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I.

INTRODUCTION

Past Studies and Present Aims
How animals move has been of academic concern for a long time.
Systematic comparisons of locomotor behavior, on the other hand, have
interested few until very recently, beginning with the work of Eadweard
Muybridge (1899), who photographed as many animals as he could find in
their locomotion.

Since then, comparative studies of locomotion have

been concerned mainly with typifying the movements and morphology of
all animals in a particular locomotor category.

Methods used have

consisted of anatomical and/or behavior measurements and descriptions
(Howell, 1932, 1936, 1944; Hatt, 1932; Haines, 1942, 1946, 1958).
Biomechanical studies have gained momentum recently, combining anatomy
and physiology of locomotion with minimal behavioral observations
(Taylor, Caldwell and Rowntree, 1972; Dawson and Taylor, 1973; Taylor
and Rowntree, 1973; Heglund, Taylor and Mc}1ahon, 1974).

Usually even

behavioral studies have dealt only with the more easily quantifiable
aspects, such as footfall analysis (Muybridge, 1899; Magne de la Croix,

1936, Hildebrand, 1959, 1962, 1963; Windsor and Dagg, 1971; Dagg,
1973).

Some have used these older methods to assess some evolutionary

or ecological scheme within a particular locomotor category (Camp and
Borell, 1937; Horner, 1954; Marlow, 1969), but rarely have studies
showing differences between animals which share the same locomotor
category and which share close phylogenetic relationships below the
family level been attempted.

Exceptions to this pattern of study were

restricted in their scope, composed of limited behavioral observa1
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tions (Bartholomew and Caswell, 1951; Bartholomew and Cary, 1954;
Horner, 1954).

For this reason I chose to study the locomotion of

three species of kangaroo rat, Dipodomys spectabilis, D. ordii and
D. merriami.

Ricochetal locomotion is easy to observe, the animals

involved vary in size- (see Table 1 under Materials and Methods), as
well as number of toes on the hind foot 1 , and the animals may be found
in different habitats that sometimes overlap (Vorhies and Taylor, 1922;
Grinnell, 1922; Monson and Kessler, 1940; Reynolds, 1950, 1954, 1958,
1960; Desha, 1967; Schmidly, 1971; Chapman and Packard, 1974; Garner,
1974).

My study is different from those mentioned above in that

behavioral observations figure prominently and these will be combined
with some anatomical and biomechanical considerations with the
following aims:

to observe any differences in types of locomotion and

tail carriage; to note whether these differences really separate the
species on any substrate or whether they correlate with substrate
differences; and to discover possible evolutionary pathways that these
species show based upon behavioral specializations for bipedal
progression.
Definitions
I will be using a variety of terms, sometimes in new ways, and
therefore will define them here.

I will follow Gambaryan (1974), but

propose some of my own modifications.
Analysis of the film reveals certain units of importance:

1

Dipodomys spectabilis and D. merriami have four toes and
D. ordii has five toes on the hind foot.

gait

3

is a type of locomotion, generally defined as a particular pattern of
footfalls, or contacts of the feet with the substrate.

Stride is a

complete cycle of motion within a gait, measured from first contact
of the hind foot with the ground to the next contact of that same foot
with the ground.

Stride length is the distance traversed by that foot

from first contact to next contact with the ground, measured from toes
to toes.

Angle of projection is the angle from the horizontal at

which the animal begins its propulsion, measured from the toes to the
nose.

This is remeasured from hip joint to position of the center of

gravity on the drawings taken from the film.

Center of gravity is the

point around which the mass of the animal in a particular position is
evenly distributed.
The stride of the kangaroo rat may be divided into two major
divisions:

a "support" phase and a "free-flight" phase (see fig. 1).

The support phase is further divided into a landing phase and a propulsion phase.

The landing phase is characterized by first contact of

the fore feet with the ground after a phase of free-flight (free-flight
taking place only after the hind feet leave the ground), and movement
of the hip joint over the point of last contact the hind foot has with
the substrate.

This in effect moves the center of gravity ahead of

the line of force exerted by the hind foot through the hip joint and
thus prepares the animal for the propulsion phase when the ankle undergoes extension and the toes undergo plantar flexion for the final thrust
of the hind foot against the ground.
also into two phases.

The free-flight phase is divided

The recovery phase is characterized by moderate

hip flexion and slight knee extension until the metatarso-phalangeal
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Fig. 1. Phases in a stride. Two major divisions, Support Phase
and Free-flight Phase, are each subdivided into two minor phases, one
marked in a solid line, the other in a dotted line.
joint passes beyond the hip joint and begins preparation for landing
in the preparatory phase.

These terms will be used below in more

detailed discussion of the behaviors associated with the gaits peculiar
to the species I looked at.

The above description is in

te1~s

of the

hind limbs only as they are the only limbs to show propulsion.
Primitive ricocheting jumE as introduced by Gambaryan (1974) is
characterized by a slight hopping movement by the two hind feet which
move generally in a synchronous fashion, but can be slightly asynchronous.

The propulsion by the hind feet is the only propulsion that the

body receives in contrast to the gallop where propulsion is also given
by the fore feet.

A period of crossed-flight characteristic of a

gallop is not seen in the primitive ricocheting jump.

This type of

free-flight would take place after the fore feet end contact and
before the hind feet regain contact with the substrate.

5

I will refer to Gambaryan's (1974) "primitive ricocheting jump"
as quadrupedal ricochet and divide it into two different gaits for
observational purposes only:

a ricochetal jump and a ricochetal walk.

The main difference between the two types is that in the ricochetal
walk, the animal never lifts his hind feet (either singly or in couplets) until after one or both fore feet touch ground.

The ricochetal

jump is characterized by a stage of free-flight in which the hind feet
are lifted before the fore feet touch ground.

In other words, the

ricochetal jump is faster only in that the hind feet move faster than
in the walk, though the velocity of the total animal may at times be
slower in the jump than in the walk.

II.

MATERIALS AND METHODS
Field Methods

Measurements were obtained from the animals dissected (Table 1)
and from the following specimens at the Museum of Vertebrate Zoology,
University of California at Berkeley:
Dipodomys spectabilis baileyi

HVZ

56145

't-IVZ 1206 7 4

D. merriami ambiguus
HVZ

74339

MVZ

80422

HVZ

80424

MVZ

80425

MVZ

80426
TABLE 1

SPECIMENS STUDIED, NUMBERS CAUGHT, FIL~lED, DISSECTED,
AND AVERAGE WEIGHT IN GRAHS

II Filmed

II Dissected
and Measured

Average
Weight (g)

N

Species

9

Dipodomys spectabilis

8

6

105.74

12

D. ordii

9

8

50.3

10

D. merriami

6

7

38.46

The live specimens used in this study are listed in Table 1 and
were caught at the following localities between 23 July 1975 and 23
6
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March 1976:
Eight specimens of merriami were caught at 0.8 mi North, and
1.1 mi West of Junction of Highways 1232 and 115 in Wink, Winkler Co.,
Texas.
Nine specimens of ordii and two of merriami were caught at 0.8
mi North, 1.5 mi West of the junction of Highways 1232 and 115 in
Wink, Winkler Co., Texas.
Two specimens of spectabilis were

ca~ght

at 3.5 mi North, 2.0 mi

West of the junction of Highways 1232 and 115 in Wink, Winkler Co.,
Texas.
Seven specimens of spectabilis and three specimens of ordii were
caught at 24.4 mi North by Route 25, 3.0 mi East of Las Cruces, Dona
Co., New Mexico.
All of the specimens trapped are presently with the author under
further investigation.

The specimens of ordii were generally found

in very sandy dunes; specimens of merriami were found in a relatively
coarse, hard, sandy area adjacent to the dunes.

The amount of cover

in the dunes appeared to be thick (mesquite predominant) in some areas,
and very sparse {sunflower, aster, sedge, bunchgrass, Aplopappus) in
other areas.

The coarse, sandy areas adjacent to the dunes appeared

to have, on the average, the same amount of cover (creosote predominant), but spread out more evenly over the area.

The spectabilis

caught in Texas were found in areas inhabited by merriami with substrate very similar to the coarse, hard, sandy substrate already
mentioned.

D. spectabilis generally inhabits large mounds (from one

to three meters in diameter) that stand out quite easily in this
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habitat (Vorhies and Taylor, 1922).

The mounds I saw in Texas were

like this too, and consisted of coarse sand and gravel to almost pure
gravel.

The mounds in New ~texico were basically the same, but found

on the edge of a short-grass plain with very sparse and scattered cover
of both mesquite and creosote.
The animals were brought back to the laboratory in large jars
with sand, mesquite seeds, and brush from the area they were caught
in.

They were kept under constant light and humidity conditions:

a cycle of 12 hour light, 12 hour dark and a relative humidity of 50%.
They were fed a mixture of dry seeds and grains called "chicken
scratch" which contained milo, cracked corn, unhulled wheat, barley,
and sunflower seeds.

They were·also fed fresh vegetables (celery,

cucumber, squash) once a week during the preparation time for filming.
Native foods fed to them periodically included mesquite seeds, smaller
sunflower seeds, bladder-pod (Cruciferae), aster, and creosote seeds.
Behavioral Observations
Filming was done in the laboratory with a 16
camera at 64 fps.

rr~

Bolex movie

Film used was GAF Super Hypan and Kodak Double-X

black and white negative film, ASA 160.

Such a shutter speed allowed

for detection of differences between species in a general sense, but
extremely rapid movements, such as dorsiflexion of the feet, were
blurred.

The animals were filmed primarily from the side, but some

posterior and dorsal views were also obtained.

Three different sub-

strates were constructed by sifting a sand and gravel mixture,
obtained from near the trap sites, through Tyler screens to obtain
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sand or gravel sizes:

1) coarse gravel, greater than 2.0 mm but less

than 20 mm, 2) coarse sand, less than 2.0 mm but greater than 0.4 rnm,
3) fine sand, less than 0.4 mm.

The first two sand or gravel sizes

were glued onto cardboard sheets to form the "coarse gravel" and
" coarse san d" su b strates, respectlvely.
.

The last sand size was

loosely sifted over the coarse sand substrate 2 em deep to form the
"fine sand" substrate.

These three substrates, though quite homo-

geneous by themselves, appear to typify best the kinds of substrate
the rats have in their natural habitats.
The animals were filmed while they moved over the substrates
against a black background with a grid or reference point painted on
it.

Two assistants kept the animal on the substrate and moving in

front of the camera by frightening it.
when filming under these conditions.

Several assumptions are made
First, the animals are assumed

to be relatively specialized for bipedal progression by virtue of the
rapid development of the hind limbs (Chew and Butterworth, 1959) and
evolutionary history (Wood, 1935).

They should be so well adapted

that their reactions to the laboratory conditions as stated should not
vary excessively from those of field conditions.

Secondly, the vari-

able of human contact under filming conditions should not figure as a
major factor in producing abnormal movements in the animals since the
animals were being encouraged to react as they would toward a predator.
Excessive fear of humans appeared to be attenuated by the minor
handling the animals received before filming.

Every night for five to

seven nights before each filming session the animals were released
singly into a room to exercise for four to eight hours each time and
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then recaptured by hand.

Movements involved in feeding behavior were

not being tested here but those most representative of the peculiar
erratic behavior of the animals in running away from a predator were
assumed to show the most complex use of the tail.
More than 2600 feet of film were analyzed.

Activities other

than bipedal or quadrupedal movements were filmed and included leaping
up\vard \vhen suddenly surprised, "sitting" motionless on two to four
feet, kicking dirt (on the fine sand substrate), grooming, "searching''
behavior, etc.

Variables that affected the animal's behavior included

the amount of exercise it had had before being filmed, the time of the
cycle at which they were filmed, whether or not the animals had had at
least two hours of darkness before filming started, or whether the
animal had leaped from the substrate earlier and had hurt a foot.

The

animals needed at least five nights of exercise before the night of
filming or even the best of performers was reluctant to move in front
of the camera.
Experimental Data
Several questions arose from analysis of the films, one of
which, as mentioned, had to do with the use of the tail.

Bartholomew

and Caswell (1951) docked the tail in one specimen of merriami and
noted that the animal tended to summersault.
lacked many details:

But the description

whether the animal moved bipedally or quadrupe-

dally some of the time or all of the time, how fast the animal was
going, changes in the position of the head and of other body parts.
They also gave no mention of the effects of therapeutic practice on

11

their locomotion.

Further experimentation with the tail was needed.

I performed a series of operations on two rats of each species under
study that included shaving the tuft of hair on the tip of the tail
in each species, cutting the tip of the tail off, and cutting the
entire tail off.

The first operation involved shaving off, with elec-

tric clippers, the hairs that broadened into a tuft on the tip of the
tail and then filming the animal on two substrates, coarse sand and
fine sand.

For each of the two operations that followed this one, I

anesthetized each animal with a mixture of SO% chloroform : 50% ether,
tied off the tail at the tip

2

off with a small guillotine.

or base with dental floss, and cut it
The animal was allowed one day to

recover from the operation before being filmed again over coarse and
fine sand substrates.
two operations.

A period of one week lapsed between the last

During this time, the animals were not allowed to

exercise outside of their cages.

The animals were filmed one day

after the last operation without being exercised.

Then the animals

were exercised every day for 11 days and filmed again.

The two

merriami did not survive, possibly due to the time of day and differences in their circadian rhythm, so I repeated the operation on only
one specimen later that night.

This one survived with apparently no

sign of trauma, but I did not have an entire sequence of filming for
this animal including intact tail on all three substrates.

2The tip of the tail is defined as that portion of caudal vertebrae that immediately underlie the area where the hairs lengthen into
a terminal tuft. The length of the tip was measured before the tuft
was shaved off, and recorded for each animal.
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Locomotor Preferences
One of the aims of this study is to establish "suites of
behavior'; as indicative of each species.

Therefore, I did not limit

my analysis to bipedal behavior but included quadrupedal movements.
Thus as mentioned in the section on Definitions, I will refer to one
type of bipedal ricochet and two types of quadrupedal ricochet.
Various kinds of leaps (leaps that were responses to being surprised
and which resulted in turning away from or toward the stimulus) were
also of interest.

In each of these behaviors I noted tail carriage,

angle of projection (mainly in the bipedal ricochet), head movements,
rigidity or non-rigidity of the spine, hip flexion, synchrony of movement of the hind feet and fore feet couplets, length of stride,
velocity, and position of the hind feet relative to the for-e feet (in
quadrupedal movements).

In order to compare the three species on the

basis of more than just these differences, each of the primary behaviors was noted when it occurred on film.

Each time a particular gait

or leap was seen on the film it was tabulated and calculated as a
percentage of the total number of appearances of the four categories
measured:
Jump.

Leaping, Bipedal Ricochet, Ricochetal Walk, and Ricochetal

The preference percentages were compiled for each substrate the

animal was filmed upon.

Preferences by experimental animals were also

calculated for each of the operations mentioned before:

tail tuft

clipped, tail tip docked, total tail docked, and 11 days after docking
the tail on both coarse and fine sand substrates.

Noted also was the

percentage of total time on film that was spent "sitting" in front of
the camera, either as a pause before moving on again, or as a complete
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stopping of movement.

This percentage was measured in both observa-

tional and experimental procedures and was taken as a possible measure
of the validity of the distribution of movements of the observed
animal.

It is assumed here that the animal that "sat" in front of the

camera more than 25% of the time had not been allowed enough time in
the dark before being filmed, or was not adapted to laboratory conditions.

Some animals never became adapted to laboratory conditions

throughout the study and were not used in subsequent testing.

Supplementary Data
The center of gravity was found for the animal and for parts
of the animal by suspension (see Hall-Craggs, 1965 for a similar
technique).

The dead animal was frozen into position and hung, along

with a plumb bob, from a razor edge by a string that was attached to
the animal's body by a pin.

The animal was then photographed twice,

each time with the string pinned in a different place.

The two places

were chosen so that the animal would still be hanging in the same
plane of symmetry.

The photographs were superimposed upon each other

so that the bodies overlapped at the knee, hip, and elbow, which had
been marked on the animal.

The point where the plumb bobs crossed was

taken to be the center of gravity.
There are often assumptions made in analyzing ricochetal locomotion that an increase in angle of projection will be accompanied by an
increase in stride length or that increasing velocities are positively
correlated with increasing stride lengths (Hatt, 1932; Howell, 1932;
Gambaryan, 1974).

I took measurements of the angles of projection,
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lengths of stride, and velocities in bipedal locomotion to test these
assumptions.

It is possible that if these assumptions are not vali-

dated, the tail may be acting as a limiting device on the theoretical
capabilities.
I also followed the basic procedures employed by Gambaryan (1974)
to compare specializations among different species for the quadrupedal
ricochet and for the bipedal ricochet.

He constructed a ratio of the

stride length to the body length of the animal and called it the "jump
index".

This index is based upon the assumption that those animals of

increasing specializations for the ricochetal jump will show a greater
length of stride without increasing body length.

Furthermore, an

"efficiency index" was constructed based upon the fact that the relative force developed by a limb will diminish in proportion to its
elongation and will increase in proportion to an increase in body mass
(Gambaryan, 1974).

Therefore this index was introduced for the purpose

of comparing animals of different sizes.

It is derived by taking the

product of the cube root of the body weight times the jump index.
Lengths were taken of the limb segments:

femur, tibia, foot,

hand, forearm, and upper arm for comparison with a table of such
lengths in ricochetal animals compiled by Gambaryan (1974:306).

I

also took measurements of relative lengths of different regions of the
vertebral column for comparison of changes occurring among the three
species.
Finally, a brief comparison and discussion of the possible evolutionary pathways found in Old and New World ricochetal rodents is
presented.

III.

RESULTS

Behavioral Observations
D. spectabilis:

Bipedal Ricochet

This rat exhibits rather stereotyped movement in the bipedal
ricochet regardless of the substrate.

For the most part, the animal

moved in a predictable fashion on both the coarse gravel and coarse
sand substrates in basically the same way.

Figs. 2 and 3 show two

different types of tail carriage that were typical of the bipedal
ricochet of this species on these substrates.

Aside from synchrony of

the hind feet, there is little difference in body carriage between
the figures.

The position of the tip of the tail and its curious up-

ward flip of the white tuft of haj_rs was seen in a variety of quadrupedal as well as bipedal gaits, though it was not a characteristic of
every activity of the animal.

On these two substrates, the tail can

either be in contact with the substrate or not at all.

Fig. 2 shows

the tail sloping gently downward but the base of the tail is not flexed
ventrally as much as in Fig. 3.

In both figures, the tail is

straightened out at the base and midpiece just before the animal lands.
Once in a while the tail position seen in Fig. 2 is also seen in the
animal moving over the fine sand substrate, but this proves to be a
special case and a behavior which is not continued beyond one stride.
Rather, the tail carriage seen in Fig. 3, the tip brushing against the
sand, is more common than the gentle sloping seen in Fig. 2 on fine
sand and is seen once in a while on coarse sand.

Figs. 4 and 5 shm.;r

the arching of the tail in an extreme so that the tip maintains contact
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Fig. 2. Bipedal ricochet of D. spectabilis }~H 120 is predominant on coarse gravel substrate. This type of tail carriage may also be seen on coarse sand and sometimes on fine sand
substrates. Sequence read from right to left. Propulsion phase (3,4); recovery phase (5); preparatory phase (6,7); landing pltase (8,1,2). Stride length= 10.5 em, velocity= 67.3 em/sec.
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Fig. 3. Bipedal ricochet of D. spectabilis MLII 120 on coarse sand substrate. The tail
carriage here may also be seen on coarse grave~ but more often seen on fine sand. Sequence read
from right to left. Propulsion pltase (3,4,5); recovery phase (6,7); preparatory phase (8,9,10);
landing phase (11,12,1,2). Stride length= 19.0 em, velocity= 121.6 em/sec.
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with the sand throughout the entire stride.

Fig. 4 shows moderate-to-

just barely any contact while Fig. 5 shows more of the tip in contact
with the substrate.

Moreover, in this last figure, the animal appears

to be using the tail as a stiffened spring-like mechanism to aid in
propulsion of the body.

As will be shown later, each of the three

species shows modifications of the tail position found on other substrates to a positiion that will maintain contact with the sand on the
fine sand substrate in either bipedal or quadrupedal gaits or both.
Generally the tail position in Fig. 5 is seen when changes in gait or
direct~on

occur, e.g. beginning a bipedal ricochet from either a

standstill or from turning around on the ground or in mid-air.
Side-to-side movements of the tail were rarely pronounced on
either coarse gravel or coarse sand substrates and seemed not to occur
at all at lower speeds.

These small movements seemed to be a response

to inertia rather than to a voluntary contraction of the lateral tail
musculature.

This does not preclude a role as a counterbalance, for

a tail of that length has enough weight at the tip to act as a check
on rocking movements of the body.

Side-to-side movements are practi-

cally non-existent on the fine sand substrate and the peculiar arching
found in both Figs. 4 and 5 show that vertical movements are of
greater importance.

Some contact of the tail with the ground appears

to be necessary even if a propulsive role is not the reason.

It is

possible that the tail has a sensory role in locomotion.
Very little movement of the head occurred.

At very fast speeds

and when the animal was going to change its angle of projection from
one stride to another, movements at the neck joint were observed at
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Fig. 4. Bipedal ricochet of D. spectabilis ~~H 129 on fine sand substrate. Tail carriage
seen here not predominant on this substrate. Sequence read from right to left. Propulsion phase
(2,3); recovery phase (4,5); preparatory pl1ase (6,7); landing phase (8,9,1). Stride length=
28.6 em, velocity = 203.5 em/sec.
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Fig. 5. Bipedal ricochet of D. spectabilis ~~H 126 on fine sand substrate. This type of tail
carriage generally seen when cl1anges in gait or direction of movement occur. Sequence read from
rigl1t to left. Propulsion phase (2,3); recovery phase (4,5,6); preparatory pl1ase (7,8); landing
phase (9,1). Stride length= 24.4 em, velocity= 173.5 em/sec.
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the beginning of the preparatory phase when a greater angle of projec~
tion was desired.

This same behavior was also seen in ordii and

merriami.
The toes were observed to be spread out on propulsion.

Both

Hatt (1932) and Howell (1932) were not able to observe the action of
the toes in final propulsion and Bartholomew and Caswell (1951)
mentioned only the above observation.

My films appeared to show that

all of the animals actually exerted their propulsive thrust through
the claws on the hind foot.

These claws are quite strong on all three

species studied but especially so in spectabilis.
The leaps that spectabilis made in response to surprise movements by the animal handlers were very "sedate" compared to those of
ordii and merriami.

Very few leaps were observed to be completely

vertically directed; most v1ere at an angle or '\vere a short back"Ward
hop.

More often when surprised the animal would slowly pivot on one

foot and proceed bipedally in the direction opposite the stimulus at
an average velocity of about 200 em/sec.

D. spectabilis:

Quadrupedal Ricochet

Figs. 6-8 show the entire range of quadrupedal gaits seen in
spectabilis.

Fig. 6 again shows the tail held straight backward from

the animal parallel to but not touching the substrate, with the white
tip bent upward.

These movements are basically the same for both the

ricochetal walk and jump on both coarse sand and gravel though they
are less often exhibited on coarse sand.

The tail here also appears

to be necessary both as a propulsive device and as a sensory one.

4

1

Fig. 6. Ricochetal jump slowing to a ricochetal walk by D. spectabilis MLH 102 on coarse
gravel substrate. Tail carriage is the same in a ricochetal walk as in a ricochetal jump. Both,
though less often, are seen with this tail carriage on coarse sand. Sequence read from right to
left. Propulsion phase (1); recovery pltase (2); preparatory phase (3,4); landing phase (5,6).
Stride length= 10 em, velocity = 106.7 em/sec.
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Fig. 7 shows its possible use in propulsion with the stiffness of the
base of the tail quite obvious.

The tail is held onto the ground

stiffly and bears some weight in propulsion in both the ricochetal
walk and jump.

A more relaxed position seen in Fig. 8 is rarely seen

on coarse sand.

Both ricochetal walk and jump on fine sand exhibit

the same tail use as on coarse gravel and coarse sand, but the tail is
more often in close proximity to the substrate on fine sand (Figs. 7
and 8).

Thus it is very hard to depict any of the substrates having

a distinctive pattern of tail posture in either type of quadrupedal
movement.

The predominant pattern seems to be some tail contact with

the substrate, especially on coarse and fine sand substrates.
The hind feet show either asynchrony or synchrony in footfall
pattern (fore feet were very often blurred), but synchrony was dominant.

Asynchrony generally occurred only in turning or pivoting

sequences.

Lateral movements of the feet were generally the same as

seen in bipedal movements.
Head movements differed in these figures mainly in that when the
tail was carried straight behind the animal not in contact with the
substrate, the head was not as close to the ground as was found when
the animal kept the tail in contact with the ground.
especially the case in the ricochetal walk.

This was

Thus the back can be seen

to be more extended in the propulsion phase than is apparent in Fig. 6.
D. ordii:

Bipedal Ricochet

This species had unpredictable tail movements over all substrates in all gaits.

Vertical movements of the tail were most

Fig. 7. Ricochetal walk by D. spectabilis MLH 120 on coarse sand substrate. Tail may be used
in propulsion here as well as in ricochetal jump. This type of tail carriage also seen on fine sand.
Sequence read from right to left. Propulsion phase (1,2); recovery phase (3); preparatory phase
(4); landing phase (5,6). Stride length= 9.2 em, velocity= 117.7 em/sec.
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Fig. 8. Ricochetal walk by D. ~pectabilis MLH 129 on fine sand substrate. This type of tail
carriage may also be seen on coarse sand. Tail contact with substrate is stronger than in Fig. 7,
seen also in ricochetal jump. Sequence read from right to left. Propulsion phase (1,2); recovery
phase (3); preparatory phase (4,5); landing phase (6). Stride length= 15.2 em, velocity=
139.5 em/sec.
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obvious, even more so than in spectabilis, with very little side-toside movement occurring in the bipedal ricochet.

Where the latter

species tended to let the tail gently slope down behind the body with
the tip flipped upward when moving over coarse sand and coarse gravel
substrates, ordii was seen to carry the tail straight or arched upward
in the middle and downward at the tip, or even stiffly at an angle to
the horizontal (Figs. 9-12).

The types of tail carriage seen in the

bipedal ricochet in Figs. 9-11 were all used on coarse gravel, with no
single type being preferred.

On coarse sand the animal carried the

tail in contact with the substrate only in the recovery and preparatory phases (Fig. 9).

Fig. 11 shows a form of locomotion that may

have been used for slowing down and not for acceleration.

The tail

was not in contact with the substrate but the tip arched downward at
the end of the preparatory phase.

Fig. 12, showing the tail carried

stiffly upward at a 45° angle with the horizontal, was most often seen
on fine sand when top speeds were maintained.

Either tail contact or

non-contact with the substrate, as seen in Figs. 10 and 11, occurred
on fine sand.

The tip waved up and down in some types of movement and

rarely side-to-side.

D. ordii:

Quadrupedal Ricochet

In both the ricochetal walk and jump ordii commonly carried its
tail curved gently downward without touching the substrate on both
coarse sand and coarse gravel substrates (Fig. 13).

Fig. 14 shows

that on coarse gravel substrate the animal's tail may maintain contact
with the substrate throughout the stride.

But this occurs predomi-
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Fig. 9. Bipedal ricochet by D. ordii MLH 109 on coarse gravel substrate. Tail contact with
substrate occurs during propulsion and recovery phases. Tail carried at 45° angle during preparatory and landing phases. Sequence read from right to left. Propulsion phase (2,3); recovery
phase (4,5); preparatory phase (6,7,8); landing phase (9,1). Stride length= 19.2 ern, velocity=
123.0 em/sec.
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Fig. 10. Bipedal ricochet by D. ordii MLH 109 on coarse gravel substrate. Tail carriage
here also seen on fine sand. Sequence read from right to left. Propulsion phase (2); recovery
phase (3,4,5); preparatory phase (6,7,8,9); landing phase (10,1). Stride length= 29.0 em,
velocity = 202.5 em/sec.
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Fig. 11. Bipedal ricochet by D. ordii JBD 3 on coarse gravel substrate. This type of
tail carriage also seen on coarse and fine sand, but most often seen in decelerating animal.
Seqllence read from right to left. Propulsion phase (9); recovery pl1ase (1,2,3); preparatory
phase (4,5,6,7); landing phase (8). Stride length= 36.6 em, velocity= 234.0 em/sec.
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Fig. 12. Bipedal ricochet by D. ordii MLH 136 on fine sand substrate. Tail position seen
when top speeds were maintained. Sequence read from right to left. Propulsion phase (1); recovery
phase (2); preparatory phase (3,4); landing phase (5). Propulsion phase not completely present
on film. Stride length= 17.8 em, velocity= 226.8 em/sec.
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nantly on fine sand substrate.

Fig. 15 shows the tail buckling upward

at the beginning of the preparatory phase when the animal slowed down
from a fast ricochetal jump.

In quadrupedal gaits, the tail tip was

often seen to be waving both in side-to-side and in vertical movements, especially in the gait seen in Fig. 13, giving support to the
possibility that its total length is not under rigid control throughout most of that type of locomotion.

Fig. 16, though, shows the stiff

angling of the tail implying complete rigid control of the tail over
the coarse sand substrate.

Figs. 13-16 show only part of the picture

characteristic of this species' quadrupedal locomotion.

Sometimes the

tail position in landing phase in one figure will be combined with the
tail position of the propulsion phase in another figure, and so on.
Therefore, no single position or combination of positions of the tail
see1n to represent satisfactorily the bipedal or quadrupedal locomotion of ordii over a particular substrate.

I found that all of my

specimens of ordii displayed all of these movements at one time, but
that there seemed to be individual variation as to preference for the
tail carriage found in any of the figures.

The differences in tail

carriage in some of the figures may seem subtle at first until one
realizes that this species seems to separate the functions of the
base, midpiece and tip of the tail from each other.

On coarse gravel,

the tip of the tail appears to be either controlled separately but with
minor aid from the midpiece as in Fig. 15, or with the base of the
tail as in Fig. 13, or not at all as in parts of Fig. 16.
inant gait on coarse sand as seen in Fig. 13 is one in

The predom-

whi~h

the mid-

piece and base of the tail synchronize with the tip in movement only
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Fig. 13. Ricochetal walk by D. ordii ~~H 106 on coarse gravel substrate. Tail position
also seen in ricochetal jump and in walk on coarse sand. Sequence read from right to left.
Propulsion phase (1,2); recovery phase (3,4); preparatory phase (5,6); landing phase (7,8).
Stride length= 12.8 em, velocity= 117.4 em/sec.
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Fig. 14. Ricochetal jump by D. ordii JBD 3 on coarse gravel. Tail contact with substrate
seen throughout the stride, also seen in ricochetal walk. In both cases, predominantly seen on
fine sand substrate. Sequence read from right to left. Propulsion phase (4,5); recovery phase
(6,7); preparatory phase (8,9,10); landing phase (11,1,2,3). Stride length= 10.4 em,
velocity = 111.0 em/sec.
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Fig. 15. Ricochetal jump by Q. ordii JBD 3 on coarse gravel substrate. Tip and portion of
midpiece of tail seen to buckle forward when animal stopped suddenly from fast movement. Sequence
read from right to left. Propulsion phase (2); recovery phase (3); preparatory phase (4,5,6);
landing phase (7,1). Stride length= 18.0 em, velocity= 165.2 em/sec.

7

3

'

Scale = 1/3

~

w

5

6

7

1

Fig. 16. Ricochetal walk by D. ordii MLH 136 on coarse sand substrate. Stiff angling
upward of tail seen only on this substrate. Sequence read from right to left. Propulsion phase
(2,3); recovery phase (4); preparatory phase (5,6,7); landing phase (8,1). Stride length=
6.0 em, velocity = 48.0 em/sec.
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at the end of a free-flight phase of the hind feet.

On fine sand,

the tip appears to act alone or in combination with either just the
base or the entire rest of the tail as in Fig. 14.

Clearly, the tail

movements seen in this rat are dependent on this division of function.
In the almost vertical upward leaps that this animal would make
when appropriately surprised by one of the animal handlers, there was
often a tremendous thrashing of the tail in the air, more so, it
seemed, than needed to maintain balance.
The footfalls of ordii were mostly asynchronous on the coarse
gravel and fine sand substrates, and synchronous on the coarse sand
substrate in both the bipedal and quadrupedal ricochets.
D. merriami:

Bipedal Ricochet

Fig. 17 shows the most common type of tail carriage in the
bipedal ricochet on coarse gravel.

The tail shows very little side-

to-side movements in the bipedal ricochet in this species also, and
the brushy tip seems to maintain contact very often with all substrate
surfaces.

In most cases the base and midpiece of the tail never rest

fully on the substrate but the brushy hairs at the tip do.
may have a sensory function in merriami also.

The tail

A variation of Fig. 17

can occur in that the animal drops the midpiece and tip of the tail
to touch the substrate upon landing.

The animal may also carry the

tail completely above the substrate on coarse sand with the gentle
sloping downward found in spectabilis (Fig. 18).

This type of tail

carriage is not common, though, on this substrate and sometimes at
high speeds the tail oscillates up and down from this position more
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Fig. 17. Bipedal ricochet of D. merriam! }~H 118 on coarse gravel substrate. Predominant
type of tail carriage for all substrates. Sequence read from right to left. Propulsion phase (2,3);
recovery phase (4); preparatory phase (5,6,7); landing phase (8,1). Stride length= 15.6 em,
velocity = 143.0 em/sec.
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Fig. 18. Bipedal ricochet of D. merriami }~H 118 on coarse sand substrate. Tail carriage
seen here not common on this substrate. Sequence read from right to left. Propulsion phase (3,4,5);
recovery phase (6); preparatory phase (7,8,9); landing phase (1,2). Stride length= 18.2 em,
velocity = 145.8 em/sec.
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Fig. 19. Bipedal ricochet of D. merriami MLH 118 on fine sand substrate. Slight contact of
tip of tail with substrate not seen in landing phase here. Sequence read from right to left.
Propulsion phase (6,1); recovery phase (2); preparatory phase (3,4); landing phase (5). Stride
length = 21.0 em, velocity = 224.0 em/sec.
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Fig. 20. Posterior view of bipedal ricochet of
D. merriami MLH 117 on coarse gravel substrate. Twirling
of base of tail seen in this single occurrence. Sequence
read from right to left. Propulsion phase probably (1,2);
preparatory phase probably (3); landing phase (4).
than simple inertia would appear to cause.

The transient contact of

the tail with the substrate shown in Fig. 17 is also the predominant
type of tail carriage on coarse and fine sand substrates.

D. merriami

alsc shows moderate contact with the sand by the tail in Fig. 19 on
fine sand substrates.

But the constant contact seen in the tail of

ordii was not seen in merriami.

D. merriami is also distinctively

different from ordii in that the stiff angling of the tail upward is
not seen at all on any substrate and that the ordinary position seems
more sedate in most cases.

The only side-to-side movements seen in

the bipedal ricochet in merriami were a strange "twirling" at the base
of the tail on coarse gravel and coarse sand substrates (Fig. 20) just
before the animal left the propulsion phase.

The single occurrence of

this behavior observed may be due to few numbers of animals filmed or
rare frequencies of clear posterior views, or even to actual low
frequencies of this behavior.
Footfalls of merriami were mostly synchronous, with any asynchrony showing up on fine sand substrates.
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D. merriami:

Quadrupedal Ricochet

This species rarely displayed the ricochetal jump on coarse sand
and used it much more often on coarse gravel substrate.

The jump was

also seen on films of movements over fine sand, but never as often as
in ordii.

Figs. 21 and 22 show that the animal may carry the tail

parallel to the ground surface or drop the tip and maintain contact
with the substrate.

These behaviors are basically the same as those

seen in Figs. 13 and 14 of ordii.

The main difference between the two

species appears to be that the tail has a rather stiff alignment in
merriami, as if rigid control over the entire tail occurs throughout
the stride.

The walk most often appeared as just a slower jump, with

the same tail movements as used in the jump.

When the animal entered

free-flight in the ricocheting jump, the only difference seen in the
tail carriage was a brief inertial lift upward, probably due to
greater forward acceleration of the body.

The highly arched base of

the tail in ordii (Fig. 16) is also seen in merriami (Fig. 23) on
coarse sand substrates.

The placement of the tip of the tail in

merriami is different and suggests the movements of a cat on a very
narrow ledge.

This angling of the tail also appears in movement ever

fine sand substrates but only during the propulsion phase.

The tip

drops down to gain contact with the surface of the substrate at the
end of the recovery phase.

Side-to-side movements of the tail were

generally nonexistent.
D. merriami is also characterized by greater synchrony between
the hind feet than in ordii, but there was no appreciable difference
in head movements.
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Fig. 21. Ricochetal walk by D. merriami MLH 117 on coarse gravel substrate. Tip of tail
in contact with the substrate throughout the stride. The same tail carriage seen also in
ricochetal jump and walk on coarse sand. Sequence read from right to left. Propulsion phase
(2,3,4); recovery phase (5); preparatory phase (6,7); landing phase (8,1). Stride length=
11.0 em, velocity = 78.0 em/sec.
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Fig. 22. Ricochetal jump by D. merriami MLH 117 on coarse gravel substrate. No tail
contact with substrate, also seen in ricochetal walk on coarse sand. Sequence read from
right to left. Propulsion phase (6,2); recovery phase (3); preparatory phase (4,5); landing
phase (1). Stride length= 8.6 ern, velocity= 109.3 em/sec.
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Fig. 23. Ricochetal jump of D. merriami MLH 117 on coarse sand substrate. Highly arched tail
seen here with tip curved upward. This type of tail carriage also seen during propulsion phase of
ricochetal jump on fine sand. Sequence read from right to left. Propulsion phase (2,3); recovery
phase (4,5); preparatory phase (6); landing phase (7,1). Stride length= 14.4 em, velocity=
153.7 em/sec.
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Summary
Major differences in locomotion of the three species can be seen
in tail carriage for the most part.

The predominant similarity among

the species lies in the contact of the tip of the tail with the sand
on the fine sand substrate in most gaits.

Otherwise, the species

carry their tails differently on each of the substrates tested.
D. spectabilis for the most part, regardless of the substrate, tends
to carry its tail stiffly or gently sloping behind the body parallel
with the ground.

Quadrupedal gaits on the other hand are charac-

terized by some contact of the tail with the substrate in §pectabilis
on coarse and fine sand substrates.

On coarse gravel, the animal's

tail had no contact with the substrate, as is found in the bipedal
ricochet.
D. ordii is characterized by variable tail movements in the
bipedal ricochet, regardless of the substrate, and may show greater
variation of individual preferences than in the other two species.
Greater vertical and side-to-side movements were seen in this species
in both bipedal and quadrupedal ricochet than in either of the other
two species.

Some tail contact with the substrate was seen on all

substrates in the bipedal ricochet and only on fine sand in the
quadrupedal ricochet.

This animal also shows a tail position not seen

in any other species:

the tail is held stiffly at a 45

0

angle with

the horizontal and can be seen on any substrate in both the bipedal
and quadrupedal ricochet.
D. merriami shows much less variation than ordii and lacks the
angling of the tail in the bipedal ricochet noted in ordii.
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D. merriami also tends to maintain some partial, if not transient,
contact of the tail with the substrate in its bipedal and quadrupedal
gaits.

This species also can be described as having rather stereo-

typed tail positions, \vith stiff alignment of the base and midpiece
of the tail.

The tail can show the angling found in ordii in quadru-

pedal gaits, but this position is not seen throughout the stride.
Locomotor Preferences
A compilation of the locomotor preferences for each species is
shown in Table 2, where N is the total number of sequences of all four
locomotor categories seen on film.

Considering for the moment only

the data collected before experimentation on the tail was performed,
one can see slight differences in the distribution of the gaits
preferred by each species, regardless of the substrate.

But more

significant differences are seen when comparing the gaits preferred
for a particular substrate.

D. spectabilis seemed to choose the

bipedal ricochet regardless of the substrate.

Locomotor preference

in ordii was not as sharply defined, with the bipedal ricochet chosen
by the animal only about 50% of the time on coarse gravel and fine
sand substrates.

On coarse sand the bipedal ricochet was chosen by

£_rdii only slightly more often than the ricochetal walk.

D. merriami

also seemed to choose the bipedal ricochet only 50% of the time on
fine and coarse sand substrates.

Its preference on coarse gravel was

unclear, with almost equal probability of choosing the bipedal
ricochet, ricochetal walk or ricochetal jump.

Moreover, on the coarse

gravel substrate, this species most frequently chose the ricochetal
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jump of any of the three species on any substrate.

In most cases,

however, the frequency of the ricochetal jump stayed at the lowest
levels of any gait recorded.
The frequencies of the various leaps recorded on film varied
among species and substrates.
-greatest frequency.

Both merriami and ordii showed the

D. spectabilis approached the frequency shown by

the smaller species only on the coarse gravel substrate.

D. ordii

reached its greatest frequency of leaps on coarse sand and merriami
had a slightly higher frequency on fine sand substrate.
The ricochetal tvalk exhibited its highest frequencies for each
species on the coarse sand substrate, and its lowest frequencies on
the fine sand substrate.
The closest similarities that can be drawn among the species are
that merriami is most like ordii in locomotor preference on fine sand
substrate, but most like spectabilis on coarse sand.
spectabilis share no such similarity.

D. ordii and

On the coarse gravel substrate,

both ordii and merriami broaden their locomotor preferences relative
to spectabilis by having a greater frequency of the ricochetal jump on
that substrate.

The frequencies of the quadrupedal ricochet and leap-

ing are also greater in ordii on the other two substrates than those
of spectabilis.
Experimental Data

General Comments
Removal of all or parts of the tail affected locomotor preferences greatly so that most of the analysis of the experiments on the
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tail was on this aspect.
were noted.

llowever, obvious behavioral differences

The animals did have some difficulty with executing the

vertical leaps when surprised in that they did tend to make a complete
summersault, landing in the direction opposite from which they
started.

In unexcited bipedal progression, though, the only abnormal-

ity seen was a tendency for the pelvis and trunk to rotate downward
too far while in free-flight in all three species.

On one occasion,

this rotation caused one specimen of ordii to land on its nose!

Near

accidents were seen rarely, and with practice, the animals appeared to
move without obvious attempts at compensation.

Quadrupedal movements

did not appear to be affected other than in frequency of occurrence.
The effects of clipping off the terminal tuft and in docking the tip
seem even more subtle as behavioral differences in the animals on
which these operations were performed were not obvious.

The bipedal

gait in the few specimens of merriami that were tested appeared least
affected by docking of the tail and little abnormality was observed.
D. spectabilis and ordii showed an equal amount of difficulty with
downward rotation of the trunk in bipedal progression.
Only preliminary results will be presented here.

Table 2 shows

the changes in locomotor preferences on fine and coarse sand substrates with loss of the terminal tuft of hair, loss of the tip
{defined in the secion on Haterials and Hethods), and loss of the
entire tail.

Differences in behavior of the animal appeared in the

film taken one day and again 11 days after cutting the tail off.

~fEXAS TECH L\S~~ARYJ
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D. spectabilis
D. spectabilis showed an increase in use of the bipedal ricochet
and a decrease in use of the ricochetal walk on coarse sand after the
tail tuft was clipped.

The opposite effect was seen on fine sand

substrate, with more than a 20% decrease in preference for the bipedal
ricochet and a 12% increase in the ricochetal walk, suggesting that
the terminal tuft may be of importance to the animal on this substrate.
Leaping increased considerably in occurrence only on fine sand.

The

ricochetal jump seemed to be affected most in occurrence when the tail
was operated on, for it dropped out of the picture in half of the
types of tests done.

On fine sand, with the loss of the tip of the

tail, there was a slight increase in occurrence over that found in
non-experimental animals of the bipedal ricochet.

The occurrence of

the ricochetal walk on fine sand almost doubled with any operation on
the tail.

However, there appears to be no significant change in

occurrence of the quadrupedal gaits on coarse sand.

When the tail was

docked the greatest changes in occurrence of particular gaits were
seen, as might be expected, with an equal distribution between the
bipedal ricochet and ricochetal walk on the coarse sand substrate.

On

fine sand, though, the bipedal ricochet greatly decreased in occurrence (10% more than on the coarse sand) and the ricochetal walk
increased in occurrence by the same amount.

There was almost complete

recovery of the original distribution of the bipedal ricochet and
ricochetal walk after 11 days of practice without the tail.
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D. ordii
In this species there were only relatively mild changes in
frequencies of the bipedal ricochet and ricochetal walk after the tail
tip was docked.

Dramatic changes occurred after the complete tail was

docked and again after 11 days of practice without the tail.

After

the tail was docked the frequency of the bipedal ricochet on coarse
sand decreased slightly in occurrence whereas on fine sand the
frequency decreased by 25%.

The decrease in occurrence for the

ricochetal walk was by 15 and 10% on each of the respective substrates.
The large changes in preference for the ricochetal jump on both substrates seem to offset these decreases.

There was a tremendous

increase in ricochetal jumps at the expense of the ricochetal walk
on coarse sand and of the bipedal ricochet on fine sand.
That the tail may be very important in the bipedal ricochet on
coarse and fine sand is seen in these events:

1) the bipedal ricochet

never recovered its former frequency after 11 days of exercise on both
coarse and fine sand; 2) the ricochetal walk did increase to its
former frequency on the fine sand substrate, and bypassed its former
frequency on the coarse sand substrate; 3) the ricochetal jump was
still the dominant gait on fine sand and was used equally with the
ricochetal walk on coarse sand.

Indeed the bipedal ricochet (by which

the animal was able to attain the highest speeds) ceased to occur even
after 11 days of exercise on the coarse sand substrate.

In all obser-

vations on specimens of ordii with any experimentation on the tail,
quadrupedal gaits either increased in occurrence or regained their
former frequency.
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D. merriami
As a result of the low sample size of activities, this species
may show incorrect gait preferences, but they are listed for comparison purposes anyway.

Where the sample size approaches that of ordii,

the effect of clipping the terminal tuft on the tail appeared to
increase the number of leaps, decrease the occurrence of the ricochetal walk, and increase the occurrence of the bipedal ricochet on
the coarse sand substrate.
much less affected.

The locomotion on fine sand appeared to be

The most prominent difference was seen in the

total loss of the ricochetal jump in most of the testing, much the
opposite of what happened in ordii.

Indeed the bipedal ricochet

appeared to increase in occurrence on both fine and coarse sand
substrates after the tail was docked.

Decrease in the occurrence of

the bipedal ricochet to former levels on both substrates after 11 days
of exercise was to the same degree of completeness as found in
spectabilis.

Decrease in the frequency of the ricochetal walk to

former levels after 11 days of exercise was complete on fine sand and
almost complete on coarse sand.

The preference for the ricochetal

jump recovered its former rating on coarse sand and never recovered on
fine sand.

However, the results from tests on docking the tail on

coarse sand and on docking the tip of the tail on fine sand were taken
on only one animal and therefore cannot be trusted.

Supplementary Data
Bipedal Ricochet
The bipedal ricochet is a theoretically inefficient mode of
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locomotion in terms of energy expenditure because of the greater
vertical displacement of the center of gravity that generally accompanies a switch from quadrupedal to bipedal gaits.

A 45

0

angle of

projection should theoretically (given no air friction) allow the
animal its maximum stride length.

Rarely did any of the animals I

observed have an angle of projection greater than 30°.

Thus the most

efficient locomotion could be reached on a substrate that "allowed"
a low angle of projection and a long stride length.

Depending upon

whether the animal was moving bipedally while looking for food or
while moving away from a predator, either high or low velocities
would be efficient.
The mean angle of projection, mean stride length and mean velocity along with their ranges found in the bipedal ricochet are given
in Table 3.

~leasurements

were taken only from a stride that appeared

in complete form on the film and not where only half the animal was
visible.

Thus only a few measurements were taken.

For spectabilis, the smallest mean angle of projection, longest
mean stride length and highest mean velocity was found on fine sand.
Conversely the largest mean angle of projection was taken on coarse
sand, and the shortest mean stride length along with the lowest mean
velocity was on coarse gravel.
The occurrences for ordii of the smallest mean angle of projection, longest mean stride length and highest mean velocity were all on
the fine sand substrate.

The largest mean angle of projection,

shortest mean stride length and lowest mean velocity all occurred on
coarse sand.

22 - 38
10 - 35

15.7

27.1

20.8

19.3

merriami

spectabtlis

ordii

merriami

spectabilis

208.4

15.0 - 22.0

19.0

10 - 15

13.8

merriam!

NOTE:

154.0 - 406.0

287.2
12.0 - 34.4

28.2

10 - 20

14.7

ordii

N is the number of measurements made.
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The smallest mean angle of projection and longest mean stride
length for merriami occurred on fine sand, but the highest mean velocity on coarse sand.

The largest mean angle of projection and shortest

mean stride length occurred on coarse sand as in ordii but the lowest
mean velocity occurred on coarse gravel.
The observations on merriami suggest that greater speeds do not
always allow one to obtain longer stride lengths.

Other data in

Table 3 also deviate from the ideal considerably.

For spectabilis,

the ranges in stride length widen only slightly from coarse gravel to
coarse sand to fine sand substrates without concomitant changes in
angle of projection.

Velocity, though, has the widest range on the

coarse sand substrate which also showed the highest absolute velocity
the animal reached.

Widest range of stride length of ordii was on

coarse gravel but widest range of angle of projection was on coarse
sand.

Widest range of velocity was still on fine sand where the

highest absolute velocity for this species was also recorded.

Finally,

for merriami, coarse sand shows the widest range in stride length,
velocity, and angle of projection.

The observations above only begin

to suggest that a pattern of interaction between stride length, velocity, and angle of projection can give alternative physical advantages
to different substrates for different species using the bipedal ricochet.
I plotted the stride length that was found for each velocity on
each substrate.

There was such a scatter of points that no clear

correlation was present and not even a single peak was evident.
connected the bottom points and then the top points for a given

I
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substrate of a group (much like the polygons that Hatt, 1932, made
relating foot lengths to caudal vertebrae length).

The polygons

resulting in Figs. 24-26 may show overlapping or discrete distributions of ranges and might aid in determining substrate effects on
velocity and stride length ranges.

In comparing the extent of overlap

in polygons among all three substrates, spectabilis appears to have
the largest areas of all three substrates put together, and merriami
the smallest areas.

But merriami has an ovenvhelming predominance of

one substrate, the coarse sand substrate, both in size and shape.
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ordii the fine sand substrate has the widest range of speeds in the
medium-stride length area.

A clear separation between coarse gravel

and fine sand substrates for ordii appears at the level of greatest
stride length.

The coarse sand polygon remains very small in ordii,

but is a major factor·in producing the polygon with the greatest area
in both spectabilis and merriami.

Each of the species has a unique

pattern of polygon size and overlap that may assist in sorting out
the locomotor preferences seen in Table 2.
That merriami may not be familiar with the coarse gravel substrate was suggested by the higher frequency of quadrupedal gaits on
that substrate (if the animal is assumed to be specialized for the
bipedal ricochet).

This suggestion seems to be supported by the

extremely small polygon devoted to bipedal progression in Fig. 24.
The fine sand substrate does not have a very large polygon, either,
even though the aninal does not appear to have its bipedal preferences
inhibited there (Table 2).

A conclusion one can draw is that for an

increase in stride length on fine sand and coarse gravel there is
apparent little increase in velocity.
It can be seen in Fig. 25 that ordii has an especially wide
range of velocities on fine sand, but the widest range of strides on
coarse gravel.

Locomotor preferences do not show this dichotomy at

all (Table 2).

The coarse sand substrate shows a very small range in

both velocity and stride length.

It is clear for the coarse gravel

substrate that there is little increase in velocity with increase in
stride length.
D. spectabilis also has a peculiar configuration of polygons in
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Fig. 26.

The coarse sand substrate offered the widest range of

velocities for short to moderately long strides.

Fine sand substrate

offered the best range in stride length; coarse sand substrate offered
the best range in velocity, with coarse gravel substrate falling in
between.

guadrupedal Ricochet and
Old World Rodents
Up to this time, emphasis on analysis has been on what affects
the preference for the bipedal ricochet.

It is possible that more than

just the bipedal ricochet must be observed to understand the locomotion of kangaroo rats and its evolutionary pathways.

Many Old World

ricochetal rodents have been studied and compared with just this
variability in mind.

Gambaryan (1974) presents still another measure-

ment to be made when comparing "grades" of specialization for the
bipedal ricochet, this time with emphasis on representatives of the
quadrupedal ricochet.

A major difference in behavior that is corre-

lated with stride length is the position of the hind feet relative to
the fore feet before landing.

Gambaryan (1974) points out through

many drawings and photos that the most generalized rat still has his
hind feet hanging in the air when the fore feet contact the ground.
The animal that is more specialized for the ricochetal jump was
suggested to protract the knee during free-flight until the hind toes
are at the level of the elbow upon contact with the ground by the fore
feet.

Thus, progressive lengthening of the stride is acquired and

greater ventro-flexion of the trunk is seen.

These behavioral obser-

vations were transformed by Gambaryan into the jump index and the
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TABLE 4
COMPARISON OF THE JUMP INDEX (JI) AND EFFICIENCY INDEX (EI)
ANONG VARIOUS RICOCHETAL RODENTS

Species

Body Weight (g)

JI

EI

38.5
105.7
50.3

2.5
3.3
3.8

8.5
15.6
14.2

20.0
30.0
20.0

1.5
2.5
10.0

4.1
7.8
27.0

Gerbils
Meriones vinogradovi
blackleri
-M.
M. Eersicus
H. meridianus

200.0
180.0
180.0
90.0

3.5
4.0
4.5
6.5

20.4
22.6
25.0
28.0

Jerboas
*Alactagulus acontion
*Allactaga ~l~tor
*A. bobrinski.i
*Jaculus turci,:enicus

80.0
100.0
100.0
120.0

8.0
15.5
16.0
21.0

35.0
72.0
74.0
103.0

Kangaroo rats
*Dipodomys merriami
*D. spectabilis
*D. ordii
Hamsters
Phodo_eus sungorus
Cricetulus migratorius
Calomyscus baib-:ardi

SOURCE: Data based upon my observations and those from
Gambaryan (1974:279).
NOTE: Jump index = stride length/body length. Efficiency
index = jump index times the cube root of the body weight. Animals
known to be bipedal are marked with an asterisk.
efficiency index as a measure of specialization for the primitive
ricochetal jump.

He hypothesized that the most generalized animal had

the lowest index.

The data he collected are combined with some of my

own in Table 4, in order of increasing stride length within a closely
related group.

In both sets of data, the longest stride length
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observed was used to calculate the jump index.

Of the Old World

rodents, the hamsters show one sequence of specialization, the
gerbils, a second, and the jerboas, a third.

The jump index is mainly

a measure of stride length, while the efficiency index is an attempt
to standardize the jump indices over a range of differing body lengths.
It is apparent from the table that Dipodornys differs significantly
from other bipedal rodents in both the jump and efficiency indices.
Some supposedly quadrupedal animals may have very high jump indices,
suggested by Gambaryan to be a specialization for the quadrupedal
ricochet over and above that acquired by the animals that tended
toward specialization for the bipedal ricochet.

Furthermore, there

appears to be considerable variability (excluding Dipodomys) in the
jump index within each group of closely related animals.

There

appears to be a general trend towards increasing the jump index with
the observed greater specialization for a bipedal or quadrupedal
ricochet (Gambaryan, 1974) in the non-Dipodomys groups.

The values

calculated for Dipodomys, on the other hand, appear very low relative
to the other bipedal animals.

Both indices put the kangaroo rats

between the hamsters and gerbils in specialization for longer stride
lengths, even though neither of the latter two groups are known to be
bipedal.
Table 5 shows the results of calculations of the jump index and
efficiency index for each species over each substrate in an attempt to
discover patterns of stride length for all gaits.

Noting that the

jump index is a measure of the longest stride length used in any gait,
the data indicate strong differences from the measurements of strictly
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TABLE 5
COMPARISON OF THE JUHP INDEX (JI) AND EFFICIENCY INDEX (EI)
OF THREE SPECIES OF DIPODO}ITS ON THREE SUBSTRATES

Species

Substrate

SEectabilis

JI

EI

Coarse Gravel
Coarse Sand
Fine Sand

2.7
2.8
3.3

12.7
13.8
15.6

ordii

Coarse Gravel
Coarse Sand
Fine Sand

3.8
2.2
3.0

14.2
8.0
11.0

merriarni

Coarse Gravel
Coarse Sand
Fine Sand

1.5
2.5
2.1

5.1
8.5
7.1

NOTE: Jump index and efficiency index calculated as
in Table 4.
bipedal stride lengths.

The longest stride length for the bipedal

ricochet for all three species occurred on fine sand, suggesting that
the highest jump index should occur on fine sand if the animalproceeds
bipedally in order to increase stride length (as Gambaryan, 1974
hypothesized).

But the highest jump index occurred on fine sand only

in ~pectabilis, and on coarse gravel in ordii and on coarse sand in
merriami.

The shortest bipedal stride length occurred on the same

substrate as the lowest jump index in spectabilis and ordii, but not
in merriami.
If body size is standardized, then ordii no longer shows the
highest efficiency index for this group, but the largest species,
spectabilis, instead, shows the highest value.
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Anatomical Differences
Gambaryan (1974) has presented morphological correlates for
specialization for the quadrupedal ricochet.

His data are more com-

plete than those found in Hatt (1932) and are more representative of
the role of ligaments ·and tendons in maintaining stability of the
skeleton and absorbing shock from landing in the fashion of a ricochet.

I followed some of his methods and took measurements of the

lengths of the limb segments, expressing them as a percentage of
thoracolumbar length.

These are shown in Table 6, along with compara-

tive data taken from Gambaryan (1974:306).

Gambaryan hypothesizes

that the changes within a closely related group follow a sequence:
the more generalized forms show a moderately lengthened tibia relative
to the other hindlimb segments, and that the most specialized forms
secondarily lengthen the foot.

Dipodomys shows a very different

pattern from the Old World rodents.

Not only are there larger values,

but tibia to foot ratios are very different from those of other
bipedal animals.

If Gambaryan's hypotheses are applied to kangaroo

rats, spectabilis has a tibia length ratio equal to foot length ratio,
and thus would be slightly generalized relative to ordii.

D. ordii

would be considered the most specialized of the three having the
largest absolute value for the foot.

But there is a low difference

between the values for the foot and tibia, suggesting an animal more
generalized than merriami.
Gambaryan (1974) has suggested that there are certain changes
evident from his data in animals showing increasing specializations
for the ricochetal jump:

the hind limb segments lengthen; the upper
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TABLE 6
COMPARISON OF THE LENGTH RATIOS OF THE Lll1B SEGMENTS
OF THREE SPECIES OF DIPODO:ITS
AND OTHER RICOCHETAL RODENTS
Relative size of:
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Kangaroo rats
*Dipodomys spectabilis
ordii
*D.
*D.
- merriami

23.8 108.0
28.0 116.1
21.9 92.5

69.0
67.5
56.7

95.5
91.0
75.5

95.6 259.0 33.4 46.8
97.0 257.0 35.2 52.4
85.5 218.8 30.4 44.6

38.2
39.6
46.6

45.7
44.0
59.7

31.6 115.5 33.6 36.6 20.7
35.3 118.9 34.4 33.6 18.7
56.9 163.2 33.6 36.0 23.7

41.0
42.0
41.8

51.0
51.0
51.8

46.6 138.6
45.2 138.2
46.9 140.5

56.2
64.0
56.2

81.8 97.6 235.1 23.1 25.9 15.6
95.0 112.5 271.5 25.0 30.0 19.5
81.3 97.6 235.1 23.1 25.9 15.6

Hamsters
Phodopus sungorus
Cricetulus migrator ius
Calomyscus bailwardi

90.9
86.7
93.3

Gerbils
Meriones blackleri
M. vinogradovi
-M. Eersicus

-

-

-

-

-

-

Jerboas
*Alactagulus acontion
*Allactaga elator
*A. jaculus

-

SOURCE:
(1974:306).

64.6
75.0
64.6

Data taken from my observations and those of Gambaryan

NOTE: Length ratios are calculated as a percent of total length
of lumbar and thoracic regions of the spine. Animals known to have a
bipedal locomotion have an asterisk.
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arm and forearm both tend to lengthen without significant increase in
length of the hand; animals displaying the bipedal ricochet tend to
lengthen the hind limbs without lengthening the forelimb segments and
tend to secondarily lengthen the foot.
I measured showed some different trends:

The species of Dipodomys that
the femur and tibia are

longer than supposedly larger Old World bipedal forms, though the foot
length is not concomitantly greater; the forearm measurements are very
large compared to both quadrupedal and bipedal forms; the other
segments fall within the range seen for quadrupedal forms.
The large values for limb seg1nent length prompted some distrust
on my part of the method used by Gambaryan in Table 6.

I suspected

that for biomechanical reasons the thoracic region length was probably
a good variable with which to compare limb segment length of different
closely related animals, but not the lumbar region.

Indeed, it is in

the lumbar region that ventre-flexion of the trunk may occur after the
hip flexes to the possible limits in quadrupedal movements in the
species I observed.

There may be differences in the length of the

lumbar region among three species of animals that vary in locomotor
behavior as the animals I studied did.

I then measured each region

in the vertebral column and presented it as a percentage of total
vertebral column length (excluding the tail).
ing this common denominator are:

The reasons for choos-

1) the total length of the vertebral

column without the tail is a good representative measurement of body
size within a group of closely related, similarly adapted animals, and

2) the tail lengthens with age in Dipodomys (Hatt, 1932).

Table 7

shows the relative lengths of these regions for each of the three
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TABLE 7
RELATIVE LENGTHS OF REGIONS OF THE VERTEBRAL COLUH~ IN DlPODOMYS,
EXPRESSED fiS A PERCENTA~E OF TOTAL VERTEBRAL COLu~rn LENGTH
(EXCLUDING THE TAIL)

Species

N

spectabilis

8

ordii

8

merriami

species.

12

The percentages are an average for all the species measured.

One can see little to slight difference between ordii and
in most regions.

~ectabilis

D. merriami differs from both in thac the sacro-

lumbar region shares a lower percentage of backbone length and the
thoracocervieal region a greater percentage.
regions are allowed

the~l'?:1St

The sacral and cervical

mobility of the four, as there can be

extensive fusion in the cervical region and complete fusion in
sacral region.

th~

The thoracic region also has little mobility for the

ribs prevent ruuch trunk ventre- or dorsifleAion.
h2s been described in

m~ny

The sacral region

ricochetal animals as a structure designed

for shock absorption (Hatt, 1932; Gamba.ryan, 1974), but what mobility
might be

gain~d

in the pelvic area due to a shorter sacral region in

merriami could be lost with secondary shortening of the 1umbar region.
Thus it seems that merriami has altered its backbone to increase
rigicitv in the sacrolumbar region.

D. ordii has de.cre8sed its
..

rigiGity

~lightly.reratiVe

~·

to spectabilis in the lumbar region.

68
Gambaryan (1974) presented a model for shock absorption of the
spine.

Structural features related to changes in support by the fore-

limbs that are considered in the cervical and thoracic region to be
important in the evolution of the quadrupedal ricochet in the Old
World rodents are:
• • 1) the strongly developed spinous process of thoracic verte-

bra II; 2) a triangular plate, moveably connected with the apex
of this spinous process; 3) a number of tendinous fibers which
stretch from the ventral surface of the triangular plate to the
spinous processes of the first thoracic vertebra and the last
cervical vertebrae; 4) the supraspinous ligament, which runs along
the apexes of the spinous processes on the thoracic vertebrae;
5) the bundles of m. semispinalis dorsi, which end on the triangular plate. (Gambaryan, 1974:298).
The above model assumes that the specializations in the neck for the
quadrupedal ricochet never form in animals that evolve toward a
bipedal ricochet when the support function of the forelimbs is lost,
as no shock need be absorbed there.
He set up a similar model for shock absorption in the sacralumbar region.

This model differs in that the trends present in the

progressive specialization for the quadrupedal ricochet become more
evident in the specializations for the bipedal ricochet, as the hind
limb comes to bear more of the shock of landing.

The features present

in the sacrolumbar region in rodents specialized for the bipedal
ricochet are:
1) the spinous process of the first two and sometimes three sacral

vertebrae are reduced; 2) the spinous process of the second sacral
vertebra grows out in the caudal direction while that of the last
two lumbar vertebrae grow in the cranial direction; 3) the supraspinous ligan1ent is lengthened to stretch between the spinous
processes of the last lumbar and third sacral vertebrae; 4) tendinous bands extend fan\vise to this ligament from the first two or
three spinous processes of the sacral vertebrae. (Condensed from
Gambaryan, 1974:303-304).
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Preliminary investigations on the sacrolumbar region of the
species I studied suggest that Dipodomys follows the same trends as
Old World bipedal rodents, with some variation among the species.

The

neck region shows some very different features from those observed in
the quadrupedal ricochetal rodents, suggesting either a loss of these
features with the evolution of the bipedal ricochet in Dipodomys or a
history different from that of the Old World rodents.

IV.

DISCUSSION

The results of this investigation show that the picture of the
evolution of the bipedal ricochet in Dipodomys is not clear.

The key

to understanding both the behavioral and anatomical observations
presented may lie in understanding the behavioral changes that may
have preceded the bipedal habit.

Gambaryan (1974) has discussed this

at length in terms of the Old World rodents.

If we use his behavioral

observations, we might suggest that a similar pattern may have
happened in the genus Dipodomys.

The ancestral form of locomotion

probably was the quadrupedal ricochet.

The most primitive animal may

have also had other gaits in its repertoire, like the gallop, walk, or
even the trot, but the quadrupedal ricochet was most likely the predominant gait.

The simplest form of quadrupedal ricochet probably did

not have a long stride length because the animal did not bring its
hind feet close to the fore feet before the end of the free-flight
phase.

Gambaryan (1974) presented two pathways that led to lengthen-

ing of the stride which had different effects on the vertebral column.
One pathway is represented by an animal which had a more or less midtrunk position of the center of gravity and which landed with greater
force on the forelimbs.

This animal specialized the vertebral column

to absorb shock better in the neck region.

Another pathway is repre--

sented by an animal in which the hindlimbs lengthened and the center
of gravity was shifted more caudally.

Thus more shock was absorbed by

the sacrolumbar region rather than by the neck.
The tail may have had different roles in the two types of
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animals.

Many investigators who have studied these kangaroo rats have

made note of the especially long tail in this genus and many Old World
ricochetal rodents (Hatt, 1932; Howell, 1932; Gambaryan, 1974).
Because of the close correlation between presence of a long tail and
presence of long hind limbs suggesting a bipedally ricochetal habit,
many observers have hypothesized a major role in ricochetal locomotion
in general, for the long tail.

Hatt (1932) stated that his observa-

tions show that the tail touches ground only at moderate speeds and
not at top speeds, and that the function of the tail in this genus
therefore, probably is "one of balance checking and not one of propulsion".

The greater variety and amount of observations I made of these

animals seem to suggest that the tail is used for propulsion in these
animals at least some of the time.

I agree with Hatt, though in that

it probably is not primarily used for propulsion at the faster speeds,
as friction is greater and could cause loss of momentum.

More likely

the tail might be used when loss of traction would cause missing the
correct angle of projection.
as Hatt (1932) suggested.

Possibly the tail plays a sensory role,

The animal might use it to judge better

the height it reaches above the ground in a jump.

That it plays a

propulsive role at times was apparent in some of the figures.

These

combined with the data on experiments with loss of the tail in whole
or in part suggest that the tail is used for propulsion more often
than for counter balance.

However, we still do not know how bipedal

or quadrupedal gaits, as we knmv them in these animals, are significantly affected by the long tail in the natural habitat.
Two different hypotheses may be presented to account for the
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data on tail loss.

If the tail is important for the maintenance of

bipedal gaits, the loss of the tail in those animals more specialized
for the bipedal ricochet would cause a decrease in preference for the
bipedal ricochet, even with therapeutic practice, with greater use of
the quadrupedal gaits.

The less so specialized animal would show com-

plete loss of bipedal gaits in its repertoire.

If, however, the tail

is functioning only in the quadrupedal ricochet or in the initial
specializations toward a fully bipedal ricochet, the loss of the tail
in the more bipedally specialized animal would show little effect on
preference for bipedal or quadrupedal gaits.

The animal less so

specialized would increase its preference for the bipedal ricochet
and/or decrease its preference for quadrupedal gaits.
That the animals showed little to no abnormality in their
bipedal capabilities after loss of the tail suggests that the long
tail is not needed for bipedal progression and may not have been a key
feature in the origin of the bipedal ricochet in Dipodomys.

There are

differences in the absolute frequencies of the bipedal ricochet on
different substrates, as well as among the intact members of the
species that would not support the data on animals without tails for
either of the hypotheses presented above.

It might be that the most

specialized animal will move bipedally regardless of the size of the
sand grain.

When comparing substrates and species, spectabilis

appears most specialized because of its greater preference for the
bipedal ricochet on any substrate.

But size differences may be impor-

tant also, especially on larger grain size substrates.

D. spectabilis

has the largest foot and probably can handle the coarse gravel
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substrate better than merriami which has the smallest foot.

And

merriami lacks the fifth toe that ordii has that might act as compensation for having a smaller foot.

Rather than showing a more gener-

alized locomotion, merriami may be having difficulty moving over
coarse gravel and may be indicating this by its broader locomotor
preferences.

There may be an optimum size of sand grain substrate for

each animal based upon such features of the foot.

The larger grain

size on the coarse gravel may allow more room for the fifth toe's postmetatarsal complement to lodge in the cracks between stones for better
traction.

However, no one knows of the actual function of the fifth

toe in ordii to date.
As was seen from the data presented, the picture on locomotor
preferences on different substrates is not clear.

It may be that the

greater the variability of the locomotor preferences, the more
generalized the animal is.

If one considers overall variability in

locomotor preferences, ordii stands out with the highest, merriami the
next, and spectabilis the lowest.

An interesting dichotomy appears

here in that ordii prefers the ricochetal jump less than merriami on
the coarse gravel substrate.
another hypothesis:

This observation may be important for

the animal that evolved toward the bipedal

ricochet may have replaced the ricochetal jump with a bipedal ricochet
when greater stride lengths were needed, and chose a walk for shorter
strides.

It would have chosen the ricochetal jump for greater stride

lengths only if it were not as specialized.
stride on coarse gravel.

D. ordii shows its longest

Thus ordii appears to be more specialized

than merriami by its preference for the bipedal ricochet on this
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substrate.
It is possible that these animals may not be under selective
pressure on the substrate that offers the highest speeds or longest
stride lengths.

Rather, the widest range of speeds and/or stride

lengths might be the criteria for the best substrate for ease of total
movements the animal may want to use.

Thus shorter strides might be

appreciated on substrates that offer food or relativelv dense cover.
J

Other features of bipedal behavior may be necessary for understanding the evolutionary picture.

A peculiar feature of the velocity

of spectabilis is its tendency for constancy from stride to stride,
unlike that of ordii or merriami.

This was apparent to the observer

when chasing a spectabilis in its natural habitat--it appeared to
weave back and forth in a sinusoidal path of motion.

D. ordii and

merriami, on the other hand, ran in short spurts, altering speed as
well as direction in an unpredictable fashion.

When constant velocity

is coupled with the tendency for a slightly more predictable path of
motion, one can suggest that there may have been selection for conservation of momentum in spectabilis.

Thus it is doubtful that

spectabilis would rely upon changing its speed as much as stride length
in the face of a predator.

The best substrate for this animal, there-

fore, must be one which allows a wide range of stride lengths rather
than a wide range of speeds.
The hypothesized evolutionary pathway of the bipedal ricochet in
Old World rodents (Gambaryan 1974) may not be applicable to Dipodomys,
as the data in Table 6 show some conflicting trends.

One of these has

already been noted--the peculiarly large values for relative lengths
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of limb segments in the animals I studied.

There is also a relatively

large increase in values for the forearm length in Dipodomys.

The

values for the hand do not decrease as they do in other ricochetal
rodents.

Substrate differences in Table 7 also suggest differing

selective forces on the evolution of the bipedal ricochet.

All of

these features are combined with a peculiar behavioral pattern in
locomotion of the three species of Dipodomys to su8gest that the New
World ricochetal rodents went a very different bipedal route.

V.

CONCLUSIONS

The observations on three species of kangaroo rat show that
differences in locomotor patterns exist among the species.

The

differences include patterns of tail carriage and gait preference,
which can be correlated with the substrate the animal is moving over.
The most obvious differences among the species are generally characteristic of the animal on one or two, but not all three substrates.
Measurements have been made to compare some New World \Jith Old World
ricochetal rodents, based on a morphological model presented by
Gambaryan (1974).

Both the behavioral and supplementary data show

moderate correlation with Garnbaryan's observations, but also show
trends that raise questions about the evolution of the bipedal
ricochet.

Removal of all or part of the tail in Dipodomys accentuate

a complex picture of the evolutionary and ecological roles of the
species studied.
The preliminary results of experiments on the tail suggest that
the tail may play a sensory and propulsive role in these animals,
differing slightly in degree and method of use.

D. ordii used a

greater number of methods of tail carriage than either of the other
two species.

D. merriami and spectabilis accented the roles of

propulsion and balance in different ways, without losing the importance of the tail in either.

The results of my experiments showed

that ordii was most likely to revert to both fast and slow quadrupedal
movements than either merriami or spectabilis, and that the last
species could, with practice, return to its earlier pattern of
76

77
locomotion.

D. merriami appears to have completely lost the putative

"primitive" quadrupedal movements.
It is not possible to conclude from the data collected that one
species is more specialized for the bipedal ricochet than another.
Specialization can take many routes; anatomical and behavioral characteristics of locomotion present two ways most commonly studied
separately.

However, this investigation has revealed that these two

characteristics cannot be disconnected from ecological considerations.
With this broader approach a different conclusion about evolutionary
trends can be made.

Each of the three species shows different strate-

gies for locomotor behavior.

These strategies show differences in

ecological needs as well as past evolutionary history.

D. ordii and

merriami may have retained the "short distance bipedal progression"
characteristic of their small bipedal ancestors as part of their method
of eluding predators, but may also have developed such specializations
of tail carriage or gait preference for the requirements of the substrate each cheeses to inhabit.

D.

spectab~lis,

on the other hand,

is probably .larger than the ancestral form and may have dropped the
I

primitive method for eluding predators.

Instead it adopted a pattern

of movement that retained some features of erratic flight but altered
these features to conserve energy.

In doing so, certain features of

bipedalism were specialized but the animal did not lose its capability
for moving efficiently quadrupedally.

When the locomotor repertoire

is known for a greater number of species it may be possible to reconstruct the evolution of the bipedal ricochet in Dipodomys.
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