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Behavior for mammals is built out of multiple muscles acting in a coordinated fashion. Prima
facie, there are three principal ways to increase an animal’s behavioral repertoire size. The
first is to, for each new behavior type, create a set of new muscle types (e.g. triceps, sartorius,
etc.) with new functions specifically devoted to the implementation of that behavior type. If
this were the case, then although each behavior is built out of many muscles, behavior is not
built in a combinatorial fashion out of muscles. The second is similar to the first in that new
behavior types are implemented via new muscle types, but, instead, muscles are used in a
combinatorial fashion, so that it is the combination of the new muscle type with existing
muscle types that makes the new behavior type possible. This is analogous to the addition of
new words in a language. The third way behavioral complexity may be scaled up is to
increase the complexity of behavioral expressions themselves (rather than increasing the
number of muscles types), namely by having more muscles involved in an average behavior.
This is analogous to uttering longer sentences in a language. My main task in this paper is to
examine which of these ways underlies the increase of behavioral complexity among
mammals. Behavioral repertoire sizes from the ethology literature were accumulated for
mammals from two dozen species across eight orders, and the number of muscle types was
estimated from atlases of anatomy across eight mammalian orders. The manner in which
behavioral complexity actually increases among mammals appears to favor the second
possibility mentioned above: greater behavioral complexity is achieved primarily by
increasing the number of muscle types, and by using muscles in a combinatorial fashion.
The theoretical framework I describe allows us to interpret the manner in which the number
of muscle types scales with behavioral repertoire size, and I conclude that the number of
degrees of freedom in the construction of behavioral expressions is on the order of three,
which is probably due to neurobiological limitations in forming behaviors. The ontogeny of
behavior in rat is also discussed within this framework. Finally, I show that there is a strong
positive relationship between behavioral repertoire size and encephalization among
mammals.
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If one mammal possesses more behavior types
than another mammal, then what can we say, if
anything, about the number of functionally
distinct kinds of muscle (e.g. biceps) in each
mammal? That is, in what manner do mammals
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scale up their number of muscle types as a
function of behavioral repertoire size? Do
animals with more behavior types possess novel
muscle types, or do they, instead, have a greater
number of muscles involved in the average
behavior? In this paper, I describe a theoretical
framework (first introduced in Changizi, 2001b;
see also Changizi, 2001c, Changizi et al., 2001,
and Changizi, in press) allowing us to interpret
the manner in which the number of muscle types
scales with the number of behavior types,
whatever that manner may be. I then present
data on how the number of muscle types actually
scales with behavioral repertoire size, and inter-
pret the result in light of the theoretical frame-
work. As we will see, the empirical scaling
relationship suggests that the number of muscle
types increases as a function of behavioral
repertoire size, that muscles are used in a
language-like manner to implement behaviors,
and that diverse mammals have similar combi-
natorial power in the construction of behaviors.

Theoretical Framework

There is a long history of treating behavior as
if it is a language, where muscles act as words, or
components, and combine to make behavioral
sentences, or expressions (e.g. Fentress & Stil-
well, 1973; Slater, 1973; Dawkins & Dawkins,
1976; Douglas & Tweed, 1979; Rodger &
Rosebrugh, 1979; Gallistel, 1980; Lefebvre,
1981; Fentress, 1983; Schleidt et al., 1984;
Berkinblit et al., 1986; Greenfield, 1991; Allott,
1992; Bizzi & Mussa-Ivaldi, 1998). With this in
mind, if there are C muscle types, and they may
combine into behaviors of length L (i.e. beha-
viors consisting of L muscles), then there are a
total of E= C(E)*® possible behavior types.
For example, if A and B are the only muscle
types—i.e. C=2—and L =4, then there are
2% =16 possible behavior types, namely AAAA,
AAAB, AABA, AABB, etc. This is not suffi-
ciently general, however, for two reasons. First,
only some constant fraction o of these expression
types will generally be allowable, or grammati-
cal, where o depends on the class of animal
studied. For example, perhaps only the first eight
of the above 16 strings of A’s and B’s are
grammatical, in which case «=1/2. More

generally, then, the relationship is E~ C(E)“®.
Second, the exponent L(E) assumes that all L(E)
degrees of freedom in building behaviors is
utilized, when, generally, only some fixed frac-
tion f of the L(E) degrees of freedom may be
available (due to interdependencies between
muscles). Let d(E) = fL(E) be the actual num-
ber of degrees of freedom used, and call it the
combinatorial degree. For example, suppose that
the grammatical rules require that an A always
be adjacent to a B, and vice versa. Effectively,
the components are now just “AB” and “BA,”
and that leaves only two, not four, degrees of
freedom in the construction of expressions of
length 4; the possible behavioral expression types
are now just ABAB, ABBA, BAAB, and BABA
(assuming o = 1), and there are only 2°=4
possible expression types. The combinatorial
degree is a measure of the “effective length” of
an average behavior, or “how combinatorial”
behaviors are, or the number of degrees of
freedom in the average behavior. The combina-
torial degree can range as low as 1 to as high as
L. When the combinatorial degree is 1, it means
that there is effectively just one muscle per
behavior, and there is no combinatorial power.
Higher combinatorial degrees mean more com-
binatorial power, or longer effective length. The
relationship between number of behavior types,
number of muscle types, and combinatorial
degree is, then

E~C(E)Y"®. (1)

In light of this equation, I will consider several
possible ways in which behavioral repertoire size
E may be scaled up.

Before doing so, however, it is important to
introduce an intermediate variable that I will use
in the analysis. My empirical analysis of muscle
and behavior scaling will involve determining
how each scales as a function of encephalization
P (i.e. brain size after correcting for body size),
and thereby computing how they scale relative to
one another. This is justified because behavioral
repertoire size E is, as we will see, highly
correlated with encephalization P. There are
two other reasons to plot C and E vs. P (rather
than plotting C directly against E). The first
is that, as we will see, there are only five
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mammalian orders where I was able to obtain
both muscle counts and ethobehavior type
counts. Since encephalization is easy to acquire,
all the mammalian order data from Table 1 may
thereby be used. The second advantage of
plotting C and E vs. P is that, as we will see,
the range of P is greater than that for E, and
scaling relationships are more accurately deter-
mined when the x-axis range is greater. Because
of this, in introducing the possible scaling
relationships below, I give examples of how the
number of muscle types C and behavior types £
are predicted to scale, relative to one another,
against encephalization P.

Possibility I is that each new behavior type
requires the addition of a set of new muscle types
specialized purely for the implementation of the
new behavior type. In this possibility, £~ C, and
thus the combinatorial degree d=1. If this
possibility were true, then it would not be the
case that muscles are used in a combinatorial
fashion to build behaviors, despite there being
many muscles involved in any given behavior.
Mammalian behavior would not be language-
like after all. This is akin to bird vocalization,
where the number of syllable types scales nearly
proportionally with the number of song types
(Changizi, 2001b); bird syllables do not appear
to act like words (in the combinatorial sense),
despite the fact that there are multiple syllables
per song. For this possibility, both C and E thus
are predicted to scale in the same manner as a
function of encephalization, and this is shown
in Fig. 1, where the log-log curve for C vs. P is
parallel to the log-log curve for E vs. P. [This
was a special case of possibility (a) in Changizi,
2001b.]

Possibility II is that new behavior types are
accommodated by keeping the combinatorial
degree d constant and > 1, and by increasing the
number of muscle types C. In this possibility, E
and C are related by a power law; i.e. E~CY,
where d is constant and is > 1. If this possibility
were true, then we could conclude that muscles
act combinatorially to implement behaviors (this
is because d>1), and thus that behavior is
language-like. This is akin to the manner in
which the number of word and sentence types
have historically scaled in the English language,
where the combinatorial degree appears to be

roughly 5 (Changizi, 2001b). For this possibility,
we expect C to scale up disproportionately more
slowly than FE as a function of encephalization P,
and this is shown in Fig. 1, where both C and E
are straight lines in a log—log plot against P, but
the log—log slope of C vs. P is lower (namely d
times lower) than that for £ vs. P. Note that the
number of muscle types scales up much less
quickly than in Possibility I, and thus fewer
muscle types tend to be required in order to
obtain E behavior types. This is one a priori
advantage to Possibility II over Possibility I,
since muscles are costly to the extent that they
add to body mass generally, that there must be
more genetic material coding for the new muscle
type, and that there must be new brain tissue
handling the new muscle type. However, this
possibility comes with the cost that there must
exist a relatively sophisticated (relative to Possi-
bility 1) grammar governing how muscles are
combined to make behaviors. [This was possibi-
lity (a) in Changizi, 2001b.]

Possibility 111 is that, in order to obtain new
behavior types, new muscle types are added and
behavioral expressions themselves become more
complex, having more muscles involved in them.
In this possibility, C increases more slowly than
as a power law as a function of E, such as £ ~e€
(i.e. C~logkE) and it follows that d~(logE)/
log(log E) (see Changizi, 2001b). Because the
combinatorial degree is greater than 1 (but not
invariant), if this possibility were the case,
behavior would, as in Possibility II, be language-
like. The development of words and sentences
(and of phonemes and morphemes) in children
appears to follow this possibility, because as
children grow, their combinatorial degree in-
creases (Changizi, 2001b). If this possibility were
true, we would expect that, as in Possibility II, C
should scale disproportionately more slowly
than E as a function of encephalization P, but
the log-log slope of C vs. P should continually
decrease compared to that of £ vs. P. Namely, at
each value of P in the log—log plot, we expect the
instantaneous slope of C vs. P to be d times less
than that of C vs. P, where recall that now d is
slowly increasing. This is shown in Fig. 1, where
the curve begins with a slope similar to that
for Possibility II, and slowly decreases as P
increases. This has similar advantages and costs
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TaBLE 1

Estimates for number of ethobehavior types, index of encephalization, and number of muscle types for a
number of mammalian orders

Order and species Species No. of Behavior citation Index No. of Muscle citation
latin name common name Behavior of Muscle
types enceph. types
Artiodactyla 27.0 0.0297 203 Raghavan (1964)
Alces alces North Am. Moose 22 Geist (1963) 0.0342
Cephalophus Duikers 32 Dubost 0.0252
monticola
Carnivora 71.5 0.0862 322  Evans (1993)
Felis catus Cat 69 Fagen & Goldman (1977) 0.0888
Mustela nigripes Black-footed ferret 74 Miller (1988) 0.0837
Cetacea 123.0 0.1721
Tursiops truncatus Bottlenose dolphin 123 Muller et al. (1988) 0.1721
Chiroptera 93.0 0.0679
Pteropus livingstonii  Fruit bat 93 Courts (1996) 0.0679
Didelphimorphia 0.0185 159  Ellsworth (1976)
Insectivora 54.0 0.0490
Blarina brevicaudo Short-tailed shrew 54 Martin (1980) 0.0490
Lagomorpha 30.0 0.0345 214  Popesko et al. (1990)
Leporidae (family) White rabbit 30 Gunn & Morton (1995) 0.0345
Perissodactyla 0.0388 245  Pasquini et al. (1983)
Primates 106.6 0.1789 316  Williams et al. (1989)
Cercopithecus neglectus De Brazza monkey 44 Oswald & Lockard (1980) 0.1454
Nycticebus coucang Malaysian slow loris 80 Ehrlich & Musicant (1977) 0.1231
Galago crassicaudatus Great Galagos 97 Ehrlich (1977) 0.0977
Calithrix jacchus Common marmoset 101 Stevenson & Poole (1976) 0.1445
Homo sapiens Human child 111 Hutt & Hutt (1971) 0.3502
Papio cynocephalus Baboon 129 Coehlo & Bramblett (1981)  0.1793

Macaca nemestrina

Proboscidea

Rodentia

Meriones unguicul.
Peromyscus manicul.
Dolichotis patagon
Rattus norvegicus

Spermophilus beecheyi

Rattus rattus
Marmota monax
Castor canadensis

Macaque monkey 184

38.0
Mongolian gerbil 24
Deer mouse 29
Mara 30
White rat 33
Ground squirrel 34
Albino lab rat 43
Woodchuck 43
Beaver 51

Sciuridae (four species) Squirrel 55

Kaufman & Rosenblum (1966)0.2116

Roper & Polioudakis (1977)

Eisenberg (1962)

Ganslosser & Wehnelt (1977)

Draper (1967)

Owings et al. (1977)
Bolles & Woods (1964)
Ferron & Ouellet (1991)
Patenaude (1984)
Ferron (1981)

0.0731

0.0555
0.0569
0.0569
0.0394
0.0337
0.0803
0.0337
0.0803
0.0383
0.0803

184

218

Mariappa (1986)

Greene (1935)




BEHAVIORAL REPERTOIRE SIZE

¥ O
x>
XD

IR§§$§

# muscle type!

*

C

Log #
[%2]

# behavior types E

x>

X >

161

o Possibility | : C~E, d=1

Possibility Il : C~E*, d>1

AAD

x X X Possibility lll : C~logE, d~(logE)/log(logE)
X X X Possibility IV : C constant, d=logE
00?®

Log encephalization P

Fic. 1. Illustration of the four possible relationships between the number of muscle types C, the number of behavior
types E, and encephalization P, as discussed in the text. The y-intercepts of the plot are not important to the illustration,
other than to physically separate the C and E plots for viewing.

to Possibility II, except that by slowly increasing
the combinatorial degree, the rate at which new
muscle types must be created is even lower. [This
was possibility (¢) in Changizi, 2001b].

Finally, Possibility IV is that new behavior
types are built not by the addition of any new
muscle types, but purely by increasing the
combinatorial degree d, in which case it must
be the case that d~log E. As in the previous two
possibilities, because the combinatorial degree
d>1, this possibility would mean that muscles
are used in a combinatorial fashion to build
behaviors, and that mammalian behavior i1s
language-like. If this possibility were true, we
would expect that the number of muscle types C
does not increase as a function of encephalization
P, and this is shown in Fig. 1. This has the
advantage that no increase in the number of
muscle types need ever occur, but comes with the
cost that the behavioral expressions themselves
become progressively more and more complex.
This possibility would mean that a fixed number
of muscle types serve as a “universal behavioral
language” from which any behavior may be built.
[This was possibility (b) in Changizi, 2001b].

Ethobehaviors

There are multiple hierarchical levels at which
behavior may be considered. At the lowest
hierarchical level are muscle contractions, which

combine to instantiate simple behaviors, which,
in turn, combine to make more complex
behaviors, and so on. I am interested in
behaviors for which it is natural to treat muscle
contractions as the components, and it is thus
relatively simple behaviors on which 1 will
concentrate. The measure of the number of
behaviors of an animal that I use is the number of
behaviors in a published ethogram. Ethograms are
catalogs of all the behaviors observed by the
ethologist authors; I will refer to behaviors listed
in ethograms as ethobehavior types. They are
typically simple, whole-animal behaviors, such
as jumping, scratching ears, burrowing, and
sitting (see Appendix B for examples for rat).
Ethobehaviors have the advantage that they are
nearly always relatively low-level behaviors,
serving themselves as components with which
more complex, and higher level, behaviors are
constructed; therefore, they are plausibly hier-
archically just above the level of muscle con-
tractions. (It is not important to the theoretical
framework whether the two levels are really
adjacent). For example, ethograms for primates
tend to have on the order of 100 ethobehavior
types, yet, intuitively, the number of ‘“highest
level behavior types” for primates would seem to
be orders of magnitude higher than this. The 100
or so ethobehavior types for a primate cannot
possibly  represent its entire behavioral
repertoire, and this is presumably because
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FiGc. 2. Top: Logarithm (base 10) of the number of muscle types vs. the logarithm of the index of encephalization for
eight mammalian orders. Bottom: Logarithm (base 10) of the mean number of ethobehavior types vs. the logarithm of the

index of encephalization for eight mammalian orders.

ethobehaviors, being simple, act as components
in the fabrication of higher level behaviors.
Ethograms have another advantage, a tremen-
dous practical one, that there is a long history
within ethology of published ethograms, and we
may access this literature for data.

There are, however, difficulties with the use of
ethograms to measure behavioral repertoire size.
The first is that there are no fixed, universal,
standards for how ethograms are to be recorded
(e.g. Schleidt et al., 1984; Drummond, 1985).
What counts as an ethobehavior type depends to
a significant extent on the intuitions of the
observer. While there can be little doubt that
there is wide variability in the standards under-
lying delineating and counting ethobehavior
types, ethogram size is nevertheless probably a
useful and informative measure. Ethologists are
members of an academic community and have
familiarity with many ethograms from other
authors. They are therefore likely to be implicitly
following certain community standards they
have learned, albeit rough and vague. [Note that
the authors of ethograms may not be able to
rigorously characterize the rules by which they
count behavior types—i.e. their rules may be
vague—but this does not mean ethograms are
without foundation. After all, we all have

difficulty in precisely defining what we mean by
the word “heap” (a vague word), but there is
nevertheless tremendous agreement on the ob-
jects that are heaps and those that are not
(Changizi, 1999).] Another difficulty with etho-
grams is that even if there were no variability
among researchers in how they count ethobeha-
vior types, what reason do we have to believe
that they are counting behavior types at the
“correct’ resolution? For our purposes—since
we are interested in how the number of muscle
types scales with the number of behavior types-
—all that we require is a measure for behavioral
repertoire size that is proportional to the actual
number of behaviors. It seems plausible that if
there is a tendency to overcount (or undercount)
by a certain factor, then this tendency will not
itself depend on the ethogram size. It would
follow that overcounting (or undercounting) will
not affect the utility of using ethogram size as a
proportional measure of the number of beha-
viors. A final worry about ethograms is that
perhaps ethologists record a greater number of
ethobehavior types when the animal is phylo-
genetically close to humans. As a test for this,
consider the plot in Fig. 2—to be discussed
later—of the number of ethobehavior types E
as a function of encephalization P, where it is
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well described by the relationship E~ P*%°

(R*=0.842, n=28). Removing primates from
the plot results in the relationship E~ P*%
(R*=0.829, n=7), or substantially unchanged.
(In fact, removing primates somewhat increases
the exponent, which is a direction opposite to
what one might expect by the present worry).

Results

I surveyed the animal behavior and ethology
literature for ethograms. Many ethograms at-
tempt to catalog just, say, mating behaviors or
agonistic behaviors; I only accepted ethograms
attempting to catalog all the behaviors of the
animal. Ethobehavioral repertoire sizes were
thereby obtained for 24 mammalian species
across eight orders, and are shown in Table 1.
Ethobehavioral repertoire sizes for the eight
mammalian orders are estimated by averaging
the values for each species within the order in
Table 1. (See Changizi, in press, for ethobeha-
vioral repertoire sizes for over two dozen
non-mammals).

I obtained estimates of the number of muscle
types for species within eight mammalian orders
by counting up the total number of muscle types
listed in atlases of anatomy for species within the
order. Counts are of the number of functionally
distinct kinds of muscle, such as triceps, sartor-
ius, etc. In my analysis, I use the maximum
muscle type count within an order as my
estimate of the number of muscle types for that
order because lower muscle type counts are due
to a lack of detail in the atlas, and thus the
maximum estimate is an appropriate one for an
order. These maximum values and citations are
shown in Table 1; the other values and citations
are given in Appendix A.

Finally, I acquired from Hrdlicka (1907),
Bonin (1937), Crile & Quiring (1940), and
Hofman (1982a, b) estimates of body and brain
mass for each species in Table 1, and computed
the index of encephalization P as brain mass B
(in grams) divided by body mass M (in grams)
to the power of 3/4; i.e. P=B/M** [This is
appropriate since brain mass B scales as body
mass M to the power of about 3/4 (Allman,
1999; Changizi, 2001a)]. These values are shown

in Table 1, and for each order the average is
computed.

Figure 2 shows how the number of muscle
types C and the number of ethobehavior types £
scale up as a function of index of encephalization
P. One can immediately see that the number
of ethobehavior types is, as in Fig. 1, highly
correlated with encephalization (R*=0.842,
n=28, t=5.81, p<0.01). [See Cole (1985), for a
similar kind of plot but for ants]. In particular,
the relationship is well described by a power
law, with E~P%® (95% confidence interval for
exponent is +0.39), although the correlation
under a logarithmic assumption (E~logP) is
practically identical. In light of the four possi-
bilities discussed earlier, we can see that (i) the
number of muscle types C certainly appears
to increase as a function of encephalization P
(namely with correlation R>=0.591, n=3§,
t=2.94, p<0.05) with a log—log slope of 0.267
(95% confidence interval of +0.22), and (ii)
scales up disproportionately more slowly than E,
which implicates Possibilities II or III (compare
Fig. 1 to Fig. 2). The data are over too meager a
range—especially the muscle type counts—to
distinguish between these two possibilities. How-
ever, recall that for each of these possibilities, the
combinatorial degree either does not change at
all (Possibility II) or changes very slowly as a
function of E (Possibility III). If the range for £
is relatively small, as it is in our data (£ ranges
over less than one order of magnitude), the
combinatorial degree will not much change-
—and, indeed, there is no evidence of a striking
fall in the slope of the C vs. P plot relative to the
E vs. P plot—and a single overall estimate
provides a profitable summary. We can compute
this by noting from Fig. 2 that C~ P"?%7 and
E~P%% and thus E~ C°. That is, the combina-
torial degree is on the order of about three. Note
that a log—log plot of C directly against E, not
shown, conforms well to the power law E~ C*7?
(n=>5, R*>=00914, p<0.05), but, again, cannot
be statistically distinguished from E~e®.

Discussion

Recall that the central equation from the
theoretical framework is eqn (1), which stated
that E~ C(E)™®, where C is the number of
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muscle types, d the combinatorial degree, and £
the number of behavior types. Equation (1)
allowed four empirical possibilities that were
discussed earlier. The results in Fig. 2 suggest
that either Possibility I or Possibility I1I applies
to mammalian behavior. Possibility II was that
the number of muscle types C increases and the
combinatorial degree d is invariant and greater
than 1; this led to the power law relationship
E~C? (with constant d>1). Possibility III
differed only in that the combinatorial degree
is not invariant, but, instead, slowly increases as
a function of E [namely d~(log E)/log(log E)];
this led to the relationship E~¢€. What may we
conclude from the fact that mammalian behavior
appears to conform to either Possibility II or
Possibility I11?

In both Possibilities 1I and 111, the number of
muscle types C increases as a function of the
number of ethobehavior types. Increasing the
number of muscle types is not an a priori
necessity, for it is possible that some fixed set
of muscle types could serve as a universal
language from which any behavior may be built
(this was Possibility 1V), analogous to the
manner in which any computation (“Turing-
machine behavior’”) may be carried out by a
Turing machine with a fixed number of primitive
operations (“basic behaviors”). Mammalian
behavior does not, then, use a universal language
strategy.

Furthermore, the combinatorial degree d is
greater than one in Possibilities I1 and III (unlike
in Possibility I). A combinatorial degree greater
than 1 means that muscles are acting in a
combinatorial, or language-like, manner in the
construction of ethobehaviors. It is important to
recognize that this is not a trivial conclusion.
One cannot conclude that behavior is language-
like merely by noting that any given behavior
has multiple muscles involved. Only by knowing
how the number of component (muscle)
types scales against the number of expression
(behavior) types can one conclude that the
components really act combinatorially as
words. [Knowledge of the grammatical rules
themselves would, of course, suffice, since from
them the scaling relationship could be deter-
mined; see Changizi (2001¢) for more discussion
of this].

Because the results in this paper are insuffi-
cient to help us distinguish between Possibilities
IT and III, we cannot distinguish between an
invariant combinatorial degree and a slowly
increasing combinatorial degree. However, in
either case, we have been able to measure its
order of magnitude, and it is on the order of 3. If
Possibility III holds, then perhaps the combina-
torial degree begins a little below this and rises
somewhat above it. What does a combinatorial
degree of around 3 mean for mammalian
behavior? As discussed earlier, the combinatorial
degree is the number of degrees of freedom in an
expression, or the effective length of an expres-
sion. A mammalian ethobehavioral expression
may have dozens of muscles involved in it, yet
the combinatorial degree is only on the order
of 3. This is because of the highly stereotyped
and mutually dependent muscle contraction
activity; what appears to be an immensely
complex tangle of coordinated muscle contrac-
tions 1is, intuitively, no more complex than if
each behavior were built out of just 3 muscles,
and every combination (up to a constant
proportion) of 3 muscles was grammatical. This
is akin to the English language where sentences
tend to have 10-20 words, yet the combinatorial
degree is only about 5; or bird vocalization
where bird songs have about three syllables per
song on average, yet the combinatorial degree
appears to be nearly 1 (Changizi, 2001b, ¢). Just
as the combinatorial degree of 5 for English is
probably due to neurobiological limits of work-
ing memory (Miller, 1956), the combinatorial
degree of around 3 for mammalian behavior
may similarly be due to neurobiological limits
in the formation of ethobehaviors from muscle
contractions (a “‘motor working memory’’ limit).
Because the combinatorial degree of about 3 for
mammalian behavior is obtained by effectively
averaging across many mammalian orders, it
is possible (if Possibility III holds) that the
combinatorial degree for human behavior is
nearer to 5, i.e. nearer to the combinatorial
degree for human language.

With the theoretical framework, I have thus
far been able to illuminate what appears to be
happening as the number of ethobehavior types
increases. 1 have not, however, provided an
explanation for why Possibility II or Possibility
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IIT holds, nor why the exponent is on the order
of 3. (Even if the combinatorial degree is due to
some kind “motor working memory” limit, we
may still wish to know why mammals have this
limit). And I do not have an explanation for this
at present. Any such explanation would have to
say why natural selection would favor these
possibilities over the other possibilities, and also
why the combinatorial degree is roughly what
it is. (Speculations on the advantages and
disadvantages were mentioned when I intro-
duced the possibilities).

The combinatorial degree of about 3 for
mammalian behavior was obtained via a phylo-
genetic analysis, but it is also possible to assess
how the number of muscle-level behavior types
scales with the number of ethobehavior types in
ontogeny. | observed the behavior of a litter of
ten Sprague—Dawley rat pups (housed in a cage
with their mother) for their first 20 days; they
were videotaped for 1 hr a day, and observations
made by watching the video tape. Two hier-
archical levels of behavior were measured:
muscle-level behaviors, and ethobehaviors. The
latter concerns whole-body behaviors such as
grooming and jumping, as recorded in etho-
grams; in all, 42 such behavior types were
observed over the 20 days. The former is
intended to measure the number of low-level,
or muscle-level, behavior types (just as the
number of muscle types across mammals is a
measure of the number of muscle-level behavior
types). This was done by concentrating on the
behavior types displayed by the observable joints
of the rat pups; that is, the individuals under
observation for this low level were not pups, but
pup parts. Some example low-level behavior
types are body-twist, head-left-right, and lick; in
all, 29 low-level behaviors were observed over
the 20 days. The muscle-level behavior types and
ethobehavior types are listed in Appendix B,
along with the age at which the behavior was
first observed in any pup. (I expect that my
estimates scale roughly in proportion to the true
counts, but I do not expect that my counts reflect
the actual magnitudes of the repertoire sizes,
especially for the low-level components where 1
suspect severe undercounting). The number of
muscle-level behavior types C and number of
ethobehavior types E are plotted against brain

2.0 q
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154 y=0.3884x + 1.454
R?=0.9394

H*
D
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Fic. 3. Top: Logarithm (base 10) of the number of
muscle-level behavior types vs. the logarithm of brain mass
(g) for the first 20 days of rat development. Bottom:
Logarithm (base 10) of the number of ethobehavior types
vs. the logarithm of brain mass (g) for the first 20 days of
rat development.

size (taken from Markus & Petit, 1987) in Fig. 3.
One can immediately see a great deal of
similarity to the phylogeny plot in Fig.2: C
grows as E increases, and does so disproportio-
nately slowly compared to E. This means that,
again, either Possibility II or Possibility III
applies; and as was the case for phylogeny we
cannot distinguish between them due to the
limited data range. Computing a single approx-
imate combinatorial degree for the ontogeny of
behavior in rat gives d~2.84 (i.e. d=1.1357/
0.3995), or again roughly 3. Unlike in phylogeny
where I have no a priori reason to favor one of
the Possibilities II or 11, for ontogeny there is an
a priori expectation that, since the pup’s brain is
developing, the combinatorial degree may in-
crease somewhat with age, eventually settling
down to its adult value (e.g. as is the case for the
ontogeny of language in Changizi, 2001b, c).

Conclusion

I have shown that there exists a relationship
between number of muscle types and number of
behavior types (as measured by ethograms)
among mammals. In particular, the number of
muscle types C increases as a function of
behavioral repertoire size E, it does so dispro-
portionately slowly, and is approximately
described by the power law E~ C°, where this
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exponent of 3 may be invariant, or instead may
be increasing slowly as a function of E. From
this empirical finding, it was possible to conclude
that (i) there is no universal behavioral language
employed (i.e. the number of muscles increases
with behavioral repertoire size), (i) mammalian
behavior appears to be language-like in the sense
that muscle contractions are used in a com-
binatorial fashion to build behaviors (i.e. the
combinatorial degree d>1), and (iii) although
there may be tens of muscles involved in each
behavior, the number of degrees of freedom in
building behaviors from muscle contractions
appears to be quite small, namely on the order
of 3 (i.e. d=3, although no conclusion can be
made as to whether d is invariant). Evidence was
presented suggesting that these conclusions
appear to hold for ontogeny (of rat) as well as
phylogeny. Also, although not the central thesis
of this paper, it is notable that behavioral
repertoire size appears to be significantly corre-
lated with encephalization, which is intuitively
expected, but, as far as I know, has never been
verified in mammals.

I wish to thank W. G. Hall for useful discussion on
these ideas.
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APPENDIX A

Here I have listed all the muscle-type estimates
for each mammalian order, only the maximum
which was used in the analysis.

e Artiodactyla: 89 (Walker, 1988), 116 (Sisson
& Grossman, 1953, ox), 138 (Sisson & Gross-
man, 1953, pig), 186 (Singh & Roy, 1997), 191
(Ashdown & Done, 1984), 203 (Raghavan,
1964).

e Carnivora: 160 (Sisson & Grossman, 1953),
169 (Bradley & Grahame, 1959), 197 (Reighard
& Jennings, 1929), 204 (Boyd et al., 1991, cat),
204 (Boyd et al., 1991, dog), 208 (McClure et al.,
1973), 212 (Hudson & Hamilton, 1993), 229
(Adams, 1986), 322 (Evans, 1993).

e Didelphimorphia: 159 (Ellsworth, 1976).

e Lagomorpha: 67 (Busam, 1937), 85 (Chin,
1957), 112 (Wingerd, 1985), 126 (McLaughlin
& Chiasson, 1990), 128 (Craigie, 1966), 214
(Popesko et al., 1990).

e Perissodactyla: 146 (Sisson & Grossman,
1953), 172 (Way & Lee, 1965), 194 (Budras &
Sack, 1994), 245 (Pasquini et al., 1983).

e Primates: 160 (Schlossberg & Zuidema,
1997), 190 (Stone & Stone, 1990), 228 (Rohen

& Yokochi, 1993), 230 (Bast et al., 1933), 255
(Anson, 1966), 267 (Agur & Lee, 1991), 278
Netter, 1997), 316 (Williams ef al., 1989).

e Proboscidea: 184 (Mariappa, 1986).

e Rodentia: 104 (Popesko et al., 1990, mouse),
113 (Popesko et al, 1990, hamster), 134
(Popesko et al., 1990, rat), 143 (Popesko et al.,
1990, guinea pig), 183 (Howell, 1926), 190
(Hebel & Stromberg, 1976), 206 (Cooper &
Schiller, 1975), 218 (Greene, 1935).

APPENDIX B

Ethobehavior types recorded from rat pups
during the first 20 days are here recorded,
followed by the day of first appearance in at
least one pup: back up, 8; bite cage, 14; bite sib,
15; break self from falling forward, 14; burrow
into pile of pups, 1; clean face, 3; clean head, 12;
climb wall, 8; dig chips with hands, 13; dig with
hind feet, 18; eat chow or poop, 9; fight, 13; free
self from pile or mother, 1; grasp bar, 18; grasp
feet, 12; head search for nipple, 1; head shake, 4;
jump, 15; lick body, 12; lick feet, 8; lick hands, 6;
lick sib, 6; lie on back (to lick self), 12;
manipulate object, 12; mouth floor, 3; push off
pup, 8; righting, 1; run, 12; scratch body with
hind leg, 4; scratch ears with front leg, 6; scratch
ears with hind legs, 8; seeking nipple, 1;
shoveling chips with head, 12; sit on haunches,
12; sleep, 1; sniff air, 10; stand, 14; suckle, 1;
turn, 1; walk, 3; walk away from pile, 7; yawn, 1.

Muscle-level behavior types recorded from rat
pups during the first 20 days are here recorded,
followed by the day of first appearance in at least
one pup: arm lateral push, 2; arm push at elbow,
1; arm push at shoulder, 1; arm push body back,
8; arm stretch, 1; body bend left-right, 1; body
bend sit-up, 1; body stretch, 1; body twist, 1;
chew, 12; eye open-close, 12; hand grasp, 9; hand
to face, 3; head left-right, 1; head twist, 1; head
up-down, 1; head rotate, 3; leg burst, 15; leg
lateral push, 8; leg push at ankle, 1; leg push at
knee, 1; leg stretch, 2; leg to body, 9; leg to face,
8; lick, 6; mouth open-close, 1; suck, 1; tail left-
right, 1; tail up-down, 1.
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