Structural Complexity in a Lizard Communication System:
The Sceloporus graciosus **Push-Up” Display

EmiLia P. MARTINS

Several measures from information theory are used to describe the structural
complexity of the Sceloporus graciosus push-up display signal system and to
compare this complexity to that of other animal communication systems. Data
from focal animal observations of both male and female animals in the field are
used to describe the push-up display as a simultaneous combination of three
components: display body postures (e.g., laterzl Hattening, arched back), the
number of legs extended during the display {0, 2, or 4), and the number, type,
and sequence of head-bobs. Various grammatical rules are described that govern
the combination of these components into push-up displays. Body postutes are
shown to be discrete signals, whereas the number of legs extended and the pattern
of head-bobs serve as graded signals. The three structural components are related
to each other such that more head-bobs are combined with more legs being
extended and a greater likelihood that display body postures are nsed. Males use
more head-bobs, extend more legs, and use display body postures more often
than do females; and sexual dimorphism is greater during the mating season
than after mating has ended. Finally, the push-up display is “open” or “gener-
ative” such that new forms of the signal system will be encountered with an
increasing number of displays observed. Overall, the push-up display system is
shown to contzin most of the types of complexity observed in the communicative

displays of birds and mammals.

Although reptiles exhibit substantial com-
plexity in social behavior, behavioral on-
togeny, and learning abilities, 1t 1s sull com-
monly believed that a qualitative difference
exists between the behavior of reptiles and that
of birds or mammals in that reptile behavior is
somehow more primitive, simple, or stereo-
typed. This assertion has gone largely untested
because of difficulties involved in finding ho-
mologies among the very different behavior
patterns exhibited by different groups of ver-
tebrates (but see Burghardr, 1988). Informa-
tion theory provides z useful tool for describing
levels of complexity in different behavioral sys-
tems and for comparing the behavior of very
different animals on 2 similar scale. Measures
from information theory have been used pre-
viously to describe the coding efficiency and in-
formation content of animal communication
signals {e.g., Haldane and Spurway, 1954; Rand
and Williams, 1970; Hailman et al., 1985) and
in ecological contexts as measures of species di-
versity (e.g., Plelou, 1975, 1977). They have
been particularly important in the debate con-
cerning whether animals have “language” (e.g.,
Snowdon, 1990; Hailman et al., 1985; Hailman,
1987). The present study uses some of these
techniques to describe the structure of the push-
up display signal system of the sagebrush lizard,
Sceloporus gradosus, and to compare the com-

plexity of this signal system with that of other
animal communication systems,

The push-up display is one of several visual
display systems used by lizards in the Iguania
group. During these displays, the head and trunk
of the lizard are raised and lowered in a series
of “push-ups” or “head-bobs' while the feet
remain still on the substrate (Carpenter and
Ferguson, 1977). The type, sequence, and tim-
g of head-bobs in push-up displays often con-
tatns information regarding the individual and
species identity of the displaying animal (e.g.,
Rothblum and Jenssen, 1978; Bels, 1986; see
Carpenter, 1986, for a detailed bibliography of
work on lizard push-up displays). Some lizard
species exhibit more than one partern of up-
and-down motions, whereasa few do not exhibit
a unique pattern at all. The species-specificity
of the §. graciosus pattern was documented by
Ferguson (1971, 1973; see also Carpenter,
15978}, whereas Martins {1991) described indi-
vidual and sex differences in the number of head-
bobs, the number of legs extended, and the use
of display body postures by this species.

The use of display components also varies
across sacial and behavior contexts. Push-up
displays are used in agonistic territorial inter-
actions (e.g., Carpenter, 1965), immediately af-
ter moving to a new perch site (Rothblum and
Jenssen, 1978; Dugan, 1982) and during court-
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ship (Ferguson, 1971, Crews, 1975, Bels, 1986).
As do many species, 5. graciosus uses display body
postures (*'modifiers,” Jenssen, 1977; e.g., lat-
eral flattening, arching of the back) during ag-
onistic interactions (e.g.. in “Challenge™ dis-
olays) but only rarely after moving ta a new
perch (in Broadcast or “Assertion™ displays) and
never during courtship interactions (Martins,
1993). Similarly, in those displays that are pre-
ceded by locomotion, the number of legs ex-
tended and the number of head-bobs produced
are positively related to the distance traversed
immediately before the push-up display is pro-
duced (Martins, 1993}

The complexity of any communicative signal
systemn depends hoth on the number and type
of components available in that system and in
the ways in which those compenents might be
combined. There are at least three structural
components of the §. graciosus push-up display
signial system: (1) the number and type of head-
bobs in the head-bob pattern, (2} the number
of legs flexed and extended to produce the up-
and-down motion of the push-up displays, and
(3) the use of display body postures. These com-
ponents are combined simuitaneously to pro-
duce push-up displays. If all forms of the com-
ponents are combined at random, several
thousand types of push-up display would be pos-
sible {depending on how the components are
subdivided), suggesting a potentially complex
system of communication,

In many signal systems, however, not all the-
oretically possible forms of a signal occur, and
sets of rules or a structural “*grammar” governs
the combination of components into useful sig-
nals {e.g., Snowdon, 1990). Although these rules
reduce the totzl number of display types that
are produced, they also add a level of complex-
ity to the signal system. For example, the song
systemn of a mockingbird is more complex than
that of a chickadee both because of the larger
number of note types and phrases available to
the former species but also because of the great-
er number of ways in which songs are combined
into signals. Similarly, certain rules (a grammar
or syntax) may govern the combination of body
postures, leg extension, and head-bobs into push-
up displays; and the frequency of their occur-
rence may depend on the sex, season, or indi-
vidual identities of the displaying animals.

The current study provides a detailed analysis
of the structure of the §. graciosus push-up dis-
play. Using data recorded during observations
of both male and female lizards in the ficld, 1
examine the frequency of use of various com-
binations of the push-up display structural com-
ponents and use information theory to describe
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grammatical rules or structural constraints that
might govern the combination of push-up dis-
play compenents in that species. Male and fe-
male §. graciosus use push-up displays in differ-
ent contexts and show seasonal variation in
display function (Martins, 1993). Thus, I then
examine sex and seasonal differences in the hy-
pothesized grammatical rules while taking dif-
ferences among individual animals into ac-
count. Finally, I use information theory to obtain
some overall measures of push-up displays and
use these to compare the push-up display system
to the signal systems of other animals in terms
of communicative complexity.

METHODS

Study animal and site.——Sceloporus graciosus is a
small phrynosomatid lizard commonly found in
sagebrush and in pine woodlands of the western
United States {Stebbins, 1944, 1985). The pres-
ent study was canducted on Table Mountain
(elevation 2230 m) in the San Gabriel Moun-
tains of southern California where §. graciosus
live on and ameng fallen logs in clearings of the
forest. Both sexes defend territories from same-
sex individuals throughout the active season,
with male territories often overlapping the ter-
ritories of more than one female {Rose, 1976).
Sceloporus graciosus is sympatric with its conge-
ner, S. ocadentalis, on this study site.

To begin the study, I chose a §.5-ha area with
a relatively dense population of 8. graciesus and
captured all of the adult lizards living within
thisarea {> 47 mm snout-vent length). Animals
were permanently marked with colored beads
strung on thin surgical wire through the base
of their tails (Fischer and Muth, 1989). Thirty-
two adult §. graciesus were marked and observed
in 1989 (16 males, 16 females). Of these, 25
were rediscovered and observed in 1990, and
an additional three adult animals (one male, two
females) were marked and observed during that
year.

Data collection.—Data for this study were col-
lected in focal animal samples during late June
and July of 1289 (after the matng season) and
during April and May ot 1990 (during the mat-
ing season). Data collected during 1989 were
also used to examine individual and sex differ-
ences in various measures of the push-up display
in Martins (1991), whereas data from both vears
were used Lo examine the social and behavioral
correlates of display production in Martins
(1993). In 1989, each animal was observed
whenever possible for at least two 0.5-h sessions
(once in the morning, once in the afternoon,
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not necessarily on the same day) during each of
five weeks. Order of observation was random-
ized each week {from the complete set of 32
adults found that year; separately for the morn-
ing and for the afternoon} and then divided in
half for the two ebservers. In 1990, abservation
sessions began as the lizards were emerging from
winter dormancy, and the order of observation
was randomized from the set of lizards that had
been seen during the previous week. Because
males emerged approximately two weeks earlier
than females, more data were collected from
males than from females.

Animals were not easily disturbed, and ob-
servations were made from a distance of less
than 5 m, often using binoculars. In this pop-
ulation of §. graciosus, body temperatures are
known to vary within a rather narrow range (X
+ SE = 34.8 = 0.15 C) during hours of peak
activity (Adolph, 1990). Focal animal samples
were taken only during those times of day when
the lizards were most active (as determined by
Adelph, 1890; 0500-1200 hand 1330-1700 h,
Pacific Daylight Time), in an attempt to limit
any potential effects of temperature on mea-
sures of the push-up display.

Whenever a push-up display occurred during
a focal animal sample, several aspects of the
display were recorded on a data sheet. These
included number and type of body postures used
(scored as presence or z2bsence of four types of
body postures); number of legs extended (zero,
two, or four); and number, type, and sequence
of head-bobs used in the display. (These com.
ponents are defined and described in detail be-
low under Push-up display components.) Data were
also obtained on several push-up displays
that occurred outside of focal animal samples
{usually while searching for the next subject liz-
ard). Fortunately, displays were usually sepa-
rated from one another by several minutes, al-
lowing ample time to transcribe the relevant
information. (Sceloporus graciosus does not pro-
duce the long interactive encounters exhibited
by many Anofis.)

Approximately 10 h of focal animal obser-
vations were recorded on videotape in 1989 10
create the descriptions of display components
giver below. Results of a frame-by-frame anal-
ysis of the videotape were also compared to in-
formation recorded by an observer watching
the videotapes at regular speed. No disagree-
ment with the results of the frame-by-frame
analysis of the videotape was ever found in the
number of legs extended, the use of body pos-
tures, or the number of head-bobs as recorded
by one of the observers. Because data collected
on the head-bob pattern by the second observer

COPEIA, 1994, NO. 4

occasionally differed from the videotape anal-
ysis, only measures of this variable recorded by
the first observer were used in this paper.
Although 85 adult lizards were marked and
observed during the two vears, recorded dis-
plays were produced by only 28 of these indi-
viduals (13 females and 15 males; three males
and four females were never seen displaying).
Twenty-five of the subject animals were ob-
served during both years. A total of 1590 push-
up displays was observed during 1989 and 1990
(845 in 1989, 745 in 1990) during approxi-
mately 150 h of observation (100 h in 1989, 50
hin 1990). Because ! analyzed only the data on
the head-bob patterns collected by one of the
observers {(as described above), only 1151 of the
1590 recorded push-up displays were used in
analyses of the head-bob pattern alone or of the
relationships among display components.

Push-up display components.—Body postures: The
up-and-down motions of the S. gracosus push-
up display are accompanied by the use of four
body postures, used alone, in combination, or
not at all. All four of these postures are static
and usually remain constant throughout the
pattern of head-bobs and leg extension. In some
rare cases, the postures were relaxed (and there-
by eliminated) during the course of a single dis-
play. Because postures were never added during
a display, lizards were scored as having used the
body postures observed at the beginning of each
display. Lateral flattening (LF)—The torso is
compressed along the dorsal-ventral axis,
thereby increasing the extent of the vertical sur-
face along the side of the animal (in the par-
asagittal plane) and exposing the colored belly
patches of the lizard (blue in most males and
some females). Gular extension (GE)— A smali
patch of cotored skin at the threat of the animal
{also blue in most mzles and some females) is
lowered, thus also increasing the size of the liz-
ard in a sagittal plane. Arched back (AB)—The
spine is bent upward from a straight line parallel
to the substrate to a curve arching above the
substrate, with the highest point of the curve
at the middle of the torso. Tail raise (TR)—
The distal quarter of the tail is lifted and held
pointing upward. Leg extension: Throughout
the series of up-and-down motions the head/
trunk/tail axis 1s held in a stiff line, with the
angle of motion determined by the number of
legs being extended and retracted during the
display. Four legs extended—The head /trunk/
tail axis remains paralie] to the substrate, with
a perpendicular up-aznd-down motion being
produced through the extension and retraction
of all four of the limbs. Two legs extended—
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Only the two anterior limbs are bent and
straightened to produce the up-and-down mo-
tion. Thus, the head /trunk /tail axis is moved
at an angle to the substrate. Although it is the-
oretically possible that the twe posterior limbs
might be used zlone to produce the up-and-
down motion of the push-up display, this was
never observed in §. gradosus. Zero legs ex-
tended—No discernible motion of any of the
four legs is observed. The up-and-down motion
is produced through use of the muscles in the
chest, shoulder, and back.

In some cases, four-legged dispiays changed
into two-legged displays, or two-legged displays
became zero-iegged displays during the course
of a single push-up display. Because displays
never increased in the number of legs extended,
lizards were scored as having extended the
number of legs observed at the beginning of
each display.

Head-bob pattern—The motions produced
through the extension and retraction of the legs
or shoulder muscles are combined into a con-
tinuous series of single and double head-bobs.
These single and double head-babs are com-
bined to form the three-part head-bob pattern
of §. graciosus (Fig. 1). Both single and double
head-bobs usuaily take less than 2 sec to com-
plete and are separated from each other by in-
tervals of less than 1 sec in duratien (Fig. 1).
Because entire push-up displays were always
separated from each other by at least 1 min
{usually several minutes), individual displays
were easily distinguished from each other. Sin-
gle head-bob—The head/trunk/tail axis is
raised {unti! the tip of the nose is about 1 cm
above the initial position}, held at an elevated
position for about 1 sec, and then lowered again.
Double head-bob—The head /trunk /tail axis is
raised and then lowered in a cycle which is com-
pleted twice in quick succession. In the firse cy-
cle, the head is raised only slightly {until the tip
of the nose is about 0.5 cm above the initial
position) and then quickly lowered. This is fol-
lowed almost immediately by a second cycle of
greater amplitude (the tip of the nose is raised
about 1.0 cm above the initial position}, in which
the head is held at an elevated position for ap-
proximately one second before lowering. Over-
all sequence—The overall head-bob pattern
consists of a series of double head-bobs (type
A), followed by a series ofsing]e head-bobs (type
B}, followed by a series of double head-bobs
{type C; Fig. 1). The actual number of single or
double head-bobs in each segment of this three-
part sequence varied among individual displays.
Although any of the three segments might be
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Fig. 1. Visual depiction of the head-bob pattern

of Sceloporus graciosus. X-axis represents time, in sec-
onds, whereas the y-axis is a schematic depiction of
the height the lizard’s head is ratsed or lowered. The
head-bob patiern can be divided into three segmenes:
(I} 0-2 initial double head-bobs (Type A}, (II) 0-5
single head-bobs (Type B}, (III) 0-7 terminal double
head-hohs.

omitted entirely from any single display, the
sequence of double, single, double head-bobs
seems o be invariant. When the entire display
consisted only of double head-bobs, these were
arbitrarily scored as being part of the initial
segment (Type A)—.

Statistical analyses.—Data from focal animal
samples were easily summarized as frequency
distributions for each component and combi-
nation of components of the push-up display.
Two statistics derived from information theory
(Emropy and Evenness, as defined below) were
used to deseribe the magmtude of the deviation
of frequency distributions from equiprobabili-
ty, which suggests the existence of grammatical
rules gaverning the use and combination of
components, and chi-squared tests were used to
obtain hypothesistests for these statistics. These
estimates of magnitude were also used to com-
pare the push-up display to the signal systems
of other species and to test for sex and seasonal
differences in frequency distributions. Finally,
a form of Zipfs Law was used to determine
whether the push-up display signal system is open
or generalive,

Shannon and Weaver's (1949) index, H or the
“Entropy” of a signal system is a measure of the
amount of information that is contained in the
system or, more specifically, how *'equiproba-
ble” different signal categories are. The Max-
imum Entropy of a signal system is calculated
as Hn.. = log, n where n refers to the total
number of signals or signal forms that occur in
the system. When informaticen is available con-
cerning the use of thar signal in naturally oc-
curring situations, the Actual Entropy of the
signal systemn may be estimated as H, = — Zp(log,
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p) where i = 1, 2, ..., n, and p; refers to the
estimated probability at which the ith form of
the signal occurs. Because both the Actual and
Maximum Entropies depend on the number of
possible signal types, a relative measure of En-
tropy is necessary for comparisons among sig-
nals or signal systems with different numbers of
forms. The “Evenness” of a signal system is
estimated as V = H, / H_,,, and thus provides
a relative measure of the equiprobability of sig-
nal components when the maximum number of
signal types is known (see Pielou, 1975, 1977).
(Evenness is similar 10 “redundancy,” D = A,
— H,; Gatlin, 1972)

The Actual Entropy of a signal system 1s high-
est when all forms of the signal system are used
with equal probabilities and thus has an upper
limit at the Maximum Entropy. Evenness ranges
from zero to one. An Evenness of one implies
that all components occur with equal probabil-
ities, whereas a small value of Evenness implies
that one or a few components are used with far
greater frequency than are others, When study-
ing theoretically constructed display categories,
a low level of Evenness suggests that many of
the categories provide little information and
might be more useful if combined (although any
particular signal category may contain a great
deal of information, the system as a whole con-
tainslittle information). High levels of Evenness
may suggest variables (i.e., categorization
schemes} that carry a great deal of information
and that might be used by the animals as mean-
ingful signals. Thus, these categories may prove
fruitful in future studies of information con-
tent.

In the present study, both Entropy and Even-
ness were calculated for each of the three com-
ponents of the push-up display, as well as for all
combinations of these three compenents. To
test for sex and year differences in Entropy and
Evenness while 1aking differences among indi-
vidual lizards into account, these statistics were
calculated independently for each animal and
then used as the units of analysis in standard
two-way ANOVAs. (Because Evenness is a lin-
car combination of the Entropy, two-way AN-
OV As of the two variables are identical. In all
cases, standard residual analysis techniques were
used to determine whether transformarions of
the data were necessary to meet the assumptions
of ANOVA ) Differences in display structure in
these data resulting from differences in social
and behavioral context have been addressed at
length in Martins {1992). Because Martins (1992)
found that about 80% of the push-up displays
in this set of data consist of Broadcast or “As-
sertion’ displays {produced in the absence of
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any obvious social audience, immediately fol-
lowing a bout of locomotiony}, it is not surprising
that social and behavioral context had little im-
pact on the statistical analyses presented in this
study. Analyses in the current study were con-
ducted both for the entire set of data (regardless
of context)and for Broadcast displays alone {the
small sample size of non-Broadcast displays pro-
hibited detailed analysis of this subset alone).
Because no substantial differences were found
between these two forms of analysis, results are
presented only for the entire set of displays com-
bined. All tests of significance were conducted
at the @ = 0.05 level.

Finalty, to estimate the overall compiexity of
the push-up display signal system, I foltowed
Hailman et al., {1985) in calculating the Total
and Actual Entropies of the push-up display sys-
tem as a whole and by testing the system for
openness or generative qualities. Openness was
tested by examining 2 graph of probability of
use by frequency-rank for the push-up display.
This graph was originally suggested by Zipf
(1935)as a means of describing human language
and can be used to determine whether a lan-
guage is an open system of communication.
Zipf's Law, as it is commonly called, ¢laims that
the relationship between the frequency at which
a particular word is used and the rank of this
frequency will be a decreasing, monotonic func-
tion {when the axes are plotted logarithmically)
that asymptotically approaches a line with slope
of =1 (P ="', where i1s the yintercept; see
Fig. 2). In biological terms, new forms of the
signal systern are constantly being created, and
more and more of them are found as the num-
ber of observations increases.

Zipf’s Law was 2n empirical result based on
Zipf's observations of human written language.
In 1953, Mandelbrot auempted 1o modify this
law such that it would provide a better fit to
most human languages and to justify it based
on mathematical and linguistic arguments. His
result was to propose that human languages are
both theoretically and empirically becter de-
scribed by the equation P = i (r+4)~, where P
is the probability of oecurrence of the r*-ranked
word, and t, £, and s are allowed to vary. In
essence, i {intercept) affects the y-intercept of
the curve, s (slope) makes the curve steeper, and
& depresses the left side to produce a rounded
curve from Zipf's line. This medified equation
describes a large family of curves, and reduces
to Zipf's Law when s = 1 and £ = 0. Unfortu-
nately, the parameters of Mandelbrot's curve
are difficult to estimate statisticaily, and stan-
dard hypothesis tests are not appropriate for
use with intrinsically nonindependent data of
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this sort. Nevertheless, even a rough fit of Zipf's
and Mandelbrot's models can be used as a heu-
ristic tool for describing language.

Whether or not Zipf's line or Mandelbrot’s
curve actually describe human language well,
the relationship between probability of use and
f-equency-rank can be used to determine
» hether a communicative system has generative
properties. A curve describing data for 2 given
signal system in this way will reach anasymptote
ar zerc probability of use (i.e., a vertical line at
the far right side of the graph)} when all forms
{ie., words or display types) of the system have
been encountered (Fig. 2). If the curve never
approaches a vertical line, then the signal sys-
‘em is generative or open, such thatincreasingly
rarer patterns will be encountered as larger
samples of displays are examined. Data that are
well described by either Zipf's or Mandelbrot’s
models will have this quality of being open or
generative (see Hailman et al., 1985, for a thor-
ough description of Zipf's laws and their use in
determining whether nonhuman signal systems
share some of the properties of human Jan-

guage).

REsuLTs

Frequency of use —QOnly 215 of the 1590 push-
up displays recorded (118 in 1989, 97 in 1990)
included the use of any of the four body pos-
tures described above. Because these four pos-
tures might be used alone, not at all, or in com-
bination with each other, 16 (= 2% combinaticns
of body postures are possible. Tail raise was only
observed alone or with all three of the other
postures together, so that only 10 of these com-
binations were actually observed during dis-
plays. The most frequently occurring combi-
nation was the absence of all display body
postures (1375 /1590 = 86% of all displays). The
second most common combination of body pos-
tures was a simultaneous combination of three
compenents: LF, GE, and AB (103/1590 or
6.5%). Although some of the other display com-
binations did occur, these two combinations
seem to be almost entirely responsible for the
significant difference among combinations in
frequency of use (* = 17564 8: df = 15, P < <
0.01). The magritude of these differences
among categories can also be seen clearly in the
measures from information theory. The Actual
Entropy for body paosture categories was H, =
— Z P logy, P = 0.89 bits/display {Table 1).
Because 16 categories were possible, the Max-
imum Entropy was f_,, = log, 16 = 4.00 bits/
display, and the Evenness was rather small (V=
Hy  Huas = 0.89,/4.00 = 0.22). Because Evenness
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Fig 2. Scauerplot of probability of use with fre-

quency-rank of displays. Dots mark the resuits ob-
tained for the Sceloporus graciesus push-up display in
this study. The push-up display system is shown 1o be
open or generative because a curve fit to these data
would never reach an asymptote at zero probability
of use (i.e., a vertical line at the right side of the
graph). Although these data are also not well de-
scribed by Zipf's criginal law (the dashed line), they
are reasonably well described by curves in the family
of curves proposed by Mandelbrot {1953). More sur-
prisingly, the push-up display data are well described
by the exact Mandelbrot curve proposed by Hailman
et al, {1985) for the chick-a-dee call of Parus atricap-
Wus (P = 14 {r+19)7'%, where £ = the probability of
usc and r 1s the frequency rank: the solid line).

was approximately doubled (V = 0.57) simply
by considering body posture combinations as a
variable with only two categonies (presence or
absence of body postures), many of the future
analyses consider use of body postures in this
reduced form.

Displays also varied in the number of legs
extended and in the number and type of head-
bobs used. All three categories of leg extension
were exhibited frequently, and the measures of
Evenness were, therefore, substantially higher
(V' =10.99; Table 1; ? value was still significantly
different from equiprobability because of the
huge sample size; x* = 20.65; df = 2; P < 0.05).
Between zero and two double head-bobs were
observed in the initial segment of the head-bob
pattern. About 84% (969/1151) of displays in-
cluded the use of at least one initial double head-
bob (only one individual used two initial double
head-bobs). As many as five single head-bohs
were observed, but only four of the 1151 dis-
plays used more than three single head-bobs.
As many as seven double head-bobs were used
in the third segment, but only one individual
produced more than six terminal double head-
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EnTROPY, EVENNESS, AND Two-Way ANOVA ResurTs FOR EACH OF THE Three Main ELEMENTS

oF THE Pusk-Ur DispLay SysTem. Overall estimates of Entropy and Evenness were obtained by using 21l 1590

push-up displays (or 1151 for measures of the head-bob patttern). Evenness was also calculated for each

individual lizard during each year and used as the unit of analysis in standard two-way ANOVAs. Pvalues
refer 1o the results from these ANOVAs (* P < 0.05, ** P < 0.01).

n ke Povalue

it b=ty

};?PY ¥ Sex Year Interacnon
Body postures 0.89 0.22 0.01%* 0.63 0.63
Leg extension 1.58 0.99 <(Q.01%* 0.14 0.05+
Initial double head-bob 0.6% 0.6% 0.60 <(.01** 0.76
Single head-bob 1.69 0.65 <0.0]1%* 0.04~ 0.03*
Terminal double head-bob 254 0.85 <(01** 0.87 <(.01%*
Total number of head-bobs 2.91 0.92 <0.01** 0.35 <0.01%*

bobs. Overall, up to nine head-bobs (both single
and double, summed) were observed in push-
up displays, and the number of displays occur-
ring with cach totzl number of head-bobs was
not equiprobable (x* 351.2;df = 8, P <<
0.01). Only 5% (60/1151) of all displays in-
cluded more than a total of seven head-bobs. If
each head-bob in each of the three segments of
the push-up display is designated by a singie
letter (i.e., A, B, or C), a total of 43 combina-
tions of head-bob sequences was observed. The
most commonly occurring head-bob patterns
were one double head-bob alone (A: 125/1151
= 10.9%) and one double head-bob followed by
two single head-bobs followed by three double
head-bobs (ABBCCC: 121 /1151 = 10.5%). Two
shorter versions of this latter case {ABCC and
ABBCC) also occurred frequently (109/1151 =
9.5% and 100/1151 8.7%, respectively).
These last three categories combined account
for 330/1151 or 28.7% of the push-up displays.

Use of each of the three components of the
display was related to use of the other two (Ta-
ble 2). Body postures accurred only when at
least 1wo and usually four legs were extended,
and fewer head-bobs were produced in displays
in which fewer legs were extended. When zero
legs were extended, displays were more likely
to cansist of only one or two head-bobs (usuatly
one double head-bob, A}, When two legs were
extended, most dispiays contained four or five
head-bebs; and when four legs were extended,
most displays contained five or six head-bobs
(ABBCCC, ABBCC or ABBCCCC). When body
postures were used, displays were likely to in-
ciude at least four head-bobs (usually ABBCCC
or ABBCCCC). When body postures were not
used, displays were more evenly distributed
across categories of head-bob number (P < 0.01

for all comparisons using x* tests, results not
shown).

There are a maximum of 16 combinations of
body postures {four postures used in any com-
bination or not at all), three forms of leg ex-
tension {zero, two, or four legs extended), and
143 levels of head-bobs (0-2 initial head-baobs,
0-5 single head-bobs, 0-7 double head-bobs
combined—1 for the structurally impossibie
category of zero head-bobs in each segment).
Thus, if 2ll forms are combined at random, there
are a total of 16 x 3 x 143 = 6864 types of
push-up displays. This yields a Maximum En-
tropy of 12.74 bits/display. Only 172 of these
6864 push-up displays were actually observed:
and, using the observed frequencies, we obtain
an Actual Entropy, H,, of 6.15 bits/display.
Thus, the Evenness of the §. gradiesus push-up
display is V = 6.15,/12.74 = 0 48.

Sex and year differences.— Almost all of the dis-
plays in which body postures were used were
performed by males (89% or 105/118 in 1989;
99% or 96,/97 in 1990}, yielding a statistically
significant difference in Evenness between the
sexes (V=0.25 for males vs V= 0.10 for females;
Table 1). Differences in the use of body pastures
between the two years and the interaction be-
tweern sex and year were nat statistically signif-
icant. Thus, the use of display body postures
depends mostly on sex, with females giving sig-
nificantly fewer displays with body postures than
did males.

The number of legs extended during displays
varied both between the years and between the
sexes {Table 1). As described in Martins (1991),
males used significantly more four-legged push-
up displays than did females, but the magnitude
of this difference depended on the year in which
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data were collected. Males produced more four-
legged push-ups than any other category in 1990
{(during the mating season) and more two-leg-
ged push-ups in 1989 (afier the mating season
had ended). Females produced mostly zero-leg-
ged push-ups in 18990 and approximately equal
numbers of zero and two-legged push-ups in
1989. Thus, males and females reacted differ-
ently during the two years in terms of leg ex-
tension {i.e., the sex-year interaction term was
significant, Table 13.

Similar results were obtained for the total
number of head-bobs used in displays. Year dif-
ferences were more critical than sex differences
in determining the number of head-bobs in the
first segment of the display, whereas year and
sex interacted with each other to determine the
distributions of number of head-bobs in the see-
ond and third segments of the display {Table
1). Although males used the initial double head-
bob (Type A) slightly more often than did fe-
males (87% or 796,/91% for males, 72% or 171/
236 for females}, the difference between the
vears was substantially more dramatic. Both
males and females used the initial head-bob
(Type A) about half of the time during 198¢
(after the mating season), leading to very high
levels of Evenness during this time (V > 0.9).
Extremely low levels of Evenness were obtained
in 1990 (during the mating seasony, when very
few displays omitted the initial head-bob (V' <
0.1; Table 1).

As shown by Maruins (1991), males also pro-
duced more head-bobs than did females in both
the middle and final segments of the head-bob
pattern (Types B and C). Furthermore, both
males and females produced fewer single head-
bobs (Type B) in 1890 (during the mating sca-
son) than in 1989 (after marting had ended).
Thisshift in behavior between seasons was more
pronounced in females than in males. Females
produced almost no head-bobs at all in the final
two segments of the display in 1990 (during the
mating season}. This decrease in variability of
the female display can be clearly seen in the
drop in Evenness (1= 0.52 in 1989 vs V' = 0.33
in 1990 for Type B; V= 0.85 in 1989 vs V =
0.24 in 1890 for Type C: Table ). Males also
hecame less variable in their displays in 1990,
but this drop in variability led to the use of a
smaller number of categories, thus leading to
an increase in the Evenness of male displays (¥
= 0.59 in 1989, V = 0.66 in 1990 for Type B
V=0.81in 1989, ¥V = 0.69 in 1990 for Type
C). Thus, the difference between the sexes was
more pronounced during the mating season
{1930} than afrer 1t (1989), and the interaction
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TapLe 2. FREQUENCY ©OF QCCURRENCE OF EACH
COMBINATION OF THE THREE DispLay ELEMENTS.

Legs Number of Boeyipostutes

flexed head-bobe None Any Total
0 1 101 — 102
2 57 — HE
3 32 — 52
4 55 — 53
5 55 —_ 35
& 26 —_ 26
7 7 — 7
8 1 —_ 1
o -y —_— -

Toral 312 — 312
i 1 36 1 57
2 48 4 A2
3 38 2 40
4 B4 7 g6
5 a8 6 104
f 72 4 i
7 19 2 21
8 2 — 2
g ! — 1

Total 403 26 429
4 I 1 1 2
2 3 1 4
3 17 4 21
4 40 15 33
a3 65 st g7
6 62 48 110
7 47 35 gz
8 16 22 38
] 3 8 11

Tolal 254 156 410
Grand total 1 138 2 140
2 108 5 113
3 87 b 53
4 182 22 204
=} 198 28 226
G 163G nE 212
7 73 37 11
g 19 22 4]
g | 8 12

Total 9649 187 1151

effect berween sex and vear was significant (Ta-
ble 1).

Overall, femnales used fewer total head-bobs
in displays than did males, and produced dis-
plays consisting of only ene double head-bob
{Type A) more often. Both sexes produced
somewhat fewer head-bobs in displays during
the mating season (1990) than after it (though
this difference was not statistically significant);
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and rhis shift in behavior was substantially
greater for females than for males (i.c., the in-
teraction effect between sex and year was sta-
tistically significant; Table 1). The average male
head-bob pattern during both years was
ABBCCC, whereas the average female display
was AB in 1989 (postmating}, and A alone in
1990 (during mating). In terms of Evenness of
total number of head-bobs, females tended to
have less Even display distributions than did
males, znd this difference between the sexes was
greater in 1989 than in 1990 {Table 1).

In summary, year and sex differences were
found in ali three of the primary components
of the push-up display. Males were more likely
1o use body postures, extend more legs and pro-
duce more head-bobs than were females. No
differences were found in use of body postures
between the two years. However, in terms of
number of legs extended and number of head-
bobs produced, the sex difference was greater
in 1990 (during the mating season) than in 1989
{after mating had ended) in all cases except for
that of the number of initial double head-bobs.
Displays in 1990 were more likely to include the
initial double head-bob {Type A) and omit the
single head-bob {Type B) than displays in 1989
{Table 1}.

Signal system spenness.—Finally, we can compare
therelationship between the frequency at which
a particular type of display is used and the rank
of this frequency to determine whether the push-
up display is an open system. As stated earlier,
172 combinations of elements inte push-up dis-
plays were actually observed. Figure 2 shows a
graph of the probability of use of these com-
binations with their frequency rank. From this
figure, we can eastly see that, if the curve con-
tinues as it does within the measured sample, it
will never reach an asymptote at zero proba-
bility of use (i.e., a vertical line). In other words,
the system is the second nonhuman communi-
cative system which has been shown to be gen-
erative, such that increasingly rarer patterns will
be encountered as larger samples of displays are
examined. Furthermore, although the data are
not well described by the actual line predicied
by Zipf (the straight dashed line in Fig. 2), they
are fairly well described by Mandelbrot’s mod-
ification of Zipf's Law. More surprisingly, they
are described reasonably well by the same curve
that Hailman et al. {1985) used to describe the
chick-a-dee call of the black-capped chickadee
(F =14 ( + 19)7'7), where P is the probability
of occurrence of the r*-ranked word. Although
statistically derived parameter estimates and hy-
pothesis tests would be extremely useful to test
the validity of these patterns, the tight relation-
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ship between data and curve shown in Figure 2
seemmns unlikely to be the result of chance alone.

Discussion

Display structure.—The push-up display of 3.
graciosus may be succinctly described as a si-
multaneous combination of three components:
(1) the use of four body postures; (2} the number
of legs extended (zero, two, or four); and (%)
the number, type, and sequence of head-bobs
in the display. Structurally, each of these com-
ponents of the push-up display can take several
forms, and these forms might all be ranked the-
oretically by level of structural intensity. The
head-bob paitern might be made more intense
by increasing the number of head-bobs in any
of the three segments; the number of legs ex-
tended during the display might be increased
from zero to two or from twoe to four; and the
number of body postures used in combination
might be increased to produce a more intense
display than one that did not use any specific
body postures at all. [ncreasing this level of in-
tensity in any of the three compenents may be
comparable 1o increasing the number of times
note types or phrases are repeated in a bird call
or primate vocalization.

Martins (1993) suggested that the number of
head-bobs, the number of legs, and the prob-
ability that display body postures would be used
increased with the level of arousal experienced
by the displaying animal. Push-up displays are
often produced immediately after an animal has
run from one place wo another, and the actual
form of each of the three components is closely
related to the distance moved immediately be-
fore the display was produced. The results of
the current study show that, given the limits
defined by the variables themselves (i.e., zero,
two, or four legs extended and up to 10 head-
bobs), all possible combinations of numbers of
legs extended and number of head-bobs are used
by §. graciesus during push-up displays. Thus,
the number of head-bobs and the number of
legs extended could function as graded signals
of the level of arcusal or intensity invoived. This
is similar to what jenssen (1979) found for the
visual displays of Anolis opalinus, in which all of
the display components were viewed as graded
signals of the level of display intensity.

In contrast, the use of body postures in push-
up displays did not seem to show graded or
progressive variation. Almost all of the push-up
displays in this study either exhibited no body
postures az all or a particular combination of
three of the postures (lateral flattening, arching
of the back, and extension of the gular flap).
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Other combinations were rare, suggesting that
the use of body postures functions primarily as
a discrete rather than a graded signal. Martins
(1992} shows that display body postures are used
by §. graciesus as a signal of aggression in ago-
nistic territorial interactions and are not used
during bouts of courtship or reproductive be-
havior. A much larger sample of displays weuld
be necessary to determine whether rare occur-
rences of other body posture combinations are
used as signals of intermediate levels of aggres-
sion, but the results of the current study support
the suggestion that body postures are a discrete
signal of aggressive intent.

Push-up duplay grammar?-——Not all of the pos-
sible combinations of the three components are
produced by § graciosus, and some combina-
tionsare far mare likely to occur than are others.
The three components of the push-up display
ate related to each other, with certain
combinations being allowed by the system
whereas others are not. As was also found by
Jenssen (1978} for A. opalinus displays, S. gre-
cigsus displays that include the use of body pos-
tures alio occur with the extension of ar least
two, and usually four, legs. These displays also
tend to occur with more head-bobs than do oth-
er types of displays. Finally, displays in which a
greater number of legs are extended also occur
with a greater number of head-bobs. Thus, all
three display components seem to be positively
related 1o each other along a continuum, such
that an increase in the number of any one of
the components increases the probability that
an in¢rease in the number or intensity of the
other two elements will also occur. In other
words, the three components of the display im-
pose structural constraints on each other, and
there seems to be a grammatical rule requiring
that the three components increase or decrease
together,

Male and female lizards used differemt forms
of the push-up display preferentially, suggesting
that different rules apply to each of the two
sexes. Males used more head-bobs, extended
more legs, and used display body postures more
often than did females. Although there was ne
difference between years in the use of the four
body postures, males increased in the number
of legs extended from 1989 to 1990 (after the
mating season to during the mating season),
whereas the reverse occurred in females. Both
sexes decreased in the number of head-bobs
{except i the first segment of the display) from
1989 to 1990, but this decrease was more pro-
nounced in females than in males. The average
male head-bob pattern consists of a double head-
bob, followed by two single head-bobs, followed
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by a series of three double head-bobs (ABBCCGC).
The average female head-bob pattern consists
of a double head-bob alone (A) during the mat-
ing season (1990) but followed by a single head-
bob {AB) after mating had ended.

Overall, these differences resulted in 2 great-
er degree of sexual dimorphism during the mat-
ing season than afterward. During the mating
season {in 1990), females used few body pos-
tures, extended few legs, and used few head-
bobs in comparison to males. After the mating
season (in 1989}, females still used few body
postures, but they increased both the number
of head-babs and the number of legs flexed in
displays. Because males decreased the number
of legs flexed in displays after the mating season,
the sexes were mare similar in display behavior
after the mating season than during it. With the
information on push-up display structure and
function reviewed above (see particularly Mar-
tins, 1993), these results imply the existence of
separate functions for the components of the
push-up displays of male and female lizards. Dis-
play body postures serve as an aggressive signal
produced by males year-round, whereas the
number of head-bobs and the number of legs
extended are used as graded signals of the leve]
of arousal by both sexes after mating has ended
but primarily by males during the mating sea-
som.

Comparisons with other signal systems.—Several
comparisons can be made between the S, gra-
ciosus push-up display and the signal systems of
other animals. For example, the push-up display
is “combinatorial” in that it is a simultaneous
combination of three elements. Similarly, many
bird calls and primate vocalizations are pro-
duced by combining simple notes into more
complex strings or phrases. For example, the
chickadee call of Parus atricapiflusis a sequential
combination of four note types, each of which
may be repeated several times or not at all be-
fore continuing to the next note type (Hailman
et al, 19850). This pattern is directly analogous
to the repetition of double and single head-bobs
in the head-bob pattern of the §. graciosus push-
up display. The push-up display also exhibits a
combinatorial pattern at a higher level, because
of the simultaneous combination of head-bob
pattern, leg extension, and body postures,
Furthermore, the push-up display system 1s
generative and open in that the number of dif-
ferent types of displays observed will increase
with the sample size. As was shown by the ex-
amination of Zipf's Law (Fig. 2), there does not
seem (o be an upper limit to the number of
display combinations that are used. This is true
of human language and the chick-a-dee call of



954

the black-capped chickadee (Hailman et al.,
1985} and may be true of other species as well
(although it has not vet been tested). More sur-
prisingly, both the push-up display and the chick-
a-dee call had the same form of curve for the
probability of use by frequency-rank graph. With
a sample size of 1wo species, it is difficult to make
any generalizations, but the possibility of a gen-
eral pattern merits further examination.

When 2l possible combinations of the three
elements are considered, the Maximum Entro-
py of the push-up display is 12.74 bits/display.
This is substantially smaller than the maximum
Entropies reported for the chick-a-dee call of
the black-capped chickadee (48.4 bits/call;
Hailman et al., 1985), the communicative dance
of the honey bee (25.4 bits /dance; Gould, 1975,
as reported by Hailman et al., 1985), or written
English (1908.4 bits/word: Hailman et al.,
1985). However, because each of these esti-
mates is based on approximate determinations
of the extent of theoretical systems, this may be
a rather unfair comparison. A more reasonable
comparison may be of the Actual Entropies ob-
tained or of the relationship between Actual

. and Maximum Entropies for each of these sys-
tems.

The Actual Entropy of the push-up display 1s
6.15 bits/display, yielding an Evenness of 0.48.
The Actual Entropy of the chick-a-dee call as
measured by Hailman et al. (1985) is 6.7 bits/
czll, whereas the Evenness of the chick-a-dee
cail is 0.14. The Actual Entropy of written En-
glish is 11.8 bits/word {Pierce, 1980), yielding
an Evenness of 0.01. The Evenness of a system
can be interpreted as a measure of the degree
of constraint of the system and the correspond-
ing level of code efficiency. The push-up display
is less constrained than either the chick-a-dee
call or human language and, thus, also uses more
of its capacity (i.e., is less redundant) than either
of the other two systems.

Snowdon {1990} broadly defined syntax as
“any rule-based system that generates predict-
able sequences of behavior.” Although conven-
tional wisdom might deem it absurd to conclude
that lizards have Janguage, the push-up display
of §. gradosus does indeed have a distinct struc-
ture with explicit rules governing the combi-
nation of elements into displays. By Snowdon’s
{1990) definition, it has a syntax. Sceloporus gra-
ciosus push-up displays include a hierarchical
combinaterial pattern more complex than many
bird songs or primate vocalizations and the use
of both graded and discrete signals. They also
exhibit substantial variation between the sexes
and across seasons. Earlier studies have shown
high levels of semantic complexity and repeat-
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able differences among individuals in display
structure and use (Maruns 1991, 1992, 1993).
Thus, although the push-up display system has
somewhat less overall complexity or potential
for complex information content than do the
communicative systemns of other animals that
have been studied, it exhibits many of the main
tactorsofinterest in the modern study of animal
communication. With the added bonus of social
groups with relatively few participants and vir-
tually no parental care, the push-up display sys-
tem can serve as an excellent model of animal
communication systems in general.
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