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Various species of animals organize into defined aggregates while traveling (e.g.,
schools, pods, flocks, queues, herds, swarms). The suggested functions of these social
groupings include sharing information, aero/hydro-dynamic efficiency, antipredator
tactics, increased probability of finding mates, and increased foraging efficiency (Shaw
1978, Partridge ez a/. 1983, Fish 1999). Prey herding is not uncommon among ceta-
ceans, such as humpbacks feeding on euphasiids (Heithaus and Dill 2002). Certain
locomotor aggregates are arranged as highly structured formations, whereby individ-
uals are oriented in the same direction, maintain a defined spacing and are organized
in discrete patterns. For example, tuna swimming together can be arranged in a para-
bolic shape and in an elongate diamond formation to take advantage of hydrodynamic
effects (Weihs 1973, Partridge ez /. 1983).

Large groups of cetaceans have been observed swimming in side-by-side and eche-
lon formations (Norris and Prescott 1961, Leatherwood and Walker 1979, Norris
and Johnson 1994). In addition, bowhead whales (Balaena mysticetus) and southern
right whales (Eubalaena australis) have been observed swimming in echelon formation
while surface feeding (Richardson ez #/. 1985, Wiirsig ez a/. 1985, Wiirsig and Clark
1993, Landino ez /. 1994). Bowhead whales swim in a V-formation with the trailing
whales positioned laterally (Wiirsig ez /. 1985). Speculation on the occurrence of ech-
elon formations focused on feeding efficiency (Wiirsig ez @/. 1985, Wiirsig and Clark
1993). This formation is thought to allow a trailing whale to capture food that
spilled from the mouth of a leading whale or to channel prey toward a trailing whale
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by having the body of a lead whale function as a “wall.” While these are plausible
explanations for moving in an echelon formation when feeding, they do not take into
account the hydrodynamics of swimming in a closely organized formation. The dis-
cussion below considers alternative causations for echelon swimming by bowhead
whales based on hydrodynamics and aerial photographs of feeding bowhead whales.

In the summer bowhead whales feed on copepods and euphausiids in the western
Beaufort Sea near Barrow, Alaska, sometimes in large groups (Lowry and Burns
1980, Wiirsig er /. 1985). Aerial photography from a NOAA Twin Otter (NS6RF)
was used by researchers from the National Marine Mammal Laboratory (NMML) to
obtain information on residence times, feeding behavior, and age classes of whales as
part of the Bowhead Whale Feeding Ecology Study (BOWFEST). A fully automated,
triple-camera system (Canon EOS-1DS Mark III cameras with Zeiss 85 mm f1/4
lenses) was used for photogrammetry and photo-identification. The cameras, firing at
a rate of 1.4 photos/second, were aimed out of a large belly window and held in a for-
ward motion-compensating (FMC) mount with a rocker mechanism to counter the
forward velocity of the aircraft. This system provided a photographic footprint with
20% overlap between images horizontally and 60% overlap vertically (along the
flight line). Altitudes during photographic passes over whales were generally between
210 and 270 m (700-900 ft). A laser altimeter (Universal Laser Sensor) provided
altitudes accurate to within a few centimeters. A calibration target was used to test
the laser, radar, and GPS altimeters and provided a correction factor for whale body
length estimates relative to aircraft altitude.

On 12 September 2010, BOWEFEST aerial observers flew over a feeding group of
more than 60 whales located 40 km east of Point Barrow in water approximately
8 m deep. This large group was observed intermittently across a period of 27 min.
Individual whales were in a view for only a few seconds at a time. Many were in pairs
or trios, and up to five whales were observed in an echelon formation while swim-
ming at the surface (Fig. 1; whales numbered 1-5). The five whales swam on their
sides with their right side” facing downward and mouths agape. One whale swim-
ming just lateral and aft of the lead whale was oriented upright with its venter posi-
tioned downward. The whales were positioned in classic echelon formation, closely
together, with approximately 3.4-6.2 m from the tip of one head to the tip of the
following whale. Most of the whales in this formation were within touching distance
with a spacing of <1 body width apart. The orientation of the whales described here
was different from the whales observed by Wiirsig ¢z #/. (1985). The latter animals
swam upright and maintained a distance of 0.5-3 body widths between individuals.
However, one group of three whales located at the top of Figure 1, as seen during the
BOWEEST survey, swam with two whales in the “normal” orientation and one whale
swimming on its left side.

Boat-based sampling of hydrography and plankton was conducted in the same
region near Barrow, also a part of the BOWFEST program. Data showed that upwell-
ing-favorable winds followed by weak winds, particularly from the south-southwest,
can result in large quantities of euphausiids being upwelled and then “trapped” on
the Beaufort Sea shelf (Okkonen ez #/. 2011). An observation of diel vertical migra-
tion (DVM) in acoustic backscatter records in the area supported the evidence of occa-
sional high abundance of euphausiids (Ashjian er #/. 2010). At the time of the

2Gray whales apparently feed on the right side as well based on evidence from wear on their baleen
(Kasuya and Rice 1970).
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Figure 1. Aerial photograph of bowhead whales feeding in the western Beaufort Sea near
Barrow, Alaska. Whales are numbered 1 through 9. Two groups of whales are observed in ech-
elon formations with six of the nine whales (1, 2, 3, 4, 5, 7) displaying a side-swimming
behavior.

sighting, the average winds were from the west-southwest at 5.3 m/s (~10 kn), creat-
ing favorable conditions for trapping large quantities of euphasiids on the Beaufort
Sea shelf. Also, the clearest DVM occurred between 7 and 13 September providing
furtl;er evidence of high prey abundance in the Barrow area at the time of the sight-
ing.

As the whales were swimming at the ocean surface at an approximated speed of 1.1—
2.5 m/s (Mayo ¢r «/. 2001, Baumgartner and Mate 2003, Werth 2004), flow patterns
were apparent. Despite moving at the water surface, surface tension would have a neg-
ligible effect on the pattern of vorticity by the whales due to the scale of the system
(Vogel 1994). Analysis of Figure 2 shows four hydrodynamic patterns associated with
various body parts of the whales. These hydrodynamic patterns include: (1) a promi-
nent bow wave anterior to the mouth, (2) thrust-type vortices associated with the oscil-
lating caudal flukes, (3) separation vortices emanating from the margins of the upper
and lower jaws, and (4) channeled flow between the bodies. The presence of the hydro-
dynamic patterns can have bearing on feeding efficiency in concert with echelon swim-
ming. A schematic of the hydrodynamic features is provided in Figure 3.

Bow wave (BW)—A bow wave is generated by a pressure differential becween the
anterior of the whale and the open water. The position of the bow wave anterior of
the mouth indicates a high pressure and low flow velocity inside the oral cavity.
Despite the flow-through nature of the baleen filtration apparatus in the oral cavity

*Personal communication from S. R. Okkonen, Institute of Marine Science, University of Alaska Fair-
banks, Fairbanks, AK, 15 October 2010.
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Figure 2. Close-up from Figure 1 of whales 1—4 showing hydrodynamic features associated
with an echelon formation of side-swimming bowhead whales at the water surface. The hydro-
dynamic features include bow waves (BW), channeled flow (CF), separation vortices (SV), and
thrust-type vortices (TV).

(Pivorunas 1979, Werth 2004), the pressure wave is indicative of increased resistance
to flow. The rate of flow through the mouth and magnitude of the pressure differen-
tial would be dependent on the porosity of the baleen sieve.” A high-pressure head at
the mouth could transport prey away from the oral cavity, reducing feeding effi-
ciency. Particularly fast swimming prey or prey near the edges of the mouth could
escape. Such escape is mitigated by the forward extension of the lower jaw and lower
lateral lips that could provide a barrier to escape. In addition, the high pressure in
front of the head will increase the drag on the body, making swimming while feeding
energetically expensive compared to swimming with the mouth closed. High drag
when feeding requires additional thrust production from the flukes and reduces
swimming speed.

Thrust-type vortices (TV)—The presence of vortices (i.e., fluid circulating rapidly
around a center; whirlpool) at the caudal flukes (Fig. 2) is indicative of thrust-type
vortices (Weihs 1972). When the flukes oscillate, a vortex is shed from the flukes at
the end of each half-stroke (Vogel 1994). As the flukes are reaccelerated in the
opposite direction, a new vortex is formed that is bound to the flukes with a reversed
circulation (Vogel 1994). Thus, each vortex is formed from the reversal in direction

“Personal communication from A. J. Werth, Department of Biology, Box 162, Hampden-Sydney
College, Hampden-Sydney, VA, 2011.
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Figure 3. Schematic of flow pattern of two whales swimming in echelon formation based
on Figures 1 and 2. The hydrodynamic features include bow waves (BW), channeled flow
(CF), separation vortices (SV), and thrust-type vortices (TV). The direction of the spin of the
vortices and flow are indicated by the arrow heads.

of the propulsor (Fish and Lauder 2006). As the whale progresses, the oscillating
motion of the flukes produces two parallel trails of staggered vortices perpendicular
to the plane of oscillation and with opposite circulations.

These thrust-type vortices transport momentum from the flukes into the fluid.
The momentum imparted to the fluid is concentrated in a jet of fluid directed on
average opposite to the swimming direction (Weihs 1972, Rayner 1985, Videler
1993). Thrust is derived from the reaction of the jet stream. The jet induces the rest-
ing water around it to generate the vortex wake.

The thrust-type vortex wake is a two-dimensional representation of the flow field
shed from an oscillating propulsor. The wake is a trail of connected alternating clock-
wise and anticlockwise vortices. In three dimensions, the vortices are actually con-
nected by tip vortices generated at the distal ends of the flukes, forming a folded
chain of vortex rings with the momentum jet directed posteriorly through the center
of the rings (Videler 1993, Vogel 1994, Fish and Lauder 2006). Such a flow field is
essential to the generation of thrust in swimming whales.

Separation vortices (SV)—The pattern of vortices occurring along the margins of the
upper and lower jaws is due to the separation of water from the surface of the whale
(Fig. 2). This separation occurs because an adverse pressure gradient develops along
the body surface (i.e., low pressure upstream and high pressure downstream) (Webb
1975, Vogel 1994). The flow along the body decelerates as it has insufficient energy
to overcome the adverse pressure gradient. Water next to the surface accelerates in
the opposite direction of the flow and causes separation (Webb 1975). The separated
flow produces eddies and vortices.

As a bluff (nonstreamlined) body moves through a fluid, the flow about the body is
nonsteady. Flow separates alternately from each side of the body producing two stag-
gered rows of vortices in the wake. Like the thrust-type vortex wake, all the vortices
in one row rotate in the same direction, but opposite to that of the other row. How-
ever, the rotation of the vortices is opposite to the pattern found in the thrust-type
vortex wake (Weihs 1972). This flow pattern around a bluff body is a drag-type
vortex wake (Vogel 1994).
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Channeled flow (CF)—The position of the whales swimming on their sides in the
echelon formation will form restricted channels between adjacent animals (Fig. 2).
The constriction of flow between the whales will cause a decrease in pressure (Venturi
Effect) as a consequence of an increase in flow velocity (Bernoulli Principle) (Vogel
1994). This faster flow is evident as it is ejected behind the lower jaw of the leading
whale and upper jaw of the immediate trailing whale. The bow wave is deflected pos-
teriorly along with the separation vortices. The reduced fluid pressure within the
channels will produce a mutually attractive force between adjacent whales (Kelly
1959).

Wiirsig ez a/. (1985) interpreted bowhead whales swimming in an echelon forma-
tion as a feeding strategy in which trailing whales would capture prey that was
missed or had evaded a leading animal. A trailing whale would gain an advantage by
having an adjacent whale act as a “wall” to guide the prey into its mouth (Wiirsig
and Clark 1993). While this represents a plausible explanation of the behavior, it
does not take into consideration the hydrodynamic factors associated with the whales
feeding on their sides. In the original description by Wiirsig ez a/. (1985), the bow-
head whales were in a normal gravity-orientated position (i.e., ventral side oriented
downward). In addition, the distance between whales was 8 m apart (Wiirsig and
Clark 1993), which is greater than the distance between the side-swimming whales
described in this note.

Swimming in an echelon formation avoids hydrodynamic interference. By swim-
ming alongside another whale, each whale would be moving through a region of
undisturbed water so that a following whale is not in the shadow of a lead whale
through the food patch. Thus, prey may not be deflected away from a trailing whale
due to the flow pattern produced by a leading whale. However, the optimal formation
to forage through undisturbed water would be by swimming abreast and arranged as
a long line.

In an echelon formation, the leading whale induces a flow that could be taken
advantage of by a trailing whale. The separation vortex generated from the lower jaw
(Fig. 2) could aid in concentrating prey (e.g., copepods, euphausiids) into its center
and directing the prey toward the mouth of the following whale. The way that parti-
cles are dispersed by a vortex is dependent on the size and density of the particles rela-
tive to the size of the vortex and viscosity of the medium (Green 1995). Small
particles with densities below or close to the medium of the vortex will be trans-
ported into the vortex core, whereas large particles with densities greater than the
medium will be accelerated away from the vortex. Copepods are of a small size
(1-2 mm) with a density of 1,027-1,045 kg/m3 and euphausiids (10-60 mm) have
a body density of 1,042—1,068 kg/m® (Greenlaw 1977). As copepods and euphausi-
ids are of small size, with a body density similar to seawater (1,024 kg/m?), the vorti-
ces will tend to concentrate the prey into the center of the vortex for intake by the
following whale (Green 1995, Knutsen ¢z #/. 2001).

The last whale in the echelon that is shown in Figure 1 (whale 5) is aligned with
the trail of separation vortices shed from the previous whale in the formation. In this
position, the whale is optimally placed to feed on copepods concentrated by the
vortex wake. Similarly, the spoonbill (Platalea leucordia) uses vortices to transport
prey. This bird sheds vortices from the tip of its bill as it is swept through the water
to generate hydrodynamic suction on the bottom to move prey (Weihs and Katzir
1994).

Echelon formations by cetaceans have been suggested to have an effect on the flow
dynamics to lower the energetic cost of swimming (Kelly 1959, Lang 1966, Brodie
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1977, Norris and Johnson 1994). Formation swimmers influence water flow around
adjacent individuals (Weihs 1973, Fish 1999). Use of separation vortices or thrust-
type vortices can produce a flow regime that reduces the relative velocity on an indi-
vidual in a formation when swimming in the optimal position (Fish 1999). As drag
is directly related to the velocity squared, a reduced relative velocity will substantially
reduce the drag and energy cost to swim. Because swimming at the water surface
incurs higher energy costs than submerged swimming (Hertel 1966, Fish 2000) and
the feeding apparatus can increase pressure drag, mechanisms to reduce the total drag
on the whale when surface feeding would be highly advantageous (Woodward ez /.
20006).

For separation vortices produced by a leading body, the optimal formation is a clo-
sely spaced single file (Fish 1994, 1995, 1999). A thrust-type vortex system has the
opposite rotation of the vortices (Weihs 1972). In this case optimal position to reduce
drag is for trailing individuals to be parallel and lateral to the vortex wake in the
plane of oscillation of the flukes. Thus, an individual swimming diagonally behind
another achieves a low relative velocity and high energetic advantage (Weihs 1973).
Due to the rotation of the vortices, however, an individual following directly behind
another will experience a higher relative velocity and would have to expend a greater
amount of energy (Weihs 1973). Because the thrust-type vortex wake takes time to
fully develop and then dissipate further downstream, the optimal configuration is an
elongate diamond or shallow rhombus pattern (Weihs 1973), such as seen in schools
of fish (Partridge ez a/. 1983). Geese will also fly in echelon or V-formations to reduce
energy costs when migrating (Fish 1999).

The positions of the bowhead whales seen in Figure 1 do not take advantage of
vortices to achieve drag reduction. The diagonal configuration of the echelon pre-
cludes drag reduction from separation vortices and distance between whales is too
small to take advantage of the thrust-type vortices from the oscillating flukes. How-
ever, the close spacing can induce a rapid channeled flow between adjacent whales,
which can reduce drag by drafting. The channeled flow would produce an attractive
force by a Bernoulli suction between the bodies with the leading body having addi-
tional drag and a reduced drag on the trailing body (Kelly 1959, Lang 1966, Weihs
2004). The dynamic nature of the echelon formation may be associated with different
drags on leading and trailing whales. When individual whales leave or enter the eche-
lon, the relative position of the whales will change (Wiirsig and Clark 1993).

Drafting is used by small whales that often position themselves beside and slightly
behind the maximum diameter of a larger animal (Tavolga and Essapian 1957,
Norris and Prescott 1961, Dohl e @/. 1974, Reid et 2/. 1995, Marino and Stowe
1997, Gubbins et @/. 1999, Noren 2008, Noren ¢t /. 2008, Noren and Edwards
2011). Weihs (2004) estimated that a neonatal dolphin could have savings of
60%—90% of the thrust required to maintain a position alongside of the mother.

In conclusion, the occurrence of side-swimming whales while foraging represents
an unusual behavior that has implications for the hydrodynamics of the whales.
There are potential benefits to the echelon formation of side-swimming whales
based on observations of the vortices produced and proximity and location of the
whales. The vortices shed from the surface of a leading whale could help to concen-
trate prey to be consumed by a trailing whale. The location of adjacent whales
would produce a flow field that would aid in pulling along each trailing whale by
the Bernoulli effect. Side-feeding of bowhead whales in concert with echelon forma-
tion swimming can increase feeding efficiency and/or decrease the overall energy
cost of locomotion when foraging.
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