearers adjust their movements
systematically with heel height to maintain heart rate
and oxygen consumption (Ebbeling et al. 1994). Prior
exposure to specific limitations, e.g. experienced vs.
inexperienced high-heel wearers (Opila-Correia,
1990) or previous study subjects (Selinger et al. 2015)
enhances the speed and plasticity of individual
responses. Whales and other marine mammals make
small gait changes in response to repetitive and tran-
sient actions, such as reducing thrust production in
the buoyancy-aided direction on dives (Nowacek et
al. 2001, Aoki et al. 2011, Miller et al. 2012, Adachi et
al. 2014, Nousek-McGregor et al. 2014). These case
studies show yet another condition in which animals
perceive changes in movement constraints over the
course of seconds to minutes, here resulting from dis-
entanglement response, and alter their movement
accordingly (Duysens et al. 2000).

Compensation can also occur over the long term as
whales are entangled for months to years. Certain
postural diseases (e.g. flatback syndrome; Sarwahi et
al. 2002) lead to specific gait modifications to reduce
the cost of transport but can cause abnormal joint
loading and eventual degeneration. Similarly, as
amputees alter their biomechanics while establishing
a prosthetic gait, loading imbalances lead to osteo -
arthritis of the intact limb and osteopenia due to
insufficient loading of the residual limb (Gailey et al.
2008). Sustained compensation may be a mechanism
for musculoskeletal deformations observed in en -
tangled animals.

Trauma and consistent compensation for the dis-
proportionate forces and moments associated with
chronic entanglement are assumed to have deformed
the developing vertebrae in a juvenile right whale,
CALO0901, to the point of severe scoliosis that led to
its debilitation and live stranding (Moore et al. 2013).
Newly remodeled bony structures along the ob -
served spinal deformation suggest that healing had
occurred under different local conditions in mechan-
ical strain (Lagier 1977). Spinal scoliosis has also
been observed in another free-swimming right whale
with entanglement injuries (Eg 2110 in 2008; Henry
et al. 2012) and in a chronically entangled shortfin
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mako shark Isurus oxyrinchus) Wegner & Cartamil
2012). The development and permanence of these
musculoskeletal deformations associated with entan-
glement drag forces, and their impacts on swimming
behaviors and efficiency, are entirely unknown.

Efficiency considerations

We present the first estimates of ideal and propul-
sive efficiencies for right whales. Being a relatively
rotund cetacean with a large aspect-ratio tail, the
right whale has evolved for slow cruising (Woodward
et al. 2006). Average propulsive efficiencies for a
right whale following disentanglement were (mean ±
SD) 0.25 ± 0.09 and 0.26 ± 0.12 on descent and ascent,
respectively; maximum propulsive efficiencies were
0.50 and 0.51. These estimates are considerably
lower than values for other cetaceans. Fish (1998)
estimated maximum propulsive efficiencies of 0.75−
0.98 for various toothed whale species, which swim at
much higher speeds (6.01−7.91 m s−1) and therefore
face greater selective pressures to develop locomotor
efficiency to counter especially high drag. Bose &
Lien (1989) estimated propulsive efficiencies of 0.84−
0.87 for a fin whale, a continuous swimming species
that cruises at 4−12 m s−1. While propulsive efficiency
can be expected to be greater than 0.7 at routine
swimming speeds, it reaches minima at speeds < 0.5
L s−1 (Webb 1975b, Fish 1993, 1998, Fish & Rohr
1999). The right whale is a much slower swimmer
than the odontocetes and cruising balaenopterids
that have largely been the focus of marine mammal
swimming efficiency studies, with routine speeds of
0.36−1.6 m s−1 (Hain et al. 2013), or 0.03−0.16 L s−1 for
Eg 3911’s dimensions. Both whales in this study show
extremely slow vertical speeds of 0.14−0.68 m s−1 in
low-drag conditions (0.01−0.07 L s−1; Table 2). Other
slow-moving marine mammals such as manatees and
belugas have low propulsive efficiencies of 0.67−0.81
and 0.82−0.84, respectively (Fish 1998, Kojeszewski
& Fish 2007). It is therefore not surprising that a right
whale may have lower propulsive efficiency due to
its body dimensions, lifestyle and swimming charac-
teristics (Woodward et al. 2006), even in the non-
entangled case.

Anderson et al. (1998) showed that the conditions
to achieve high efficiency of a flapping foil are: (1) an
amplitude of heave motion comparable to chord
length, (2) θ at about 20° and (3) St between 0.25 and
0.35. The average chord length for right whales (dis-
tance from the caudal peduncle to the fluke notch) is
0.083 × L (Woodward et al. 2006), i.e. 0.83 m for

Eg 3911— smaller than the estimated fluke stroke
amplitudes of 2.0 m and 1.6 m in low- and high-drag
conditions, respectively. Estimated α generally fell
within the 10−15° range, especially in the low-drag
condition (Fig. S2), lower than the 10−30° observed
in highly efficient bottlenose dolphins (Fish 1993). St
was mostly >0.5. The dimensions and kinematics of
right whales therefore approach but do not reach the
conditions optimal for propulsion, and additional
constraints reduce realized propulsive efficiency.

Overall swimming efficiency, often termed aerobic
efficiency, ηa, is a combination of propulsive (also
propeller) efficiency, ηp, and muscular (also meta-
bolic) efficiency, ηm (Webb, 1975a). Muscular effi-
ciency is often assumed to be 0.25 for mammals
(Kleiber 1961). To consider losses from both propul-
sion and from muscular energy conversion, ηa must
be multiplicative, i.e. ηa = ηp × ηm. Some previous
studies (Goldbogen et al. 2011, Potvin et al. 2012)
sum the total losses of 0.75 and 0.10 to obtain ηa =
0.15, instead of multiplying (0.25 × 0.90 = 0.225),
though 0.15 represents a conservative estimate.

Combining average ηp for this right whale (Eg
3911) with losses due to muscle activity (ηm = 0.25)
leads to an ηa of 0.05 and 0.04 and maximum overall
efficiencies of 0.13 and 0.13 for descent and ascent,
respectively (Table 4), supporting the conservative
0.15 efficiency factor used in previous studies (Gold-
bogen et al. 2011, Potvin et al. 2012, van der Hoop et
al. 2014b). ηi was significantly lower when entan-
gled; although this does not represent the realized
case, it illustrates a simpler estimate (based on CT

alone) and that the optimal performance of the sys-
tem is affected by these different entanglement con-
ditions. However, we did not detect a significant in -
crease in observed ηp following disentanglement
(Table 4). The observed changes in kinematics may
have served to maintain propulsive swimming effi-
ciency across the 2 conditions. It is critical to consider
that these efficiency estimates reflect those of a slow-
moving, chronically entangled, emaciated and there-
fore negatively buoyant right whale that was within
18 d of death.

The most efficient methods of load carrying place
the load at the center of mass, as is observed in ani-
mals (e.g. crabs and ants, Duysens et al. 2000; aborig-
inal tribespeople, Heglund et al. 1995). The distribu-
tion of these loads can be more important than mass,
affecting metabolic rates in humans (Laursen et al.
2000) and kinematics of load-carrying ants (Zol-
likofer 1994). There is considerable variation in drag
forces over the 30-s measurement periods of drag
forces on entangling fishing gear in van der Hoop et
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al. (2016). Due to changing flow conditions, whales
towing gear will experience variable forces and
moments, not necessarily at the center of mass. The
mouth is the most common point of attachment of
entangling gear for right whales (77.4%), and 51.6%
of entanglements involve only the mouth (Johnson et
al. 2005). Peduncle entanglements, well behind the
center of mass, are less common in northern right
whales, though gear often attaches at many points
along the body (Johnson et al. 2005). The dynamics
of variation in forces and moments at attachment
locations other than the center of mass likely have
different effects on whale propulsion, efficiency, and
gait, though they are unknown at this time.

Conclusions

Chronic entanglement significantly affects locomo-
tion, the specifics of which depend on the individual.
Though the sample size is small, opportunities to tag
entangled whales are few and far between, empha-
sizing the importance of continuing efforts to tag
entangled whales with short-duration tags. Even
with these limited data, it is apparent that drag sig-
nificantly affects swimming behaviors and their vari-
ability, which contribute to propulsive efficiency.
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