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Balancing Requirements for Stability and Maneuverability in Cetaceans]

Frank E. Fisn’
Department of Biology, West Chester University, West Chester, Pennsylvania 19383

SYNOPSIS.  The morphological designs of animals represent a balance between stability for efficient loco-
motion and instability associated withk maneuverability. Morphologies that deviate from designs associated
wilh simhility are highly maneuverable. Major features affecting maneuverability are positions of control
surfaces and flexibility of the body. Within walsmtuceie cetaceans (i.e., fumdhed whales), variation in body
design affects stahility and turning performance. Position of control surfaces (i.e., flippers, fin, flukes, pa-
duncle) provides a generally stable design wilh respect i an arrow model. Destabilizing forces generated
during swimming are balanced by dynamic stabilization due ixthe phase relationships of various body
components. Cetaceans with flexible bodies and mobile flippers are able tis turm tightly ai low turning rates,
whereas fast-swimming cetaceans wiih less flexibility and relatively immobile flippers sacrifice small iurm
radii for higher turning rates. In cetaceans, body and control surface mobility and placement appear i« be
associated with prey type and hahitai. Flexibility and slow, precise maneuvering are found in cetaceans il
inhabit more complex huhiiaix, whereas high-speed maneuvers are used by cetaceans in the pelagic envi-

ronment.

INTRODUCTION
Stability and maneuverability

The morphologies displayed by animal species rep-
resent compromises between structural materials, evo-
lutionary constraints, and diverse functional require-
ments. For mobile animals, two of these functional re-
quirements concern stability and maneuverability for
animals in motion. Stabilizing systems self-cormect for
disturbances and maintain a desired postural attitude;
whereas maneuvering systems do the opposite by pro-
ducing controlled instabilities allowing a change in di-
rection, stopping, and starting (Webb, 1997). Although
these functions appear to be quite different, they are
closely related (Webb, 1997). Stability promotes
steady movement along a predictable trajectory,
whereas changes in rate of movement and trajectory
characterize maneuverability, which represents a con-
trolled instability. A maneuvering body undergoes
translation or rotation as opposed to a stable body in
which the sum of all forces and all turning moments
are zero.

Animals are at constant odds to balance the com-
peting requirements of stability and maneuverability.
Stability for animals reduces the energetic cost of lo-
comotion. Stable gaits operate economically within
narrow ranges of speed (Hoyt and Taylor, 198 1; Webb,
1994). Movement in a rectilinear manner decreases the
resistive forces associated with the locomotor activity
and minimizes the distance traveled. Therefore, from
an evolutionary perspective, one might conjecture that
stability would have a positive selection value in such
behaviors as migration over prolonged distances and
time. However, animals rarely move continuously in
straight lines. For example, complex movements are

From the Symposiumfai-iii and Maneuverability presented at
the Annual Meeting of the Society for Integrative and Comparative
Biology, 3-7 January 2001, at Chicago, Illinois.

required when a potential prey must out-maneuver a
predator or for a predator to turn fast enough to catch
its prey (Howland, 1974; Webb, 1983). In addition,
some search patterns employed by animals use episod-
ic turning maneuvers (Marler and Hamilton, 1966).

Stability and maneuverability are controlled in con-
cert both actively and passively in animals. Active
mechanisms include activation of musculo-skeletal
components under neurological control to internally
induce perturbations for maneuverability or compen-
sate for external perturbations acting against stability
(Webb, 1997). While active mechanisms effectively
manage stability and maneuverability, these come at
the expense of energy. Passive mechanisms, which are
dependent upon the morphology of the animal, require
no additional energy. Depending on the specific mor-
phology, stability or maneuverability can be accentu-
ated. Body designs that are adapted for stable move-
ment are not suitable for high maneuverability and vice
versa (Weihs, 1993). As animals are multi-tasking en-
tities, a “compromise” morphology between one op-
timized for stability or maneuverability is necessary,
although depending on the habits of a particular or-
ganism, the morphology may be more polarized to-
ward one extreme.

How can one identify specific morphological de-
signs that promote either stability or maneuverability?
An important consideration in functional design is the
environment in which the morphology operates. Figure
1 illustrates a series of cross-sectional morphologies
from a circular profile to a flat plate with gradations
of elliptical forms as intermediates. In a terrestrial sit-
uation with the object contacting the ground, the cir-
cular form would be more unstable than the flat plate.
Only a small perturbation, and thus little energy,
would be required to remove the circular form from
its static equilibrium while in contact with a rigid sub-
strate. With transition to a flat plate, increasing forces
are required to displace and accelerate the body against
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Fic. |, Gradient of cross-sectional morphologies. In a terrestrial
environment, stability is gained in transition from a circular to flat-
tened design. The reverse occurs in a fluid environment i, air,
water) with the flatten profile being unstable. If canted at angle, the
flat plate will produce lift which will destabilize its position, whereas
no lift is incurred for the circular profile.

frictional forces and the reduced tendency to roll. In a
fluid environment, the stability of the design gradient
is opposite to the terrestrial situation (Fig. 1). For a
given angle of attack, a flow can produce a larger lift
inducing displacement on a flat plate compared to el-
liptical designs approaching a circular form.

For this paper, I will focus on the effect of various
morphological designs on stability and maneuverabil-
ity in a fluid environment. This focus will permit an
understanding of the association between animal mor-
phology and the limitations on behavior. In particular,
stability and maneuverability issues for cetaceans (e.g.,
whales, dolphins) will be explored with regard to their
ecology.

Arrow model

To understand how variation in the morphology of
animals can affect maneuverability, consideration
should be given to parameters associated with stability.
Maneuverability represents a controlled instability, and

morphological characters that deviate from those of a
stable design are expected to enhance maneuvering
performance. Perhaps the simplest model to use as a
standard to assess a stable morphology of an animal
in a fluid environment is an arrow. An arrow repre-
sents a relatively simple technology that is extremely
stable for movement through a fluid (Wegener, 1991).
Upon being shot from a bow, an arrow becomes sili-
stabilizing with respect to yaw, pitch and roll. The sta-
bilizing feathers, located at the posterior end of the
shaft, produce lift forces to counteract destabilizing
turning moments around the center of gravity (CG).
Based on analysis of aerodynamics, a number of de-
sign features associated with stability are represented
in the arrow (Fig. 2).

Features associated with placement and design of
control surfaces provide stability by producing turning
moments in response to changing flow direction 1 Al
eyev, 1977; Webb, 1984; Weihs, 1993; Buandyopa-
dhyay et al., 1997; Fish, 1997). Control surfaces lo-
cated far from the CG can generate large directionally
correcting moments, because of their long lever arm.
The relative size of the control surface in relation to
its location also will determine the magnitude of the
moments (Aleyev, 1977). Stable movement occurs
with posterior placement of the control surfaces rela-
tive to CG (Wegener, 1991). Both dihedral and sweep
of the control surfaces act similarly to stabilize motion
(Hurt, 1965; Webb, 1975; Weihs, 1993). Dihedral is a
tilting of the control surface relative to the body and
sweep is rearward sloping of the leading edge of the
control surface. Because the velocity of a fluid orient-
ed obliquely to the trajectory of the arrow encounters
each member of a paired control surface differently,
the control surface with a more perpendicular orien-
tation to the flow will generate larger forces than the
other control surface and produce stabilizing moments
(Smith, 1992). Sweep results in a backward shift in
the center of lift providing increased stability | %eihs,
1993). Reduced motion of the control surface and re-
duced flexibility of the body restrict self-generated per-
turbations (Fish, 1997, 1999; Walker, 2000).

The same features that control stability for an arrow
are present in the morphology of animals. Unlike the
arrow, the animal body is responsible for producing its
own propulsive forces. Flexibility of the body and the
appendages, by undulation and oscillation, are neces-
sary in the generation of thrust (Lighthill, 1975; Webb,
1975; Fish, 1996). These propulsive motions produce
transverse recoil forces that must be balanced along
the body to maintain stability and minimize energy
expenditure during locomotion (Lighthill, 1975; Webb,
1992). Although the increased flexibility for propul-
sion can produce its own destabilizing perturbations,
the various forms of cyclical and symmetrical move-
ments of the body and appendages can act as dynamic
stabilizers (Fish, 144, Ferry and Lauder, 1996; Fish
et ., 2000). In elongate animals, recoil forces are bal-
anced by multiple body flexures (Webb, 1975; Blake,
1983). Animals with short or inflexible bodies reduce
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Stability Factors

1. Control surfaces located far |
from center of gravity

2. Concentration of control [
surface area posterior of
center of gravity

3. Anterior position of center
of gravity

4. Dihedral of control surfaces |
5. Sweep of control surfaces

6. Reduced motion of control
surfaces

7. Reduced flexibility of body

Fic.2.  Comparison of the stable arrow design with the dolphin morphology. Factors associated with stability from an arrow model are listed.
The center of gravity on the arrow and dolphin is indicated by the black dot.

recoil by changes in the distribution of the projected
area in the direction normal i flexure (Lighthill, 1975;
Aleyev, 1977).

DI1VERSITY, DESIGN AND PERFORMANCE OF CETACEANS

Within the marine mammals, there are divergent
body designs that suggest differences in performance
regarding stability and maneuverability. Of the fusic=1
swimming marine mammals, cetaceans display consid-
erable variation in their morphology (Fig. 3). The di-
versity of morphological designs have been related i
ihe swimming speed and propulsive efficiency of
whales and dolphins (Fish, 1998; Fish and Rohr,
1999). A body design adapted for stability when swim-
ming would aid in minimizing energy expenditure and
increase propulsive efficiency. In addition, a stable
body design would reduce trun=verse movements of
the body ihat could interfere with effective use of sen-
sory systems. Cidonioccle cetaceans (i.e., fosithedd
whales including dolphins and porpoises) rely upon
ccholocation o sense ihe environment and detect prey.
As hath emission and reception of the acoustic signal
is located in the head i Hertn and Sumich, 1959, re-
duced transverse motion may be necessary i focus the
signal.

The ability of many cetaceans i maneuver (i.e.,
turn) with speed becomes imperative in ihe acquisition
and capture of mekiomic prey (e.g., fish, pinnipeds,
squid). With some exceptions (Silber et ., | 91}, the
prey of a cetacean is smaller than it is. Small animals
have an advantage wiih respect ts turning performance
(i.e., turn radius, tm rate) compared i large animals
(Howland, 1974; Fish, 1999). Turn radius increases di-

recily with body mass (Howland, 1974). Escape by
small prey animals is possible as ihy are able furm in
smaller radii and with higher angular velocities thimn
ihe larger whales. However, ihe whale holds an ad-
vantage in that its absolute swimming speed typically
is substantially zreater than ihe speed of the prey.

Morphological design of cetaceans

The center of gravity (CG) is located ai a position
of 41% of body length in Tursiogs fruncains (Fish
unpublished; Fig. 2). Although thi= position appears i
enhance stability as determined from the arrow model,
it also appears i be nearly coincident witk the center
of buoyancy (Slijper, 1979; Weilis, 1993). As a result,
cetaceans can be unstable wiil respect v roll, which
is exemplified by their ability 1o side-swim, swim up-
side down, and barrel-roll (Layne and Caldwell, 1964;
Klima et ., 1987).

The placement and design of coniral surfaces of ce-
taceans indicates a relatively stable configuration
(Figs. 2, 3; Fish, 1947, although there are marked
differences between species. The control surfaces of
cetaceans are represented by paired pectoral flippers,
paired caudal flukes, a dorso-ventrally deep caudal pe-
duncle, and a dorsal fin. The flippers, flukes, and p-
duncle are associated wiih mobile joints that permit
changes in orientation. These mobile control surfaces
are located uat a distance from the CG and provide the
major percentage of area for control (Slijper, 1961; Al-
eyev, 1977; Edel and Winn, 1978; Fish and FBuitle,
1995; Fish, 1997). The mobility of flippers of dolphins
capable of rapid sprints and fa=i cruising appears i be
more constrained when compared uoihe flippers of



b Frank E. FisH

- —
- a - '] Colphinapions owees
.;'}-"" —
i
'-i-. - - -.\ - m
) il = Ceghaiwhpnoes  commersonii
. — e
i
ey
i R, S
- _:I nhirephadn makaoma
-
e P
S e —
.f."}" —_— —
e = . ‘
A === jma geoffrensis
— .___.-"'
F L
1 = Lagenorhynchus kst
& :
} L _.l'.
£
Iy
'Y
I 1
| !
roy
- ",
A 4 Chciws orca
== —l' i
|
L
L —

".- H T t o oy, - .
-:,w.-"' ] Fapudonca crassidens
- -

Lo 2~
l'l - — .
™ Bl attenuata
¥ . e
F.d 1
o,
.{.l e - “==  Tursiops truncatus
e -
E-""

Fic.3. Outlines of various odontocete cetaceans illustrating body
form, and control surface design and position. The control surfaces
are represented by the pectoral flippers, dorsal fin, caudal peelurels
and caudal flukes. The black dot on the outline of Tursiops rraimeiaiii:
indicates the position of the center of gravity. Outlines redrawn from
Minasian i il (1984).

slow-swimming, highly maneuverable animals (How-
ell, 1930; Vasilevskaya, 1974; Pilleri et i, 1976; Eli-
ma et @i, 1987). The shoulder musculature of Inia
geaffrensiy is highly differentiated in contrast to the
faster swimming fagenarfivicig altirosicis, Plio-
coera plhocoenad, and Tursiops frwmcains [ Klima et al.,
1987). The dorsal fin, when present, is located ap-
proximately over the center of gravity and is immobile
(Fish and Rohr, 1999). This position limits the dorsal
fin’s effectiveness in developing a turning moment, but
allows the fin to prevent side-slip. The flippers, flukes,
and dorsal fin can be highly swept, particularly in the
faster species (Azuma, 1983; Fish and Rohr, 1999).
Flexibility in the body of cetaceans is generally con-
strained (Long eti.. 1997). The highly compressed
cervical vertebrae and streamlined body form restrict
bending in the neck, although some species have mo-
bile necks (e.g., Delphinapterus {ewcas, Inia gemffren-
wx1 (Ridgway and Harrison, 1989). Bending stiffness
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Fic. 4. Mean lengthspecific amplitude (A/L * SD) for the rostrum
and fluke tip for several species of odontocete cetacean (Fish et !,
2000). The amplitude (A) refers to the total vertical excursion of the
body component.

is greatest in the lumbar region of the vertebral column
compared to the adjacent thoracic and caudal regions,
although in situ the thoracic vertebrae are stiffened by
the ribs. The vertebral joints are less stiff in flexion
than in extension due to the ligamentous attachments
between vertebrae (Long et i, 1997). A strongly de-
veloped longitudinal ventral ligament runs beneath the
spine and acts in a supportive role (Slijper, 1979). Lat-
eral flexiom is constrained by articular processes on the
vertebrae that straddle the adjacent neural spines, par-
ticularly in the cervical, thoracic, and anterior lumbar
regions of the spine (Slijper, 1979; Ruammel, 1990;
Long et i, 1997).

An additional constraint on flexibility is due to the
specialized feeding system exhibited by many ceta-
ceans. Mysticete whales with their expanded oral cav-
ities for filter feeding and river dolphins with their
elongate pincer-like jaws possess rigid skulls that com-
prise 263+ of the body length (Ridgway and Har-
rison, 1985, 1989).

Dynamic stabilization

The vertical recoil movements of the head result
from large transverse forces generated at the caudal
flukes. Analysis of the swimming kinematics for var-
ious cetaceans showed that mean vertical excursions
of the rostrum were only 2-7% of body length, where-
as the mean excursion of the fluke tips was |7-25%
of body length (Fig. 4; Fish et wi., 2000). Such move-
ments at the head are similar to those of subwarmingi-
form fish in the order of }-7% of body length (Webb,
1975).

Reduced motion of the head of cetaceans is in part
a result of passive stabilization mechanisms, including



BALANCING IN CETACEANS H#a

g 1

E 130 4

B

B0

: {3 R

T i -

X al t — = T

B £ -

5  .iz04

=]

D o :

3 v g T L r T Y

i = E] a = o1 o
2 i g i g E 3
+ 3 £ G 2 X 3
z 2 = a ¥
- = F s
- 1
[ -

Fic. 5. Phase difference (deg = SD) between flukes and rostrum

for several species of odontocete cetacean (Fish ¢i @' . 2000). Neg-
ative values indicate that the rostrum follows flukes; positive values
indicate rostrum leads flukes.

the rigidity, projected area and mass of the anterior
body, and narrow necking of the tail (Lighthill, 1975;
Webb, 1975). However, further oscillatory dampening
is a result of active control of pitching movements by
the phase relationship between body components. The
phase difference between fluke oscillation and those of
the rostrum is small, indicating near synchrony (Fig.
3; Fish et i, 2000). Conversely, large phase differ-
ences (filh.9—121.4" between the oscillations of the
flukes and flippers generate resistance forces at the
flippers that counter the vertical forces produced by
the flukes.

Turning performance

Cetaceans use a lift-based maneuvering system,
which has the advantage of producing a centripetal
force to effect turning without incurring a large de-
celerating drag (Watts, 1961; Fish and Battle, 1995;
Fish, 1997). Lift-based maneuvering is the primary
system used by ships, fish and other marine mammals
(Manning, 1930; Hoswlamd, 1974; Hoerner and Borst,
1975; Weihs, 1981; Webb, 1983, 1997; Marchaj, 1988;
Fish and Battle, 1995; Fish, 1997) and the control sur-
faces that work best are those with a high aspect ratio,
wing-like morphology. The effectiveness of lift-based
mechanisms varies with speed (Marchaj, 1988). Lift
used by the control surfaces to create destabilizing mo-
ments and to produce a curved trajectory varies di-
rectly with the square of the velocity (%Weihs, 1981).
As speed decreases, the lift also decreases relative to
the required force necessary to turn so that maneuver-
ing is more difficult at low velocity. Small turns at low
speed can be effected by increased bending of the
body and mobility of the control surfaces.

Cetaceans swimming with their bodies in the hori-
zontal plane used either powered or unpowered turning
gaits (Fish, 1997). A powered turn was defined as a

turn in which the animal was continuously propelling;
whereas in an unpowered turn, the animal glided
through the turn without apparent use of propulsive
mechanisms. Although in powered turns thrust is
maintained throughout the maneuver, the use of un-
powered turns limits speed and acceleration after the
turn. This limitation can be reduced by propulsive
movements of mobile flippers as the animal comes out
of the turn (Layne and Caldwell, 1964; Fish, 1997).

Generally, turns are initiated anteriorly with lateral
flexion of the head, and adducticn and rotation of the
flippers into the turn (Fish, 1997). During unpowered
turns, substantial lateral flzxion of the peduncle is ob-
served in addition to twisting at the base of the flukes.
At the beginning of a turn, Tursiops will twist the in-
side fluke blade downward by |5-45" from the hori-
zontal, before reversing the rotation of the flukes by
55-R4" as the animal exits the turn. The elongate e i-
dorcet flexes its body during the turn and only twists
its flukes at the end of turn by [&-53" with the outside
fluke blade depressed. The twisting action allows the
animal to use the flukes in conjunction with the pe-
duncle as a rudder. This action is only possible in un-
powered turns because the control surfaces are uncou-
pled from propulsion permitting increased flexibility
of the spine.

Various cetaceans bank toward the inside of a turn,
although the degree of banking is small (Fish, 1997).
The highly flexible river dolphin, frnia, shows no ten-
dency to bank. However, ¥ {phimapreruy, which lacks
a dorsal fin, banks at an angle of “i" with its ventral
surface facing into the turn. A high bank angle is char-
acteristic of penguins and sea lions which also lack a
dorsal fin and turn using elongate pectoral flippers
(Godfrey, 1985; Hui. 1985).

Unpowered turns for cetaceans have smaller mini-
mum radii than powered turns (Table 1; Fish, 1997).
When the animals are not actively swimming the in-
creased flexibility of the body in conjunction with mo-
bility of the flippers and twisting of the flukes permits
smaller turns. When scaled to body length, cetaceans
generally demonstrate unpowered turning radii of
= A{1% of body length (Fig. 6) with minimum radii
ranging from 11 to 17% of body length. These radii
are slightly higher than the minimum radii reported for
many fish (Domenici and Blake, 1997; Gerstner,
[949<), are comparable to maneuvers by sea lions and
penguins, but considerably smaller than those for en-
gineered devices (Webb, 1983; Hui, 1985; Domenici
and Blake, 1991; Bandyopadhyay et i, 1997). Sub-
marines with inflexible hulls have turning radii of
Mi-30d14% of body length (Maslov, 1970).

Differences in performance between species are in-
dicated when data for turning radius are plotted as a
function of velocity (Fig. 7). fuia and frelpfainpie v
produce low-speed, small radius turns. Faster speed
but larger radius turns are performed by Fagemarfive
ches and Ceplalfodhivechus and intermediate perfor-
mance is displayed by vy, Pseudorca and Tiil
siops. Smaller radius turns are possible by rearicnia
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Taste 1. Summary of differences in powered {#i and unpowered (['i turning performance of odontocete cerasscins.#
Maximum Maximum
Minimum Minimum Maximum Maximum centripetal turning
radius radius 1 acceleration rate
Species Claii (m) (lengths) [ 4] |l s i (x el degiel
Cephalorhynchus P 0.47 0.37 5.40 3.72 325 337.50
P00 0.59 = 0.02 0.46 * 0.01 459 = 0.09 3.20 = 0.05 199 = 0.15 279.94 = 945
U 0.19 0.15 221 1.72 1.44 366.00
L1205 0.21 = 0.01 0.16 = 0.01 214 = 0.04 1.66 £ 0.05 129 = 0.11 349.88 = 11.40
Delphinapterus P 0.73 0.23 2.57 0.80 0.44 139.62
P07 0.85 * 0.05 0.26 = 0.02 2.40 * 0.06 0.70 = 0.03 0.38 = 0.02 117.56 + 6.59
u 0.50 0.15 2.58 0.76 1.01 245.00
120 0.56 * 0.03 0.17 = 0.01 241 * 0.04 0.67 = 0.02 0.68 + 0.09 188.11 * 16.92
Tl P 0.63 0.25 .00 0.39 0.15 85.50
P20% 0.65 = 0.01 0.25 = 0.00 0.99 + 0.01 0.39 = 0.00 0.14 = 0.01 80.63 * 3.45
u 0.26 0.10 0.92 0.36 0.20 123.75
205 0.41 = 0.03 0.16 = 0.01 0.86 + 0.02 0.33 = 0.01 0.15 #0.01 101.96 +£5.25
Lagenorhynchus P 1.61 0.74 6.81 3.20 2.73 225.00
FI0r 1.86 * 0.05 0.86 = 0.02 6.00 = 0.13 2.80 = 0.06 1.74 +0.13 171.63 £ 7.30
U 0.42 0.20 4.83 2.27 3.56 453.33
L2 0.49 = 0.05 0.23 = 0.02 4.08 = 0.53 191 = 0.25 3.12+0.31 433.67 + 13.91
Orcinus P 1.76 0.35 6.55 149 1.25 148.13
P 2.08 = 0.09 0.41 = 0.02 598 * 0.14 1.28 = 0.05 0.87 + 0.08 111 .43+8.67
U 0.55 0.11 6.02 1.26 1.74 232.50
20 0.94 = 0.04 0.18 = 0.01 5.06 = 0.09 1.00 * 0.02 1.09 = 0.04 154.04 = 5.04
Pseudorca P 164 0.42 5.04 142 1.08 138.00
Slib 2.03 * 0.12 0.52 + 0.03 4.88 = 0.07 131 = 0.04 0.97 * 0.04 121.42 +5.07
1 0.52 0.13 3.40 0.88 1.16 252.86
20 0.59 = 0.02 0.15 * 0.01 3.18 = 0.08 0.83 = 0.01 0.96 * 0.07 200.03 = 12.01
Tursiops P 0.56 0.22 5.28 2.12 131 252.00
e 0.76 = 0.04 0.32 + 0.02 5.03 = 0.09 1.99 +0.03 1.07 = 0.07 202.18 =8.11
1 0.30 0.13 4.76 1.82 1.56 405.00
L2ne 0.47 = 0.03 0.19 * 0.01 3.88 = 0.15 1.55 +0.05 1.21 =0.07 251.98 = 21.98

% Data obtained from overhead views of trained cetaceans swimming in large pools. Animals were videotaped at 60 Hz and the sequential
position of the center of gravity was recorded from the videotape. Turn radius was determined geometrically (Youmet al., 1978).
Values are provided for minimum individual and minimum 20% of performance data for turn radius and maximum individual and maximum
20% of performance data for velocityiL'1, centripetal acceleration, and turning rate. Variation expressed as= one standard error.

tion of the body. An i?reinus (1725.2 kg, 5.05 m) was
observed to produce a turn radius of 4% of body
length by ventrally flexing the posterior half of the
body (Fish, 1997). The flukes were used to pivot the
animal around its longitudinal axis.

The performance limits for turning are illustrated in
Figure 8. Most data for cetaceans are clustered at ac-
celerations <21.5 g with turning rates == 2MHidegisec,
Individuals of Cephalorhynchus and Lagenorhynchus
are able to exceed these lower values for cetaceans
with Lagenorhynchus displaying the maximum perfor-
mance with an acceleration of 3.6 g and turning rate
of 453 degfsec during unpowered turns (Table 1).

Ecological relations

In general cetaceans possess a morphological design
(i.e., anterior position of (i, concentration of control
surfaces posterior of ("3, dihedral and sweep of con-
trol surfaces) that enhances stability thereby potential-
ly constraining turning performance. However, flexible
bodies and mobile control surfaces provide mecha-
nisms to induce instabilities for turning maneuvers.
Cetaceans with more flexible body designs (e.g., feria,
Delphinapterus) sacrifice speed for maneuverability,
whereas species with more restricted flexibility (e.g.,
Lagenariivicliis, Cephalorhynchus) produce faster but

wider turns (Brodie, 1989; Fish, 1997). As morpho-
logical differences can be correlated with behavioral
differences (Gerstner, 149494, features that effect sta-
bility and maneuverability of cetaceans appear to be
associated with their prey type and habitats.

fnia inhabits rivers, lakes, and flooded forests and
grasslands. These habitats are structurally complex,
where decreased turn radius and precise, slow maneu-
verability would be necessary. Similarly, the distribu-
tion of Delphinapterus is in complex environments in-
cluding shallow waters, coastal habitats, rivers, and
pack ice. Delphinapterus feeds on less mobile prey
such as bottom organisms and large zooplankton i Fir
die, 1989).

The more stable design of fast swimming cetaceans
may limit these animals to locomoting and foraging in
pelagic habitats. Despite the potential disadvantage in
turning performance compared to smaller fish i Hiv
land, 1974}, cetaceans have developed a number of
behavioral strategies to capture their elusive prey. Pe-
lagic species often use cooperative foraging behaviors
that often involve encirclement of prey and division of
labor during an attack (Silber et al., 1990; Similil and
Ugarte, 1993; Simili, 1997; Berta and Sumich, 1999).
In some instances, stunning behaviors are employed to
compensate for the relatively poor acceleration and
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seven species of odontocete cetaceans (Fish, 1997).

Minimum turning radii for powered (solid circles) and unpowered (open circles) turns plotted against body mass for individuas from
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maneuverability of the large cetaceans. For example,
killer whales ik inis cerar) Will herd herring into
tight schools and slap the fish with the underside of
the tail (Domenici et ., 2000).

The ability to roll permits cetaceans to reorient their
body to take advantage of the increased flexibility by
ventral flexing of the body. Aerial views showed for-
aging dolphins (Tursiops #renciriesi rolling Y during
the final lunge for fish (Nowacek and Fish, unpub-
lished). Bending of the body allowed the tip of the
rostrum to turn at a rate of up to 656.3 dee/sec with a
radius of 0.1 body lengths.

In summary, design and position of the control sur-
faces i«.x., flukes, peduncle, flippers, dorsal fin) indi-
cate that odontocete cetaceans possess a morphology
that is hydrodynamically stable with respect to maneu-
verability. However, flexibility of the body and mo-
bility of the control surfaces permit increased turning
performance. It is suggested that there is an association
between the variation among cetaceans with regard to
body flexibility, control surface mobility, and swim-
ming speed and their foraging behaviors and environ-
ments
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