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EVOLUTIONARY CHANGE IN THE MORPHOLOGICAL COMPLEXITY OF
THE MAMMALIAN VERTEBRAL COLUMN

DANIEL W. MCSHEA
Museum ofPaleontology, University ofMichigan,

Ann Arbor, Michigan 48109

Abstract. - The notion that morphological complexity increases in evolution is widely accepted in
biology and paleontology. Several possible explanations have been offered for this trend, among
them the suggestion that it has an active forcing mechanism, such as natural selection or the second
law of thermodynamics. No such mechanism has yet been empirically demonstrated, but testing
is possible: if a forcing mechanism has operated, the expectation is that complexity would have
increased in evolutionary lineages more frequently than it decreased. However, a quantitative
analysis of changes in the complexity of the vertebral column in a random sample ofmammalian
lineages reveals a nearly equal number ofincreases and decreases. This finding raises the possibility
that no forcing mechanism exists, or at least that it may not be as powerful or pervasive as has
been assumed. The finding also highlights the need for more empirical tests.
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A commonplace in biology is that morpho
logical complexity increases in evolution (e.g.,
Darwin 1987; Huxley 1953; Stebbins 1969;
Saunders and Ho 1976; Bonner 1988; others re
viewed in McShea 1991). Some have understood
this increase as a passive process. If the first or
ganisms were as simple as possible, then com
plexity could only have increased in their de
scendants (Maynard Smith 1970), thus raising
the mean and maximum for life as a whole. As
diversity increased, the overall mean and max
imum would have continued to drift higher, a
process that has been described as diffusion or
increasing variance in a bounded morphospace
(for discussions of the passive mechanism, see
Stanley 1973; Fisher 1986; Gould 1988). The
critical component needed to make this mech
anism work is a simple asymmetry: complexity
must have and reach a lower bound (the com
plexity ofthe simplest possible organism) but not
an upper one.

However, others have understood the increase
in complexity to be active or driven and have
invoked entropy (Wicken 1979, 1987; Brooks
and Wiley 1988) or natural selection (Bonner
1988; Rensch 1960) as forcing mechanisms. The
intriguing suggestion in the first case is that evo
lutionary lineages are dynamic, nonequilibrium
systems, and that all such systems contain a ran
domizing vector (predicted by the second law of
thermodynamics), which tends to increase con
figurational disorder. In organisms this tendency
would be manifest as increasing morphological
complexity (Wicken 1987). It may be questioned

whether (increasing) entropy is a driving force or
merely a description of the overall character of
the evolutionary changes in morphology expect
ed on statistical or energetic grounds. But under
either interpretation, the prediction is the same:
complexity is expected to increase, on the aver
age, in most lineages.

In the second case, the suggestion is that se
lection favors increases in complexity because
complex organisms have more components and
the components are more specialized so that the
internal division oflabor is greater. With greater
division of labor, complex organisms will tend
to be more efficient (mechanically, if not ener
getically) or better adapted in some sense (Bon
ner 1988).

The active and passive mechanisms can be
distinguished empirically. If either the entropic
or the selective hypothesis is correct, or if any
other forcing mechanism operates, then not only
should the overall mean and maximum rise, but
complexity should tend to increase in most in
dividual lineages. The passive mechanism, on
the other hand, predicts only an elevation ofmean
and maximum, with no directional bias (except
among the very simple lineages lying at or near
a lower bound of complexity). Here, in the first
empirical test for a forcing mechanism, I ex
amine changes in complexity in the vertebral col
umn in a small sample of mammalian lineages
that lie well away from a lower bound. In this
sample, a nearly equal number of increases and
decreases occur, a result that casts some doubt
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FIG. I. Plot with artificial data to show how (antilog)
values for R. C. and Cm are computed. R is the max
imum difference between elements (double-headed ar
row, far right). Cis twice the average absolute difference
between elements and the column mean (shown for
four vertebrae, left). (The factor of two was introduced
so that the theoretical maximum for C would be R. a
nicety that makes no difference here but was relevant
in another context [McShea 1992].) Cm is the average
absolute difference between adjacent elements (shown
for four vertebrae, right). (From McShea 1991.)

to characterize or measure the heterogeneity of
structure. To facilitate discussion in this region
of ignorance, therefore, some word is needed to
characterize the heterogeneity of pure structure,
whether functional or not. Here, and increasingly
in the technical literature, the word used is "com
plexity."

Despite the consensus on the abstract meaning
of the term, complexity has proven extremely
difficult to define operationally, and thus to mea
sure. For whole organisms we lack consistent
criteria for identifying and distinguishing parts
as well as methods for quantifying their config
uration in three dimensions. These problems can
be avoided by restricting the investigation to sets
of serial structures, such as vertebral columns or
arthropod limb series, in which parts are distinct
yet comparable and the ordering is linear. Cisne
(1974) took this approach in his landmark study
of changes in tagmosis (complexity) in aquatic
arthropods.

The approach has the virtue that it renders
complexity empirically tractable, but has the de
fect that patterns of change in complexity in a
particular organ or substructure may not reflect
change in the complexity of the organism as a
whole. This defect is no different from that in
any sampling procedure, however; a substructure
is a kind of sample of a whole organism. And if
the sample is unbiased and the sample size large,
confidence in the results should be high. In the
present study, sample size is small: only one sub
structure, the vertebral column, was examined.

on the proposed active mechanisms and invites
further testing.

MATERIALS AND METHODS

The complexity of a system is generally ac
knowledged to be some function of the number
of different parts it has, or the degree of differ
entiation among parts, and of the irregularity of
their arrangement (papentin 1980; Hinegardner
and Engelberg 1983; Kampis and Csanyi 1987;
McShea 1991). Thus, heterogeneous, messy, or
irregularly configured systems are complex, such
as organisms, automobiles, compost heaps, and
junk yards.

Order is the opposite of complexity. Ordered
systems are homogeneous, redundant, or regular,
like picket fences and brick walls. In this defi
nitional scheme, organisms are not especially well
ordered, although they are well organized.

Organization has to do with the degree of
structuring of a system for some function, in
dependent of the number of parts it has or its
configurational heterogeneity. In other words,
organization is measured on a scale orthogonal
to the complexity-order scale. Thus, for example,
a single piece ofsteel carefully fashioned to open
food tins is organized and simple, because it is
highly functional and consists of only a single
part. An electric can opener with many parts is
organized and complex. And an electric can
opener that has been smashed to bits is disor
ganized and complex; it no longer functions, but
it still has many parts irregularly configured.

To many, this scheme will seem counterin
tuitive. Many will argue that the very specific
heterogeneity of intact machinery or organisms
should not be confounded with the random het
erogeneity of junk piles or compost heaps, in
other words, that complexity should include
highly specified irregularity and exclude random
irregularity. Perhaps it should. At least in prin
ciple, some word is needed to make that dis
tinction. In practice, however, the distinction of
ten cannot be made. We often do not know the
function of a system or how highly specified its
parts and configuration are. The smashed electric
can opener (or even the compost heap) may be
functioning as a work ofart, for example, perhaps
one requiring a very specificarrangement ofparts.
Or it may be a functionless, indifferently struc
tured jumble. The point is that pure structure
(parts and configuration) can be treated inde
pendently offunction and specificity, that we need
not know anything about function or specificity
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neural length--- each other. C is global differentiation, measured
as the average absolute difference between the
elements and the mean. Cm is local differentia
tion, or the average absolute difference between
adjacent elements. (For a more thorough dis
cussion of the metrics and their properties, see
McShea 1992.)

Complexity values were computed for six ver
tebral dimensions (fig.2): centrum height, length,
and width, and neural altitude, length, and angle.
Correlations in complexity values among the di
mensions were low (McShea 1991), and for this
reason, as well as for simplicity, the six dimen
sions were treated independently throughout the
analysis.

The following measurement protocols were
adopted: the atlas was omitted for all taxa, as
was the axis for all dimensions except centrum
height and width. Only the presacral column was
measured. Because fishes lack sacrals, the fish
column was truncated at the vertebra just above
the pelvic fin, which remains posterior in the
species used. Measurements for damaged ver
tebrae were interpolated using mean values from
adjacent vertebrae (see Discussion below).

Size Correction. - The absolute magnitude of
the disparities between vertebrae in the columns
oflarge animals tend to be greater than those of
small animals, and therefore large animals tend
to have systematically greater R, C, and Cm val
ues. Although these first-order differences among
taxa could be construed as real differences in
morphological complexity, second-order differ
ences or what might be called "shape complex
ity" is usually of more interest, and some size
correction was necessary to measure it with the
above metrics. (The correction was not intended
to remove all effects ofsize, or to remove all size
correlated shape variation, but to remove only
the first-order component of variation, which is
conventionally called size. For this purpose, one
of the several standard regression models is ap
propriate.)

The following procedure was used: for the five
linear dimensions (centrum height, length, and
width, and neural altitude and length), C values
were replaced with their residuals from a reduced
major axis computed for C and the log ofa "size
factor." Likewise Rand Cm, plotted on the same
scale as C, were replaced with their residuals from
the same axis computed for C. Figure 3 shows
in principle how this was done; the choice of
specimens used to compute regressions in the
actual tests is discussed below.

centrum
height

.L.centrum1· width

centrum length

FIG. 2. Schematic of a typical vertebra showing the
six vertebral dimensions used in the analysis. (Modi
fied from McShea 1991.)

(polarization)

Cm = log[~ IXi+l - Xil/(N - 1)]

(irregularity)

where Xi is the measurement of ith vertebra,
x is the mean, and N is the number of vertebrae
(fig. 1). R measures complexity as the difference
between the elements that are most different from

(range)

C = log(2 ~ IXi - xl/N)

Thus, further studies measuring change in com
plexity in other substructures, as well as in other
taxa, are needed. However, the sample is prob
ably unbiased, in that we have no a priori or
empirical reason to expect that the vertebral col
umn is not representative of the organism as a
whole, or that its complexity ought to vary in
dependently.

Three Complexity Metrics.-In serial struc
tures, complexity can be understood and mea
sured as the amount ofdifferentiation among the
elements along the series. For this study, three
metrics were devised to capture three distinct
aspects of serial differentiation. The vertebral
column was chosen here, but in principle the
metrics could be applied to any serial structure.

The metrics are univariate and require as raw
data a sequence of measurements along a col
umn:

neural
altitude
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FIG. 3. Plot showing how residuals were computed
for size correction. A single regression line was com
puted for C values and the log ofa size factor, and this
line used to compute residuals for R (squares), C (cir
cles), and Cm (triangles). Residuals are shown here for
only one specimen, an elephant. In this example, the
vertebral dimension is centrum height, the regression
line is a reduced major axis, the size factor is the log
of geometric-mean centrum diameter, and the data are
from the 31 mammal specimens (see the text and the
Appendix).

families: the Tragulidae, Antilocapridae, Cervi
dae, Bovidae, and Sciuridae. Because multiple
specimens from these groups were measured,
mean [size-corrected] values for each family were
used in the redundancy-removal calculations.)
Similarly, in column 2, mean values for 2 reptile
specimens (Iguana and Varanus) were compared
with 31 mammal families (again, 36 for redun
dancy removal).

Neither the fish nor the reptile specimens were
used in computing the regressions, so in effect
their complexity values were size- and redun
dancy-corrected using mammalian data. This
protocol is appropriate because the purpose of
the comparison is to discover whether the com
plexity values of these particular fish and reptile
specimens could have been drawn from the
mammalian population, in other words, whether
the columns of these specimens are especially
simple by mammalian standards. Comparison
of mammals with fishes as a group, a different
test, would require a common vertebrate size
regression (or independent regressions for fishes
and mammals).

In columns 1 and 2, each entry (each string of
letters) shows results for various combinations
of size factors and size-correction models, in
cluding the logarithmic metric (see table 1 cap
tion). Significance of differences between means
(or, in the fish comparison, between the single
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The reduced major axis is the least-biased es
timator ofthe actual relationship between C and
the size factor (Rayner 1985; McArdle 1988), but
the robustness of the results was tested anyway
by repeating the analysis using the major axis
and again using a line of slope 1 (i.e., isometry
assumed). Because no single size factor captures
first-order variation perfectly or completely
(Bookstein et al. 1985), the analysis was also re
peated using three different size factors (see table
1 caption). Finally, the analysis was conducted
using modified metrics in which the data were
log-transformed initially and the log operation
omitted from the complexity equations. Com
puted this way, differences become log ratios and
no further size correction is necessary.

For neural angle, no size correction was nec
essary, and the log operation was omitted from
the complexity equations.

Removal ofRedundancy. - R, C, and Cm are
highly correlated with each other, even after size
correction, as a consequence of both the math
ematical properties of the metrics and the highly
coordinated way in which vertebrae in a column
vary in development and evolution (McShea
1992).To remove this redundancy, R values (size
corrected) were replaced with their residuals from
a reduced major axis computed for R (size-cor
rected) and C (size-corrected). Figure 4 shows
how in principle this was done. These residuals
define, in effect, a new kind of complexity, R' or
range relative to C. Redundancy in Cm was re
moved in the same way to create Cm' or irreg
ularity relative to C.

Test Cases.- The metrics give intuitively rea
sonable results for cases in which complexity dif
ferences are known, at least qualitatively, in ad
vance. In most fishes and reptiles, vertebrae are
quite similar over the whole length of the col
umn, although reptiles show some differentiation
in the neck. The typical mammalian column is
more complex than both, as reflected in the clas
sical division ofthe column into distinct cervical,
thoracic, and lumbar regions.

Table 1 (cols. 1,2) shows that these differences
are captured by the metrics. In column 1, com
plexity values for a single fish specimen (Onco
rhynchus) are compared with mean values for a
diverse group of mammals. Regressions for size
correction were computed using 31 specimens
representing 31 different families and 14different
mammalian orders (see the Appendix). (In com
puting reduced major axes for R' and Cm', the
group of 31 was supplemented with 5 additional
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TABLE 1. Differences in mean complexity between taxa (columns 1 and 2: G, complexity ofmammals is greater
than fish/reptiles; S, complexity of mammals is smaller than fish/reptiles; g and s, nonsignificant difference) and
changes within "lineages" (columns 3-7: I, increase; D, decrease; i and d, nonsignificant change). Entries in the
table show results for various combinations of size-correction model and size factor, plus the logarithmic metric
(LM, see the text). Models are reduced major axis (RMA), major axis (MA), and isometry (ISOM). Size factors
are geometric-mean diameter (MD), or the square root ofmean centrum height times mean width; mean centrum
length (LENG); and generalized hypotenuse (GEN), or the sum of squared means for the five linear dimensions.
For columns 1-4, the combinations are (from left to right within columns): (1) RMA, MD; (2) RMA, LENG;
(3) RMA, GEN; (4) MA, MD; (5) ISOM, MD; and (6) LM. For columns 5-7, comparisons were between single
specimens, so the mammalian data (31 specimens) were used for computation of regressions, and distributions
for bootstrapping were imported from other taxa, specifically Cephalophus (CEPH) or Sciurus (SCn (see fig. 5
caption). For column 5: (1) RMA, MD, CEPH; (2) RMA, LENG, CEPH; (3) ISOM, LENG, CEPH; (4)
RMA, MD, SCI; (5) RMA, LENG, SCI; and (6) ISOM, LENG, SCI. For columns 6 and 7: (1) RMA, LENG,
CEPH; (2) ISOM, LENG, CEPH; (3) RMA, LENG, SCI; (4) ISOM, LENG, SCI. Gaps occur in the table: because
neural process dimensions were not measured in the fish, size correction using GEN was not possible; because
the original neural length data contain zero values, the log model could not be applied to this dimension; no
size correction was necessary for neural angle (and the log operation was omitted from the metrics). I excluded
the lumbar vertebrae from the analysis for Came/us because they were absent from the Poebrotherium specimen.
Data for centrum width in Aetiocetus were taken from Emlong (1966); measurements for some cervical vertebrae
were missing, thus for centrum width all cervicals were excluded for both Aetiocetus and Balaenoptera.

2 3 4 5

Fish/Mam Rept/Mam Hyem/Rum Sciu/Squ Pat/Man

Centrum height
C Gs GGG GGGGGG dDDDii idiiii liiIII
R' GGGGG gggggg iiiiid didddd ddddDD
Cm' GG GGG sggssg dDdddd dddddd dDDddd

Centrum length
C GG GGG SGsSSG ididlI idiiiI IIIIII
R' Gg GGg SgsSSs IIIIII DDDDDD DDDDDD
Cm' GGGGG sgsssg HIIII dddddd DDDDDD

Centrum width
C GG GGG GGGGGG idiiii iddiii DDDDDD
R' GGGGG SSSSSS iiiiii dddddd IIIIII
Cm' GG GGG SgsSSs diidii diddid iddidd

Neural altitude
C GGGGGG IiIIII iddidi
R' ssssss idiiid iiiiii
Cm' sssssg dDDdDD dddddd

Neural length
C GGGGG iiiii iddii
R' SSSSS iddid DDDDD
Cm' SSSSS ddddd ddddd

Neural angle
C G d D
R' G I d
Cm' G i d

6

Aet/Bal

DdDD
IIII
DDDd

DDDD
iiii
IIii

7

Poe/Cam

DDDD
DDDD
DDDd

values for the fish and the means for mammals)
was assessed with a bootstrap (two-tail test, P :5

0.05, 500 resamplings with replacement). In the
table, G indicates that the mean complexity of
the mammals was significantly greater than the
test case, S indicates that the mammalian mean
was significantly smaller, and g and s indicate a
nonsignificant difference. Note that for most en
tries in columns 1 and 2 (and throughout table

1), different size factors and models gave con
cordant results.

The metrics agree with the qualitative assess
ment. The mammal columns are significantly
more complex than the fish column in all three
dimensions measured, for all three complexity
measures, and for almost all size-correction
schemes. Comparing the mammals with two rep
tiles, mammals have significantly greater C for
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few or no unique specializations (autapomor
phies) of its own. Both of these conditions are
met for the ancestor surrogates used (see refer
ences above). There are exceptions, ofcourse: for
example, Hyemoschus (like other Tragulids) has
some unique derived features in the areas ofthe
postorbital bar and the auditory bullae (Janis
1984). But exceptions are few, and in no case
were any significant autapomorphic features not
ed in the vertebral column.

In the phylogenetic work relied on here, Ijudged
the primitiveness of the character states of the
ancestor surrogates using a combination of out
group comparisons and fossils. In all cases the
focus was on cranial (including dental) charac
ters, not on the vertebral column, but there is no
reason to think the characters used are not a
representative sample of the morphology of the
whole organism and therefore a good indication
of its overall primitiveness.

RESULTS

Table 1(cols. 3-7) shows the direction ofchange
in complexity in the lineages and indicates which
changes are statistically significant (two-tailed test,
P ::0; 0.05; 500 resamplings with replacement; D,
significant decrease; I, significant increase; d and
i, nonsignificant change). In the comparison of
Hyemoschus with other ruminants (col. 3), mean
complexity values for 5 Hyemoschus specimens
were compared with means for 18 ruminant

o 0.5
C (sizecorrected)

FIG. 4. Plot showing how redundancy was removed
from R (squares) and Cm (triangles). R' values are the
residuals ofR from a reduced major axis for Rand C.
Cm' values are the residuals of Cm from a reduced
major axis for Cm and C. Residuals are shown here
for a single specimen, an insectivoran. As in figure 3,
the vertebral dimension is centrum height and the data
are from the 31 mammal specimens (see the text and
the Appendix).

Eo
o<l
0:

I
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all dimensions except centrum length. In the rel
ative measures, R' and Cm', the reptiles are more
complex in several dimensions, a result that may
be surprising at first. The result is reasonable,
however: because absolute complexity values (C)
for reptiles are extremely low, the small differ
entiation in the neck region is quite significant
by relative standards (R' and Cm').

A Test for a Forcing Mechanism. - The test
consists of a series of comparisons within "lin
eages," that is, between certain mammalian taxa
and their relatively underived sister taxa, which
here serve as ancestor surrogates. If a forcing
mechanism operates, then complexity should in
crease among these lineages more frequently than
it decreases.

The selection of lineages was based only on
the availability of suitable underived sister taxa,
and was therefore random with respect to com
plexity. The following taxa were used:

1. The extant chevrotain (Hyemoschus) as an
ancestor surrogate for all extant ruminants
(Janis 1984; Janis and Scott 1987).

2. The extant tree squirrel (Sciurus) for the rest
ofthe extant Sciuridae; Emry and Thorington
(1982, 1984) considered Protosciurus ances
tral to the Sciuridae and found few differences
between it and Sciurus, none of them in the
vertebral column. The propriety of placing
Protosciurus in the Sciuridae has been chal
lenged (Wood 1980; Vianey-Liaud 1984), but
its primitiveness has not been questioned.

3. The extinct Patriomanis for the extant pan
golin (Manis); Emry (1970) noted that the
Oligocene Patriomanis is the first known
member of the Manidae and described it as
intermediate in many respects between the
probable (more distant) manid ancestor Pa
laenodon and the modem genus. [This con
clusion is disputed by Patterson (1978).]

4. The extinct Aetiocetus for the extant finback
whale (Balaenoptera). Emlong (1966) de
scribed Aetiocetus as a close antecedent ofthe
modem Mysticeti, and Mchedlidze (1984) de
scribed it as intermediate between them and
the Archaeoceti.

5. The extinct Poebrotherium for the modem
camel (Camelus) (Scott 1891; Herre 1982).

Two criteria were essential in establishing an
ancestral or near-ancestral relationship: first the
ancestor had to be a sister taxon to the descen
dant group, and second, it had to be primitive
in all or most respects. That is, it had to have
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Increases Decreases

TABLE 2. Summary ofsignificant complexity changes.
To be counted, a change must have registered as sig
nificant in at least half of the various size-correction
schemes (if there was more than one) in table I, and
the direction ofchange must have been the same in all
schemes. The question marks are explained in the text.

C

Cephalophusdistribution

Ruminants and sciurids
C I I
R' 2 2
Cm' I I

Fossils

I I I C C 2 4

Caroelus Poebrotherium
R' 2 2
Cm' I 3 ??

lilll-+---C

~ Poebrotherium

FIG. 5. Schematic showing how the significance of
changes was evaluated in the fossil comparisons (col
umns 5-7 in table I). Comparisons were between single
specimens, so distributions for bootstrapping were im
ported from other taxa. In the example shown, the
(size-corrected) Cvalue for Poebrotherium is compared
to that of its descendant, Camelus. A distribution of
C values from another genus, in this case Cephalophus,
is centered on the C values of the single specimens,
and the difference between the two C values evaluated
with a bootstrap (two-tailed test, P ~ 0.05,500 resam
plings with replacement). The assumption is that dis
tributions ofcomplexity values are comparable among
genera. The distribution shown is not an actual one.
The actual distributions used consist, in one set oftests
(see table I caption), of values for seven specimens
from seven different species of Cephalophus. In the
other set, they consist of seven specimens from seven
different species of Sciurus.

specimens from 18 different ruminant genera (see
the Appendix). Size-correction and redundancy
removal regressions were based on these same
18 specimens. For the comparison of Sciurus
with other sciurids (col. 4), mean values for 7
specimens from 7 different Sciurus species were
compared with 12 specimens from 12 different
sciurid genera (see the Appendix). Size-correc
tion and redundancy-removal regressions were
also based on these 12 specimens.

Because fossil comparisons (cols. 5-7) were be
tween single specimens, no entirely appropriate
distributions were available for computing re-

gressions or assessing significance of differences.
Thus, the mammalian regressions were used for
size correction and redundancy removal, and
distributions for bootstrap tests were imported
from other genera (fig. 5). As with the fish and
reptile test cases, each entry in the table shows
results for various combinations of size factor
and size-correction model (see table 1 caption).

Table 2 summarizes the results: no tendency
to increase is evident, either in the ruminant and
sciurid lineages or in the fossil lineages.

The reason the two sets of comparisons are
tallied separately is that the difference in ro
bustness of the results may be substantial. The
fossil comparisons are less reliable, because they
are based on single specimens and because the
significance of changes was evaluated using dis
tributions imported from other taxa. The use of
alien distributions is not clearly justified, but ig
noring the statistical significance ofresults in col
umns 5-7 would not change the interpretation
anyway. Only three additions would have to be
made to table 2: one decrease in Cm', one in
crease in R', and one decrease in R'.

The fossil comparisons are also less reliable
because fossil specimens tend to be somewhat
deformed and to have rougher surfaces. As a
result, measurements from fossils contain more
noise than those from the modem columns, which
artificially increases fossil complexity values, es
pecially in Cm', The effectofnoise on complexity
can be demonstrated with simulations in which
another dose of measurement error is added to
that already present. Most R', C, and Cm' values
increase, with a maximum increase of only 5%
for R' and C but as much as 28% for Cm', Thus,
as indicated by question marks, the decreases in
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Cm' in the comparisons between fossil and mod
ern columns may not be robust.

An opposite bias is introduced by the inter
polation ofmeasurements for missing vertebrae.
This protocol ought to have little or no effect on
R' and C, but it tends to decrease Cm'. The bias
should not affect the comparisons involving
modern specimens, because the number of in
terpolations is small (less than 0.5% of all mea
surements were interpolated), and because the
decrease in Cm' should be the same, on the av
erage, in both ancestors and descendants. The
effect in the fossil comparisons, however, should
be to produce spurious increases in complexity,
because the frequency of interpolations in the
fossil specimens is much greater (about 10%)than
in the modern specimens to which they are com
pared. Such a bias is acceptable in the present
context, because it renders the test more conser
vative. It also works in the opposite direction
from the noise bias and may offset it somewhat,
although the relative magnitudes of these two
biases are unknown.

DISCUSSION

The preceding discussion takes a trend for
granted in order to inquire into its mechanism.
That is, it accepts the evolutionary conventional
wisdom that a complexity trend occurs at some
large scale, one encompassing many or most
higher taxa and some large portion ofthe history
of life. Actually, with the exception of Cisne's
(1974) study, almost no trend data are available
at any taxonomic or temporal scale (McShea
1991), but many people share the subjective im
pression of increase and this gestalt may have a
foundation in reality. In any case, ifthe absence
of hard evidence is overlooked, and if a large
scale pattern of increase in mean and maximum
complexity is granted, then either a passive or
an active mechanism (or both) is needed to ex
plain it. (For further discussion of these alter
native mechanisms, see Gould 1988.)

The Passive Mechanism.-It seems inescap
able that complexity must have increased pas
sively, at least to some extent. Consider the larg
est scale, life as a whole over its entire history.
Suppose that, in the absence of a forcing mech
anism, complexity increases and decreases are
about equally likely among all lineages. Then, if
diversity increases (on average), if a complexity
lower bound (the complexity ofthe simplest pos
sible organism) exists and is reached, and finally
ifno upper bound is reached-all reasonable as-

sumptions-mean complexity will tend to rise.
Among the most complex lineages, increases will
occur occasionally, perhaps with the advent of
new designs, and the complexity maximum will
rise. (For example, this mechanism may account
for the increase in complexity in the Precambrian
transitions from unicellular to multicellular or
ganisms). A passive mechanism may also oper
ate sometimes at smaller scales, to raise mean
and maximum complexity within individual
higher taxa or in structures within organisms (such
as the vertebral column).

Importantly, the passive mechanism does not
guarantee a long-term, monotonic, increasing
trend. Mean and maximum complexity must
passively decrease sometimes also. For example,
maximum complexity is expected to decrease
when diversity decreases, perhaps during mass
extinctions.

Also, the claim that certain complexity in
creases were passive does not deny that the spe
cific morphological changes involved were adap
tive or that they were driven by natural selection.
The implication ofthe passive mechanism is only
that complexity increases are not the result of
selection favoring complexity itself, or some close
correlate of complexity-perhaps specialization
or mechanical efficiency.

For example, a passive mechanism may ac
count for the increase in vertebral column com
plexity in the evolutionary transition from fish
to reptile. The lower bound for the vertebral col
umn is roughly the fish condition, in which the
vertebrae are more or less the same all along the
column. The fish species used here to demon
strate the metrics is highly derived, but the actual
ancestor probably had an equally undifferentiat
ed column, and column complexity could only
have increased in the course ofthe modifications
leading to reptiles. The particular vertebral mod
ifications that occurred in this transition would
have been mainly adaptations to allow loco
motion on legs and life on land, and would there
fore have been driven by natural selection. If,
however, this transition involved no increase in
specialization, mechanical efficiency, or any oth
er property thought to be connected with com
plexity (and I see no reason to think it did), then
the increase in complexity itselfwould have been
merely an adjunct effect and therefore, in an im
portant sense, passive.

Another example makes the same point for
passive change with no increase in complexity
(i.e., in the absence of a lower bound). The in-
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FIG. 6. Distinguishing active (or driven) and passive
mechanisms. Using B as an ancestor, the two mecha
nisms would be indistinguishable, because in both sys
tems, most ofB's descendants are more complex than
it. However, using A as an ancestor, starting closer to
the middle of the complexity range, the results are
different. In the driven system, most of A's descendants
(crosses) are more complex than it, while in the passive
system, the same number (asterisks) of increases and
decreases occur.

crease in neural altitude Cin the ruminants (table
I) may have been the direct result of adaptive
changes to accommodate increased size, specif
ically, disproportionate (in relation to size)
lengthening of the neural processes in the neck
for support ofa disproportionately heavier head.
And the decrease in centrum length and centrum
width C in the whale lineage (table I) may reflect
a change toward a more uniform column to ac
commodate the more uniform distribution of
stresses associated with life in the water. The
point is that the various adaptive modifications
of the vertebral column in evolution will some
times entail complexity increases and sometimes
decreases, but the important selective factors may
well be related to column function, not com
plexity itself.

A passive process such as this probably ac
counts for the major empirical finding of this
study, the roughly equal number ofincreases and
decreases in table 2.

A Methodological Aside. - These examples also
make a methodological point that will be im
portant in any future empirical tests for active
and passive mechanisms. In the fish-reptile tran
sition, an increase would be expected whether or
not selection favors complexity itself (or its cor
relates). Near a lower bound, the active and pas
sive mechanisms make the same prediction.

However, because the vertebral columns of the
lineages used in this study lie far from the lower
bound, complexity can either increase or de
crease. Increases will occur more frequently if
selection favors complexity itself, but in the ab
sence of any such selection, the expectation is
that increases and decreases will occur in about
equal numbers (as was found). The important
methodological point is that to distinguish the
active and passive patterns, the lineages exam
ined must lie far from a lower bound.

Figure 6 shows how this works in principle.
The system on the left is purely passive. Com
plexity starts low, and increases and decreases
occur with equal probability at each branching
event, except that decreases below a fixed lower
bound are not allowed. (In this case, the lower
bound is the y-axis.) The system on the right is
active or driven. The starting point and lower
bound are the same as in the passive system, but
increases are significantly more likely than de
creases. (In this particular case, which is decid
edly unrealistic but illustrates the point, only two
decreases occurred.)

In both systems, B is an ancestor lying near
the lower bound of complexity, and almost all
ofits descendants (the terminal lineages) are more
complex than it. Thus, if B were the ancestor
used in the comparison, the active and passive
mechanisms would be indistinguishable. How
ever, using A as the ancestor, starting closer to
the middle of the complexity range, the results
are different. In the driven system, all but one of
A's descendants (marked with crosses) are more
complex than it, whereas in the passive system,
the same number (asterisks) of increases and de
creases occur. (Note that the experimental setup
for the test in this study was different in detail
but applied the same logic. Instead of counting
the number of increases and decreases from a
single ancestor, multiple ancestor-descendant
pairs were used, all from somewhere around the
middle of the complexity range.)

The Active Mechanism. - The existence of an
active forcing mechanism remains uncertain. In
this first attempt to treat the problem empiri
cally, none was detected. However, the point has
been made that the comparisons presented here
cover a rather short time span (about 30 million
years) and were constrained by the limitations
on vertebral column variability within fairly spe
cialized locomotory modes. In some cases, the
point is well taken: if complexity did not in
crease, on the average, in the ruminants, it could

A

+
+ +

ACTIVE

B

PASSIVE

complexity

B
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be that the range of ways in which ruminants
run, walk, support their weight, and so forth has
expanded little throughout the history of the
group, so little opportunity for modification in
the vertebral column has occurred. (In sciurids,
the point is less apt.)

Thus, no general conclusion should be drawn
from this single, limited finding. Forcing mech
anisms may yet be found, perhaps on longer time
scales and in comparisons spanning a wider range
of locomotory modes or adaptive zones. They
may also be found in other characters, in larger
samples, or in other taxa. These are precisely the
areas in which further empirical tests are needed,
but this study does raise for serious consideration
the possibility that no forcing mechanism exists
for complexity.
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Genera Names of 31 Mammal Specimens
Ornithorhynchus
Tachyglossus
Didelphis
Macropus
Dasyurus
Hydrochoerus
Dasyprocta
Pedetes
Lagostomus
Canis
Acinonyx
Ursus
Lutra
Phoca
Odobenus
Arctocephalus
Macaca
Homo
Potamogale
Solenodon
Elephas
Phacochoerus
Giraffa
Camelus
Tapirus
Equus
Rhinoceros
Trichechus
Manis
Lepus
Balaenoptera

ApPENDIX

Genera Names of 18 Ruminant Specimens
Anti/ocapra
Odocoi/eus
Cervus
Mazama
Rangifer
Hydropotes
Hemitragus
Bison
Tetracerus
Oreotragus
Gazella
Anti/ope
Ammodorcas
Cephalophus
Capra
Ammotragus
Damaliscus
Kobus

Genera Names of 12 Sciurid Specimens
Cynomys
Callosciurus
Marmota
Ratufa
Tamiasciurus
Xerus
Sundasciurus
Spermophi/us
Dremomys
Petaurista
Aeromys
Hylopetes


