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Anuran Locomotion—Structure and
Function, 2: Jumping Performance

of Semiaquatic, Terrestrial, and
Arboreal Frogs

George R. Zug

Introduction

Over two thousand species of frogs exist today.
Their diversity spans the gamut from completely
aquatic to completely arboreal, from ten millimeter
to twenty-five centimeter bodies, and from ovi-
parous to viviparous. In spite of this great diversity
in habits and size, all frogs look much the same; a
stout body joined directly to the head with no neck,
no tail, and two pairs of well-developed limbs, the
hind pair particularly enlarged. This body form re-
flects their evolution as jumping organisms. It is
stamped upon all individuals and species, whether
or not they retain jumping as their primary mode
of locomotion.

While the majority of frogs are still jumpers,
their jumping abilities are not equal. We recognize
this in our everyday language by saying toads hop
and frogs jump. Both verbs describe the simultane-
ous extension of the hindlimbs, which propels the
animal forward suddenly, but recognize the differ-
ence in force applied or distance traveled. Just how
variable is an individual's jumping performance:
within a series of jumps, between conspecifics, and
between species? What are the causes and the sig-

George R. Zug, Department of Vertebrate Zoology, National
Museum of Natural History, Smithsonian Institution, Wash-
ington, DC 20560.

nificance of this variation? This pair of general
questions contain many subsets of questions. The
purpose of this report is to determine the rela-
tionships of jumping performance to body size,
sex, habitat preference, and taxonomy. Special at-
tention is paid to the kinds of variations in jumping
ability and the role of fatigue in jumping perform-
ance.

ACKNOWLEDGMENTS.—The scope of this study is
largely due to the generosity and cooperation of
many friends and colleagues. To all of them, I am
most grateful. R. I. Crombie, J. F. Jacobs, C. A.
Ross, J. R. Zug, and P. B. Zug accompanied me in
many memorable frog-collecting forays and further
aided in the laboratory with the jumping experi-
ments or the boring computerization of the data.
Many individuals provided frogs. I cannot list them
all but do wish to mention those who provided
critical species and large series of specimens:
S. Campden-Main, S. Christman, R. I. Crombie,
J. D. Groves, J. D. Hardy, W. R. Heyer, J. F.
Jacobs, R. G. Jaeger, R. W. Marlow, M. Thireau,
R. G. Tuck, and R. M. Winokur. Others provided
me with space and facility: A. S. Rand (Smithsonian
Tropical Research Institute, Panama); M. Downes,
E. Lindgren, and John Pippet (Wildlife Laboratory,
D.A.S.F., Papua New Guinea); A. Schwartz (Miami).
To the mentioned and unmentioned, I offer a sin-
cere "thank you."
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W. R. Heyer for reviewing the manuscript. Aside
from their many suggestions for improving the
manuscript, they offered ideas for future analyses
of these data.

The study was supported in part by the Smith-
sonian Research Foundation and indirectly subsi-
dized through the use of supplies and facilities by
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Historical Perspective

If I were to have searched deep enough, I might
have discovered that Aristotle or some Renaissance
scholar was the first to investigate and describe the
jumping ability of frogs. Unquestionably, Samuel
Clemens, alias Mark Twain, was the first author
(1865) to bring the weighty problem of frog loco-
motion to the attention of a large audience in his
short story "The Celebrated Jumping Frog of Cala-
veras County." I might also note that Twain's
classic work remains more readable than subsequent
writers on the subject.

Versluys (1929) observed that the best jumping
frogs are those with well-developed chalk sacs
(= calcareous deposits in the endolymphatic sacs).
In 1931, Hirsch published an extensive analysis of
the mechanics of the jump of the frogs Rana ridi-
bunda. Using cinematic and osteometric analysis, he
examined the kinematics of the hindlimb and pelvic
girdle segments from the intiation of a jump until
take-off. He did not mention jumping distances or
the possible modifications of the form or the speed
of limb segment movements with different jumping
performances. Wermel (1934) studied the relation-
ship of body proportions (limb segment lengths to
body length and particularly fore- to hindlimb
length, i.e., heterotypy) on the jumping ability of
10 species of frogs, Bombina bombina, B. orientalis,
Pelobates fuscus, Bufo bufo, B. viridis, Hyla ar-
borea, Rana arvalis, R. esculenta, R. ridibunda, and
R. temporaria. He determined jumping distance by
averaging 50 jumps per individual and then estab-
lished an index of relative jumping ability by
dividing distance by body length. His values for
jumping ability range from 1.7 for the weakest
jumper to 7.2 for the strongest and a positive cor-
relation between jumping ability and hindlimb
length and a negative correlation between ability

and heterotypy. The investigations of both Hirsch
and Wermel are models of thoroughness and pro-
vide the foundations and direction for future re-
search.

Their studies, however, escaped the attention of
or failed to interest researchers, and the study of
frog jumping behavior lapsed into a period of anec-
dotal reports, such as Rose's (1950:17) report on the
jumping prowess of South African frogs. There was
a slight arousal of interest in the early 50's, when
Rand (1952) described the jumping ability and en-
durance of six species of North American frogs,
Bufo fowleri, Acris crepitans, Hyla crucifer, Rana
catesbeiana, R. clamitans, and R. pipiens. He pro-
vided absolute jumping distances and relative jump-
ing ability for these species and concluded that:
(1) the jumping surface affects the length of the
jump; (2) hindlimb length and habitat preference,
but not body size, are correlated with jumping abil-
ity. Stokely and Berberian (1953) compared Rana
pipiens and R. utricularia and found significant
differences in the proportions of various hindlimb
segments but no difference in jumping ability. The
low values of their mean jumping distances suggest
the jumps were abnormal, so their conclusions are
probably invalid. Gray (1953) in his popular book
on animal locomotion used the frog as an example
to explain the physics of jumping. He discussed
these principles briefly again in 1968. Gans (1961),
in a similar vein, wrote a popularized account of
frog jumping stressing the anatomy and kinematics
of the hindlimbs as well as the physics of jumping.
Davidson (1963) and Cox (1966) also published
popularized accounts, a photo story, and general
anatomy, respectively.

The actual jumping distances of the marine toad,
Bufo marinus, were presented by Rand and Rand
(1966). They showed that jumping distance and
hindlimb length have a positive linear relationship.
In a parallel note, Gans and Rosenberg (1966)
modified a ballistic equation to show the relation
between the force of the toad's jump and its weight.

In 1972, I published an analysis of the relation-
ships between the relative jumping ability and pro-
portions of the postcranial skeleton in four species
of frogs, Bufo marinus, B. terrestris, Hyla crucifer,
and Rana clamitans and showed that several of the
fore- and hindlimb proportions are good indicators
of jumping ability. Dobrowolska (1973) reported on
a similar study for ten species of European frogs,
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Bombina bombina, B. variegata, Bufo bufo, B. cala-
mita, B. viridis, Hyla arborea, Rana arvalis, R. escu-
lenta, R. ridibunda, and R. temporaria. She showed
that hindlimb length is a good indicator of jump
ing ability and limb heterotypy a poor indicator.
Gambaryan (1972) briefly mentioned the mechanics
of frog jumping in a discussion of mammalian
jumping gaits. Calow and Alexander (1973)
analyzed muscles tension and size, joint movement,
and force application during jumping in the frog,
Rana temporaria. From their analysis, they devel-
oped a hypothesis on the operation of vertebrate
muscles accelerating a mass from rest over a given
distance. Claussen (1974) examined the influence of
dessication and bladder water reserve on jumping
ability in Bufo americanus, B. cognatus, and R.
clamitans and concluded that anurans in a physio-
logically unbalanced state do not jump as strongly
as when physiologically normal.

Jumping Tests

All frogs were tested in rectangular jumping
arenas or tracks in the laboratory. Although the
basic arena and techniques were described earlier
(Zug, 1972), it is necessary to repeat and expand
upon this earlier description, because changing cir-
cumstances resulted in modifications to accommo-
date the different species of frogs and the available
physical facilities. The North American, Carib-
bean, and European species were tested in a \\/2 X
6 m open-ended track with 1 m high walls extend-
ing parallel to the long axis. Since this arena was in
the Division of Reptiles and Amphibians, tempera-
ture was fairly constant, 22°-24° C. The Pana-
manian dendrobatids were tested in a basement
corridor of the Balboa laboratory of the Smith-
sonian Tropical Research Institute; the track was
approximately 2 X 3 m. Frogs were tested only in
the morning, and the temperature range was 26°-
29° C. The New Guinean frogs were tested in a
li/i X 5 m track, enclosed along the two sides and
end by \\/A m walls. The arena was in a storage
barn, and the temperature range was 25°-34° C
with most trials performed between 28°-31° C. The
New Guinean frogs were tested in the morning,
usually before 11:00 AM and occasionally in the
late afternoon. Nonetheless, when testing a large
series (15-20 individuals) of a single species, the
temperature differential would be 2°-3° C from the

first to the last individual tested. Testing of mon-
tane species, particularly the smaller ones, was re-
stricted to periods when the temperature was 29° C
or less. The temperatures at all three sites were
recorded within the jumping arena, 5-10 cm above
the floor.

The floors of all arenas were concrete or concrete
and asbestos tile, covered with two or more layers of
brown wrapping paper. This surface offers suffi-
cient friction and resilience so that the jumping
behavior and performance is equivalent to frogs
jumping on a natural substrate (see discussion in
Zug, 1972:617). If slipping occurred, it was usually
on the first jump after release when posture tended
to be abnormal and initial slipping jumps were
not recorded.

The standard method used for the jumping tests
was to blot the frog's venter (posterior abdomen
and thighs) in nontoxic ink, set the frog down on
the paper at one end of the arena, and have the
frog jump five or more times. The frog was then
caught and placed in a container with a small
amount of standing water, just enough to immerse
the frog's venter. The frog would rest in this for
two or three minutes while the distances between
the ink blotches of five consecutive jumps were
measured and recorded. This sequence would be re-
peated for a second trial of five consecutive jumps.
Upon completion of the second trial, each frog was
anesthetized in a chlorotone solution, uniquely
tagged, weighed, and measured, i.e., snout-vent
length. Frogs were sexed by examination of the
gonads.

Initially, I planned to obtain five trials of five
jumps each for each individual. After testing nearly
200 frogs of 18 species, it became apparent that
this scheme was too time consuming for the amount
of information obtained. Furthermore, the jumping
performance, at least of the small species, appeared
to decline in successive trials in spite of the rest
period between trials. Subsequent tests included
only two trials of five jumps each. The tests were
modified further for most of the Panamanian and
New Guinean jumping experiments. The jumping
performance of the second trial did not seem equiva-
lent to the first, perhaps owing to the increasing
temperatures during the tests, so the frogs (if will-
ing) were jumped ten or more times in succession.
This modification, by reducing the handling and
stress of the frogs, produced a less variable measure
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of performance, although the estimate of jumping
ability was usually based on a sequence of seven or
eight successive jumps rather than ten.

Handling and/or contact of the frogs was kept
at a minimum before and during the test. Prior to
testing, the frogs were touched only upon capture
and upon transfer to a storage container in the
laboratory. During testing, the frog was caught,
blotted on ink, immediately released at one end of
the test arena, caught and returned to a resting con-
tainer at the end of the jumping trial. Most frogs
were stimulated to jump by a sudden hand move-
ment near them, although a few required a prod
with a blunt probe. All individuals were wild
caught and transported to the laboratory. With few
exceptions, all frogs were tested within a week of
capture, most within 48 hours of capture. The
frogs were held in sealed containers (inflated plastic
bags) with moist paper towels; the towels were re-
placed and the containers were rinsed with water
daily.

The species tested are listed in Table A of the
appendix. A listing of their jumping performances
is in Table B (absolute jumping distances) and
Table C (relative jumping abilities) and the body
length-weight relationships in Table D of the ap-
pendix. The absolute jumping distance is reported
as the sample average for the mean and maximum
values of the actual distances jumped by each indi-
vidual in the sample. The relative jumping ability
is the mean and maximum jumping distances di-
vided by the snout-vent length of the jumping indi-
vidual. The mean and maximum relative jumping
abilities of the species are averages of the means
and maximums determined for individuals. Other
parameters, particularly body weight, could have
been used to obtain an estimate of relative ability;
I chose to use body length here because it has been
the standard measure since 1934. The other param-
eters will be analyzed later.

Jumping Performance

An attempt was made to include individuals of
both sexes and a variety of age or size classes in each
specific sample, in order to enhance the analytical
potential of the samples. Samples with this diver-
sity are, however, in the minority. Most frog species
are cryptozoic and exposed to predation by herpe-
tologists only during their breeding season, thus

many of the samples are composed largely of sex-
ually mature males (see the third column in Table
A of the appendix).

INTRASPKCIFIC VARIATION.—The intraspecific vari-
ation in jumping performance—both absolute and
relative—is high (see standard deviations and
ranges in Tables B and C). A portion of this high
variability may be due to the wide range of body
sizes and the inclusion of both sexes in the species
samples. Increased variability due to a wide range
of body sizes within a sample is best demonstrated
by a comparison of the standard deviation of the
mean jumping distances (Table B) in similar sized
species pairs with samples encompassing different
size ranges. For example, Bufo marinus from Flor-
ida (snout-vent length range of sample, 72-116 mm)
has a standard deviation of 53.9 mm and B. marinus
from Papua New Guinea (14-172 mm) 107.4 mm;
Hyla squirella (27-38 mm) 56.9 mm and H. cinerea
(29-51 mm) 79.5 mm; or Rana virgatipes (34-55
mm) 49.3 mm and R. clamitans (31-88 mm) 159.2.
In each pair, the sample with the smaller range has
the lower variability, however, this trend does not
always hold (e.g., Bufo punctatus and B. terrestris,
Hyla crucifer and H. squirrela, or Rana clamitans
and R. sylvatica; first member of each pair has
larger size range, yet lower variability). Even though
body size is affecting intraspecific variation, it is
only one component of variability and perhaps a
minor one relative to the motivational and physio-
logical state of the individual frog.

The maximum distance jumped by a frog is fixed
by the biomechanical limits resulting from the struc-
tural organization of its locomotor apparatus. A
frog probably attains its absolute maximum dis-
tance rarely, approaching the maximum when hard
pressed by a predator attack. At other times, a frog
adjusts the strength of its jumping kick to the cir-
cumstances: a long jump if frightened, a short one
if changing resting location; long if healthy or well-
fed, short if sick or starving; and other such com-
parative pairs. The point I wish to emphasize is
that each frog controls its jump: how far it will
jump as well as whether it will jump to the right
or left, whether it will land facing toward or away
from the disturbance. The control an individual
has over its jumping performance was apparent
throughout the test but is difficult to quantify other
than by showing the variation in an individual's
jumps or by anecdotal notes.
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While I wish to emphasize an individual's con-
trol over its jumping performance, I do not wish
to imply that its normal jumping performance will
not be centered around an "optimum" distance that
is species specific. This assumption on species spe-
cificity has been proven valid in previous investiga-
tions, e.g., Rand (1952) and Dobrowolska (1973),
and as illustrated in Tables B and C. Different
species jump different distances no matter how the
species are tested or reported. Furthermore, differ-
ent species may in the wild use different jumping
patterns, i.e., a fixed sequence of alternating long
and short jumps and directional changes (e.g., Gans,
1960:304). Testing and analysis may, however, alter
the jumping performance results of different re-
searchers. Jumping performance is usually reported
as an average of the actual distances jumped and/or
as a relative distance (average jumping distance
divided by snout-vent length). Wermel's (1934) and
Dobrowolska's (1973) data (Table 1) are quite sim-

ilar in spite of different testing methods. Wermel's
frogs jumped 50 times each. Dobrowolska's 10 times
each; the jumps were consecutive in the latter and
presumably so in the former. I would have expected
Dobrowolska's data to be higher in the strong jump-
ers (Hyla and Rana), since fatigue or possibly re-
peated handling might cause a reduction in jump
ing distance during a sequence of 50 jumps.

There is less similarity between my data and
Rand's (Table 2), than in the previous comparison.
This dissimilarity is in part due to differences in
testing and analysis. While both of us used the
mean of 10 jumps for the absolute distance, Rand
usually had five or fewer individuals so individuals
were often tested two or three times. His tests were
typically performed outdoors on natural substrates,
apparently immediately following capture. His rela-
tive distance was determined by dividing the maxi-
mum rather than the mean jumping distance by
body length, resulting in higher values. In absolute

TABLE 1.—A comparison of the mean jumping data of adult European frogs from Wermel (1934)
and Dobrowolska (1973) (relative distance value of Dobrowolska were read from her bar graphs
and may be in error by ± 0.1)

Taxon

Sample
size

W

5
10
10
10
5
7

D

17
21
27
30
21
21

Absolute
distance

(mm)

W

123
154
138
273
329
324

0

116
157
155
406
390
371

Relative
distance

(*)

W

1.9
2.8
3.2
7.5
7.0
5.4

D

1.5
2.5
3.8
9.8
6.6
5.6

Bufo bufo
Bufo v i r i d i s . . .
Bombina bombina
Hyla a rborea . . .
Rana a r v a l i s . . .
Rana escuienta.

TABLE 2.—A comparison of the mean jumping data of North American frogs from Rand (1952)
and Zug (Tables B and C, "Appendix") (see text for discussion of difference in testing and
analysis)

Taxon

Sample
size

R

10
10
10
10
10
10

Z

25
24
36
20
37
24

Absolute
distance

R

453.5
701.6
296.3
542.8
665.8
785.0

(ran)

Z

248.9
429.4
504.9
708.0
613.7
714.8

Relative
distance

(J

R

7.8
36.2
17.9
8.9

11.5
12.9

0
Z

5.2
21.9
19.1
7.7

10.8
12.2

Bufo fowleri
Acris crepitans
Hyla crucifer
Rana catesbeiana....
Rana clami tans
Rana pi pi ens complex
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distance, Rand's Bufo and Acris data are signifi-
cantly higher than mine (Student t = 6.65 and
7.13, df = 31 and 32, respectively), whereas my Hyla
and R. catesbeiana data exceed his. For B. fowleri,
Rand's sample included only adults, whereas mine
included predominantly subadults and juveniles; he
also obtained a mean of 261 mm when he tested
the toads on sand rather than grass. There is no
satisfactory explanation for differences of our Acris
samples, other than most of the individuals in my
sample were tested 7 or 8 days following collection.
Casual observations of other samples suggest that
jumping performance is inversely related to length
of time in captivity; however, I am doubtful
whether a difference of nearly 300 mm can be at-
tributed to captivity time alone. Similarly, there is
no clear explanation for the differences in our H.
crucifer and R. catesbeiana data. Rand did note a
reluctance for the crucifer to jump voluntarily after
the first several jumps, yet the maximum jump of
only one of his samples exceeds the means of my
data.

High variation is not unexpected in a complex
behavioral trait, such as locomotion, which must
constantly be adjusted to meet the needs of an in-
dividual. Perhaps we should be surprised that it is
not more variable. Although there is a tendency for
the long or strong jumpers to exhibit greater vari-
ability in jumping distances (most apparent in the
comparison of relative jumping ability, Table C),
this trend has exceptions. For example, Ascaphus
and Sphenophryne have a jumping ability two to
four time greater than Bufo, yet all three taxa share
a similar level of variation. Obviously many param-
eters influence variation in jumping performance;
the following sections examine a few of them.

BODY SIZE.—Those species (Table 3) with a wide
range of body lengths form the subset for compari-
son. Examination of Table 3 and Figure 1 show
that only those samples encompassing the entire
size range from postmetamorphosis to adult possess
a significant and strong correlation, i.e., linear
correlation coefficient greater than 0.80, between
body length and jumping performance. Spheno-
phryne palmipes is the only exception in this group
containing also Bufo marinus (from Papua New
Guinea), Eleutherodactylus antillensis, E. lentus,
Litoria infrafrenata, Rana clamitans, and R. grisea,
and it contains mid-juvenile to adults. Eleven other
species have significant linear correlation coefficients.

These eleven species (B. americanus, B. fowleri, B.
marinus (from Florida), B. terrestris, Dendrobates
auratus, Acris crepitans, A. gryllus, Hyla cinerea, H.
versicolor, Platymantis papuensis, and Rana cates-
beiana) and Scaphiopus couchi, which have a cor-
relation coefficient greater than 0.50, also demon-
strate a correlation between body length and jump-
ing ability; however, the correlation is not as strong.
While correlation coefficients (r) of 0.50 or even
lower may be statistically significant, I consider only
those regressions with r > 0.80 as biologically sig-
nificant, since r2 (coefficient of determination)
roughly describes the amount of variance or scatter
accounted for by the regression equation and its
curve. Thus regressions with r > 0.80 account for
two-thirds or more of the variance, whereas for
example, the regression line accounts for only 30%
of the variance in americanus or 55% in R. cates-
beiana. The correlation coefficients of the seven re-
maining species are too low to demonstrate an asso-
ciation between length and jumping distance. None-
theless with the majority of the species (Figure 2)
showing a positive relation between jumping dis-
tance and body length, this correlation probably
exists for most anuran species. The absence of this
correlation in some of my samples is due primarily
to restricted size classes in these samples and sec-
ondarily from high variability in the performance
of individuals within the samples. Body length was
also compared to maximum jumping distance for
eleven species (Table 3), and the correlation in
this subsample is no better or worse than for the
entire sample of 26 species.

The preceding discussion was based on an inter-
specific comparison of the linear regression equa-
tions. The data were analyzed by the Hewlett-
Packard family regression program (HP Model 10
Plotter Stat Pac, Vol. 1), which also provided ex-
ponential, parabolic, and power equations and their
correlation coefficients. In most cases, the correla-
tion coefficients of the latter three equations were
similar to that of the linear equation. This similar-
ity can be seen by comparing the linear and power
correlation coefficients in Table 3. I consider linear
or power equations best to describe the trend of
the points, because a visual examination of the
linear and power curves appears to include all
clusters of points. Furthermore, I find it difficult
to accept the exponential explanation, which re-
quires that jumping ability becomes progressively


