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The hierarchical structure of organisms: a scale and
documentation of a trend in the maximum

Daniel W. McShea

Abstract.—The degree of hierarchical structure of organisms—the number of levels of nesting of
lower-level entities within higher-level individuals—has apparently increased a number of times
in the history of life, notably in the origin of the eukaryotic cell from an association of prokaryotic
cells, of multicellular organisms from clones of eukaryotic cells, and of integrated colonies from
aggregates of multicellular individuals. Arranged in order of first occurrence, these three transi-
tions suggest a trend, in particular a trend in the maximum, or an increase in the degree of hier-
archical structure present in the hierarchically deepest organism on Earth. However, no rigorous
documentation of such a trend—based on operational and consistent criteria for hierarchical lev-
els—has been attempted. Also, the trajectory of increase has not been examined in any detail. One
limitation is that no hierarchy scale has been developed with sufficient resolution to document more
than these three major increases. Here, a higher-resolution scale is proposed in which hierarchical
structure is decomposed into levels and sublevels, with levels reflecting number of layers of nest-
edness, and sublevels reflecting degree of individuation at the highest level. The scale is then used,
together with the body-fossil record, to plot the trajectory of the maximum. Two alternative inter-
pretations of the record are considered, and both reveal a long-term trend extending from the Ar-
chean through the early Phanerozoic. In one, the pattern of increase was incremental, with almost
all sublevels arising precisely in order. The data also raise the possibility that waiting times for
transitions between sublevels may have decreased with increasing hierarchical level (and with
time). These last two findings—incremental increase in level and decreasing waiting times—are
tentative, pending a study of possible biases in the fossil record.
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Introduction

A good case can be made for a trend in the
degree of hierarchical structuring of organ-
isms over the history of life. The principal ev-
idence consists of two unambiguous instances
of increase: the origin of eukaryotic cells from
symbiotic associations of prokaryotic cells and
the emergence of multicellular organisms
from clones of eukaryotic cells. And arguably
there has been a third, the advent of what
might be called colonial individuals, or inte-
grated societies, from associations of multi-
cellular individuals. This sequence may rep-
resent a trend in hierarchy in a number of
senses, but here the concern is mainly with a
single sense, structural hierarchy, or the num-
ber of levels of nestedness of lower-level enti-
ties within higher-level individuals, of parts
within wholes. The sequence also represents a
trend of a special kind, a trend in the maxi-
mum, that is, an increase over time in the up-
per limit of hierarchical structure, or in the

number of levels present in the hierarchically
deepest organism on Earth.

Even a cursory review of the paleontologi-
cal evidence seems to confirm that the first
two increases (and probably all three) oc-
curred in the order listed: the first prokaryotic
cells appear in the fossil record before the first
eukaryotic cells and these before the first eu-
karyotic multicellular individuals. Given this
evidence, it is difficult to doubt that a trend oc-
curred. Indeed, the existence of a hierarchical
trend of some sort has been widely acknowl-
edged in evolutionary studies for more than a
century (e.g., Spencer 1900, 1904; Needham
1943; Stebbins 1969; Wimsatt 1976, 1994;
Corning 1983; Salthe 1985, 1993; Buss 1987;
Bonner 1988; Swenson and Turvey 1991; May-
nard Smith 1988; Maynard Smith and Szath-
máry 1995, 1999; Szathmáry and Maynard
Smith 1995; Pettersson 1996; McShea 1996a,
1998; Heylighen 1999; McShea et al. 1999;
Knoll and Bambach 2000; Wright 2000). Also,
a trend has often been a background assump-
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FIGURE 1. Schematic representation of the third level of
nestedness (arbitrarily chosen), showing its sublevels
based on degree of individuation: 3a: monomorphic ag-
gregate of level-2 entities; 3b: differentiated aggregate of
level-2 entities; 3c: differentiated aggregate of level-2 en-
tities with intermediate-level parts. An intermediate-
level part can be either a single elaborated or enlarged
lower-level entity or a subgroup of two or more lower-
level entities; in the figure, there are two of the latter
type.

tion, or a secondary theme, in contemporary
discussions of ‘‘levels of organization’’ or ‘‘in-
tegrative levels’’ (in the sense of Redfield 1942;
Novikoff 1945; Fiebleman 1955; Polanyi 1968;
MacMahon et al. 1978) and ‘‘levels of selec-
tion’’ (in the sense of Maynard Smith 1988;
Brandon 1996, 1999; Keller 1999), as well as in
discussions of the ‘‘major transitions’’ in evo-
lution (Maynard Smith and Szathmáry 1995,
1999; Szathmáry and Maynard Smith 1995).

However, rigorous documentation of the
trend is not straightforward and indeed, to
my knowledge, has never been attempted. The
main difficulty lies in developing a proper
scale for measuring hierarchical structure, or
more precisely, in devising a set of criteria for
levels that is both operational and consistent.
Operational criteria—which for fossils means
morphological criteria—are required for ob-
jectivity. Without operational criteria for the
multicellular level, for example, we have no
way to determine objectively which fossil oc-
currence corresponds to the first multicellular
organism. Consistency is also important. We
need a single set of criteria that can be applied
to organisms at all levels, across the hierarchy
spectrum, from prokaryotic cells to colonies of
multicellular individuals. It might be tempt-
ing to adopt a unique set of criteria for each
level, for example, a nucleus and a cytoskele-
ton as criteria for the eukaryotic-cell level and
the presence of tissues for the multicellular
level. The problem with this approach is that
it would leave us with no common scale, and
the various transitions would not represent
change in the same dimension.

Beyond these two minimal requirements,
another virtue in a structural hierarchy scale
would be high resolution. As conventionally
configured, the scale recognizes only four hi-
erarchical levels—at least among those for
which fossil evidence of first occurrences is
available—and therefore three increases over
the history of life. Thus, even with operational
and consistent criteria, very little could be
said about the pattern of increase, about
changes in rate of increase, for example.

Here I propose a scale that is operational in
that the criteria on which is it based are mor-
phological (and can therefore be applied to
fossils). It is also consistent in that the criteria

can be applied to all levels, across the hierar-
chy spectrum. Further, the scale offers mod-
erately high resolution in that the four conven-
tionally recognized levels are each subdivided
into three discrete sublevels. (As will be seen,
the scale also has a number of limitations.) I
then use the scale to document a trend in max-
imum hierarchical structure using the fossil
record.

It should be pointed out that a low-resolu-
tion scale has been developed recently by Pet-
tersson (1996). His scale is based on two cri-
teria for hierarchical levels, what he called the
‘‘compositional criterion’’ and the ‘‘duality
criterion’’ (see below), both of them operation-
al and consistently applicable. However, Pet-
tersson provided only very rough estimates of
first occurrences and did not describe the fos-
sil evidence on which his estimates were
based. (See Pettersson 1996: Fig. 2.4.) The scale
I propose includes Pettersson’s criteria, among
others, and thus could be understood as a fur-
ther development of his approach.

Complexity. Hierarchical structure is an as-
pect of complexity, which in turn is often un-
derstood in a broad sense as a kind of sum-
mary term for organismal features associated
with adaptedness, sophistication, intelligence,
or progress generally (e.g., Wright 2000). My
concern is only with complexity in a narrow
sense, having to do with physical structure, or
with what I have elsewhere called ‘‘object
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FIGURE 2. An expansion of Figure 1, showing the hierarchical range considered here, with examples of organisms
occupying each level. Criteria for sublevels, examples, and interpretative conventions are as follows: (1) Level a:
monomorphic aggregates. These are aggregates of two or more lower-level entities that remain reliably attached
over some significant portion of their existence, e.g., longer than the time required for mating. Examples: 2a: fila-
mentous cyanobacteria (e.g., Oscillatoria) in which all cells in the filament have approximately the same morphology;
3a: undifferentiated aggregates of eukaryotic cells (Gonium); 4a: colonies of the major zoantharian coral groups, in
which polyps and corallites are essentially undifferentiated. (2) Level b: differentiated aggregates. These are at-
tached aggregates with two or more different morphological types. (Convention: as in various studies of numbers
of part types, degree of differentiation among types is assessed subjectively [Cisne 1974; Bonner 1988; Valentine et
al. 1994].) Examples: 2b: heterocystous cyanobacteria (Anabaena); 3b: various multicellular algae, such as the xan-
thophycean Vaucheria, which has differentiated vegetative cells and spores; 4b: dendroid graptolites, which had two
or more zooid types. (Convention: haploid cells, such as sex cells, in diploid organisms do not count as differen-
tiated types.) (3) Level c: differentiated aggregates with intermediate-level parts. To qualify, parts may consist either
of a subgroup of two or more lower-level entities or a single lower-level entity that is hypertrophied or elaborated
in various ways. Examples: 2c: modern eukaryotic cells; the portion of the cell that is homologous with the original
archaebacterial host plus structural additions, including microtubular structures, intracellular membranes, etc., but
excluding former endosymbionts (e.g., mitochondria, chloroplasts), is an elaborated lower-level entity; 3c: tissue-
and organ-grade metazoans, with tissues and organs constituting subgroups of cells; 4c: cyclostome bryozoan spe-
cies with clusters of nonfeeding zooids (or lower densities of feeding zooids), called maculae (Boardman and Chee-
tham 1987; Taylor 1999), possibly functioning as excurrent chimneys for the colony as a whole (Banta et al. 1974).
(Convention: in prokaryotic cells, identifying intermediate-level parts is not straightforward, but subjectively the
cells are highly individuated and therefore assigned to level 1c, rather than 1a or 1b.)

complexity’’ (McShea 1996a,b). Further, it is
only with the hierarchical aspect of structure,
or what Sterelny (1999; see also Sterelny and
Griffiths 1999) has called ‘‘vertical complexi-
ty,’’ and not (directly) with ‘‘horizontal com-

plexity,’’ number of types of parts at a given
level (e.g., Cisne 1974; Bonner 1988; McShea
1993; Valentine et al. 1994).

The exclusive focus on structure may strike
some as overly limiting, especially insofar as
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it overlooks the developmental or genetic pro-
cesses involved in the generation of structural
hierarchy (many of them also hierarchical, but
in a different sense [see Salthe 1993; Raff 1996;
McShea 1996a,b; Arthur 1997]) and the eco-
logical circumstances in which hierarchical
structure arises. However, the omission re-
flects a deliberate strategy of avoiding com-
pound concepts, of keeping variables distinct,
which is necessary initially in order ultimately
to study the relationships among them. For ex-
ample, to investigate the relationship between
the structural and developmental hierarchies
in organisms, we would need to be able to as-
sess each independently. Thus, the treatment
here could be understood as a first step in a
number of such investigations, offering a way
to measure objectively one of the relevant var-
iables, structural hierarchy.

Related Work. This treatment differs from
the various studies of particular episodes of
hierarchical increase, such as the origin of the
eukaryotic cell. Here the focus is at a larger
scale, on features common to all hierarchical
transitions. It also differs from the various
studies of the mechanism involved in transi-
tions (e.g., Leigh 1983, 1991; Salthe 1993; May-
nard Smith and Szathmáry 1995; Szathmáry
and Maynard Smith 1995; Michod 1999), be-
cause my concern is with the detection and
measurement of hierarchical structure rather
than how it arises.

Finally, an important difference with the
conceptual scheme developed recently by
Maynard Smith and Szathmáry (1995, 1999;
Szathmáry and Maynard Smith 1995) needs to
be pointed out. They offered a list of eight
‘‘major transitions,’’ including the three dis-
cussed above, most (but not all) of which in-
volve lower-level entities joining to form a
higher-level individual, i.e., increases in struc-
tural hierarchy. However, another common
feature of most of their transitions, and the
one to which they drew attention, was that
lower-level entities lose the ability to replicate
independently. Based on this criterion, their
scheme constitutes what might be called a
process hierarchy (McShea 1996a,b) or a con-
trol hierarchy, rather than a structural hierar-
chy; in other words, their concern is with a
fundamentally different phenomenon.

A Hierarchy Scale

The scale is based on a conceptual decom-
position of hierarchical structure into two
components, number of levels of nestedness
and degree of individuation of the entity at the
highest level.

Nestedness. Nestedness refers to physical
containment or inclusion: a higher-level indi-
vidual contains entities from the next lower
level, and includes them as parts. Thus, the
nestedness criterion is comparable to Petters-
son’s (1996) ‘‘compositional criterion,’’ which
requires that higher-level entities materially
consist mainly of entities at the next lower lev-
el. (See also inset 4 of the figure in Bunge 1959;
Simon 1962; Pattee 1970; Salthe 1985, 1993;
Valentine and May 1996; McShea 1996a,b.) To
this I add a requirement that lower-level en-
tities be bounded, and also a further require-
ment that lower-level entities be spatially ag-
gregated and attached to each other, an indi-
cation that they interact in some way and that
their behaviors are correlated (Campbell 1958;
McShea and Venit 2001). The effect of both re-
quirements is to limit consideration to higher-
level individuals that are manifest as objects
and in which nestedness is a directly observ-
able topological relationship.

Real systems are hierarchically deep, per-
haps bottomless, and therefore a count of
number of levels of nestedness must be rela-
tive to some arbitrarily chosen starting point.
Here, the starting point is the prokaryotic cell
and its level of nestedness arbitrarily desig-
nated level 1. The second level of nestedness,
level 2, is occupied by aggregates of prokary-
otic cells (e.g., eukaryotic cells), level 3 by ag-
gregates of level-2 organisms (e.g., eukaryotic
multicellular organisms), and level 4 by ag-
gregates of level-3 organisms (e.g., colonial in-
dividuals).

Implicit in this numbering scheme is a re-
quirement that lower-level entities must be ho-
mologous with organisms in a free-living
state, either extant or extinct. (This require-
ment appears to correspond closely with Pet-
tersson’s [1996] ‘‘duality criterion’’ and has the
effect of limiting occupation of levels of nest-
edness to present and former ‘‘levels of selec-
tion,’’ in Brandon’s [1999] sense.) A conse-
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quence is that certain sorts of intermediate-
level parts that might seem to represent levels
of nestedness are deemed to lie between num-
bered levels and thus are not assigned levels
of their own. For example, in a multicellular
organism, a segment, tissue, or organ that has
been interpolated between a multicellular in-
dividual and the cell is not assigned to a level
of nestedness. However, as will be seen, these
structures do contribute to the individuation
of entities at the next highest level, in this case
the multicellular level.

Notice that the numbering scheme above
would need to be realigned if actual, historical
sequences of hierarchical change were discov-
ered to differ in critical ways from the con-
ventional view (as has been suggested by
Dewel [2000]). For example, if a segment in an
arthropod is actually homologous with some
ancient multicellular organism at level 3, then
an arthropod as a whole would constitute a
highly individuated colony at level 4.

Two further points need to be made in con-
nection with these criteria, the first concerning
the requirement that lower-level entities be or-
ganized as attached aggregates. (The bound-
edness requirement is discussed later.) A
higher-level individual could be present even
where lower-level entities are unattached and
somewhat dispersed (Gould and Lloyd 1999;
McShea and Venit 2001), as in a social insect
colony and perhaps in certain multispecies
ecological associations (e.g., stromatolites).
However, the pattern of interaction among
parts that confers individuality at the higher
level will generally be difficult to detect in fos-
sils. For this practical reason, such somewhat
dispersed colonies and ecological associations
are excluded here (although including them
may be possible in examinations of hierarchy
in modern organisms).

The second point is that attached aggregates
of lower-level entities may arise by any evo-
lutionary route. They can arise by aggregation
of independent lower-level entities, as proba-
bly occurred in the origin of the eukaryotic
cell from disparate prokaryotic species. (No-
tice that members of an aggregate need not be
related; the concern here is with what Eldredge
and Salthe [1984] called the ‘‘ecological hier-
archy’’ rather than the ‘‘genealogical hierar-

chy.’’) Aggregates can also arise by replication
of a lower-level entity and continued associa-
tion of its progeny, as may have occurred in
the origin of the first aggregates of eukaryotic
cells. Finally, they can arise by enlargement
and partitioning of a single lower-level entity.

Individuation. For each level of nestedness,
we can recognize degrees of ‘‘individuation’’
(Salthe 1985) at the highest level, or the degree
to which the highest-level entity in a nested
sequence constitutes a unified whole. In prin-
ciple, to operationalize ‘‘individuation,’’ cri-
teria could be drawn from those that have
been devised on the basis of theory, such as
connectedness (or integration), cohesiveness,
isolation, the ability of entities at a given level
to serve as boundary conditions for lower-lev-
el entities, and so on (Campbell 1958; Simon
1962; Hull 1980; Allen and Starr 1982; Salthe
1985; Mishler and Brandon 1987; Ghiselin
1997; Gould and Lloyd 1999; Wagner and
Laubichler 2000; McShea and Venit 2001).
However, many of these are difficult to mea-
sure using morphology alone. An alternative
approach is to draw criteria from phenome-
nological studies of hierarchical transitions.
Here I drew three from Beklemishev’s (1969;
see also Boardman and Cheetham 1973) list of
morphological transformations involved in
the emergence of colonial individuals, mainly
in marine invertebrate colonies. Generalized
to make them applicable to all levels, the se-
lected criteria are: (1) connectedness (a gen-
eralization of what Beklemishev calls ‘‘integra-
tion’’), (2) differentiation (‘‘polymorphism’’),
and (3) the presence of intermediate-level
parts (‘‘cormidia’’). In adopting these, the as-
sumption is that they are correlates of the the-
oretical criteria.

Notice that other criteria could have been
chosen from Beklemishev’s list, or from other
treatments of colony individuation (Board-
man and Cheetham 1973; Coates and Oliver
1973; Cook 1979; Lidgard 1985, 1986; Lidgard
and Jackson 1989); an expanded set of criteria
might prove useful in future studies. Also, no-
tice that the set of criteria adopted here is
broader than that in an earlier paper (McShea
1996a), where individuation was a function of
connectedness alone.

Figure 1 shows how these three individua-
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tion criteria are used to define three sublevels,
a, b, and c. Figure 2 and its caption provide
examples and describe certain interpretative
conventions.

The first and lowest sublevel, a, is occupied
by undifferentiated (monomorphic) aggre-
gates of lower-level entities in which the enti-
ties are attached, with attachment interpreted
in this context as an indicator of at least min-
imal connectedness (first criterion above). The
second sublevel, b, is occupied by connected
aggregates in which the lower-level entities
are differentiated (second criterion) into at
least two different types. And at the third, c,
are differentiated aggregates with intermedi-
ate-level parts (third criterion), or structures
that are larger than a typical lower-level entity
but a subset of the entire aggregate (Anderson
and McShea in press).

For present purposes, intermediate-level
parts are limited to those that contain at least
one lower-level entity. Such a part might con-
sist either of a subgroup of two or more lower-
level entities or of a single lower-level entity
that is enlarged or elaborated in various ways.
Thus, certain intermediate-level objects are
excluded, in particular those that do not con-
tain even one lower-level entity, or what have
also been called ‘‘extrazooidal parts’’ (Board-
man and Cheetham 1973). Examples are the
sheaths enclosing cyanobacterial filaments
and the mucilaginous masses embedding cer-
tain aggregates of eukaryotic cells (e.g., Pro-
terospongia, a choanoflagellate).

Among the three criteria, connectedness is
a special case. One reason is that attachment,
a criterion for nestedness, is also treated as an
indicator of connectedness, a criterion for in-
dividuation. A consequence is that, in effect,
the individuation of a higher level of nested-
ness begins at the moment of its formation
(Fig. 1).

Connectedness is also a special case in that,
unlike differentiation and intermediate parts,
we have prior reason to think that its relation-
ship with individuation may not be monoton-
ic. That is, while individuation presumably
rises with moderate increases in connected-
ness—including increases beyond mere at-
tachment, such as the advent of new channels
for signaling or nutrient sharing (not consid-

ered here)—extreme connectedness may tend
to undermine individuation and thus to un-
dermine hierarchical structure (Wimsatt 1974;
Anderson and McShea in press). It was for this
reason that boundedness of lower-level enti-
ties was required for nestedness, to reduce the
likelihood of overconnectedness. A consequence
of this requirement is that multinucleate (coe-
nocytic) eukaryotic cells—in which boundar-
ies among nuclei are absent and connected-
ness is presumably extreme—are assigned to
the same hierarchical level as mononucleate
cells, even those multinucleate forms with
structurally complex thalli (e.g., some dasy-
clad algae).

Alternative Theoretical Bases for the Scale.
The aggregation-differentiation-intermediate-
parts sequence is an expected consequence of
the emergence of a higher level of selection (in
Brandon’s [1999] sense), or in other words, of
selection acting on a higher-level entity. (For
general discussions, see Corning 1983, 1997;
Leigh 1983, 1991; Buss 1987; Bonner 1988,
1998; Maynard Smith 1988; Sober and Wilson
1994; Brandon 1996, 1999; Keller 1999; Michod
1999; also see a recent special issue of Ameri-
can Naturalist [1997].) In particular, Bonner
(1988) argued that the emergence of a higher-
level individual is favored by selection for
large size and further that size increase favors
division of labor and therefore differentiation
among lower-level entities (see also Corning
1983; Buss 1987; Bell and Mooers 1997). This
argument might be extended to predict inter-
mediate-level parts: as the size of the higher-
level individual increases, the size of any sin-
gle lower-level entity relative to the whole de-
creases, and therefore its ability to effectively
perform functions for the whole, working
alone, declines (Anderson and McShea in
press). Thus, selection might favor collabora-
tions among groups of lower-level entities, or
enlargements and elaborations of single ones,
i.e., intermediate-level parts.

The three criteria and their ordering are
also consistent with the predictions of Spen-
cer’s (1904) metaphysic, with the logic of what
he calls ‘‘general evolution.’’ Spencer argued
that systems of elements in which the domi-
nant forces are aggregative tend to become
differentiated as aggregation proceeds. One
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reason is that elements within the aggregate
are subject to different forces by virtue of their
differing locations within the whole—e.g., in-
ternal versus external—and these differences
in forces produce differentiation. His argu-
ment also predicts local integration of groups
of similarly differentiated elemental types, a
process that he calls segregation, and that
could be construed to account for at least some
kinds of intermediate parts.

Properties of the Scale. 1. The sublevels are
designed as a logically dependent sequence,
meaning that individuals meeting the criteria
for a given sublevel also meet the criteria for
all lower sublevels at the same level of nest-
edness. In other words, to qualify as a differ-
entiated aggregate with intermediate parts
(level Xc, where X is an integer), an organism
must also be a differentiated aggregate (level
Xb). And obviously, to be a differentiated ag-
gregate, an organism must at least be an ag-
gregate (level Xa).

However, logical dependence among the
sublevels does not cross the boundaries be-
tween levels of nestedness; level X individuals
need not be composed of level (X 2 1)c entities
but could instead be composed of (X 2 1)b or
(X 2 1)a entities. More concretely, a kind of
meta-association of bacterial cells—a simple
aggregate of aggregates—would (if it existed)
occupy level 3a, along with undifferentiated
aggregates of eukaryotic cells, such as Gonium
(in its vegetative phase) (see Kirk 1998; see
also Fig. 2 caption). Thus, Figure 1 is mislead-
ing in that it creates the visual impression that
the scale represents a single dimension. In
fact, it has two dimensions, nesting and indi-
viduation.

Interestingly, however, in my review of the
fossil record (see below), all organisms con-
sidered, at all levels (Xa, Xb, Xc), seemed to be
composed of highly individuated lower-level
entities, level (X 2 1)c, or at least no exceptions
were recognized. (Exceptions doubtless exist,
but their rarity is, so far as I know, unex-
plained. Perceptual biases may be at work, but
biological constraints may be worth investi-
gating as well.) Thus, absent independent var-
iation in nestedness and individuation, it
seemed reasonable to collapse the two dimen-
sions into a single scale. However, the breaks

in the horizontal axes in the figures are an ac-
knowledgment and a reminder of the fact that
two dimensions are represented.

2. The scale imposes no requirement on the
evolutionary route that organisms must follow
to reach a given level (logical dependence not-
withstanding). In particular, there is no re-
quirement that higher-level organisms arise in
evolution by ascending the hierarchy scale one
level or sublevel at a time. It should be obvious
that sublevels can be skipped. For example, in
the origin of the eukaryotic cell, probably a
level-2b individual arose directly from level-
1c individuals. At a higher level of nestedness,
an analogous hierarchical transition occurs
when a free-living eukaryotic cell adopts a eu-
karyotic cell of another species as an endo-
symbiont (Delwiche 1999), a jump from level
2c to 3b.

In contrast, skipping of whole levels of nest-
edness might seem impossible, in that the or-
igin of a new higher level would seem to de-
pend on the prior existence of entities at the
next lower level. In fact, this is not the case; in
principle, an individual at level of nestedness
X could give rise directly to another at level X
1 2, although the mechanistic barriers to such
a transition are undoubtedly enormous. Of
course, such an extraordinary event would not
be classified as a two-level jump until an in-
dividual from level X 1 1 assumed a free-liv-
ing existence, but in principle this could hap-
pen later. The point is that, as a matter of logic,
the order of first occurrences of levels is com-
pletely unconstrained.

3. The various sublevels are defined by dif-
ferent criteria, and therefore do not capture
individuation in exactly the same sense. A
consequence is that the ‘‘distances’’ between
adjacent sublevels are not the same in any
sense.

4. Finally, in this scheme, levels are not de-
fined by organisms (Salthe 1985). For example,
level 2c is not defined as the eukaryotic-cell lev-
el; rather, eukaryotic cells are said to occupy it.
As will be seen, the first level-2c organism rec-
ognizable in the fossil record is a eukaryotic
cell, but in principle it could have been a non-
eukaryotic occupant of that level. Indeed, pro-
karyotes meeting the level-2c criteria are
known today; for example, in the myxobacte-
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FIGURE 3. A possible expansion of the portion of the
scale shown in Figure 1. On this modified scale, higher
levels of individuation can be assessed, i.e., space is cre-
ated to the right of sublevel 3c in which to plot organ-
isms with greater connectedness than that required for
aggregation and attachment, with differentiation of low-
er-level entities into more than two types, or with more
than one intermediate-level part; see text. Thus, the cir-
cle at level 3c might represent Volvox, a cell aggregate
with two cell types and a single intermediate part (veg-
etative cells organized to form a flagellated shell), while
the fully shaded circle to the right might represent a
more individuated multicellular organism such as a
mollusk or an echinoderm, i.e., one with greater con-
nectedness, more cell types, and more intermediate
parts. The scale for levels 1, 2, and 4 could be expanded
in the same way.

rium Chondromyces, cells aggregate and differ-
entiate to form a stalked fruiting body (e.g.,
Kaiser and Losick 1993). The stalk, for exam-
ple, is an intermediate-level part, and there-
fore Chondromyces occupies level 2c.

It is worth recalling in this context that the
scale and its criteria are concerned only with
structural hierarchy, and therefore many of
the key innovations exhibited by organisms,
including many with profound functional sig-
nificance, will not be directly relevant in as-
sessing the hierarchical level they occupy. Or
at least, any significance they have as indica-
tors of structural hierarchy is not a direct con-
sequence of their functional significance. For
example, many innovations occurred in the
evolution of the eukaryotic cell, but only two
are relevant here for assessing its hierarchical
level: (1) symbiotic association of distinct spe-
cies of prokaryotic cells to produce, in effect,
a differentiated prokaryotic aggregate; and (2)
elaboration of one of the symbionts, the ar-
chaebacterial host, with internal membranes,
cytoskeleton, etc., to the point where the host
qualified as an intermediate-level part. The
cytoskeleton, for example, may have repre-
sented a key innovation in functional terms,
but in structural-hierarchical terms it consti-
tuted only one element among many in the
elaboration of the host.

Limitations. 1. Some aspects, or dimen-
sions, of hierarchical structuring are not cap-
tured by the scale. In particular, consideration
is limited to cases in which the entities form-
ing aggregates are of similar hierarchical
depth: prokaryotic cells forming aggregates
with other prokaryotic cells, eukaryotic cells
with other eukaryotic cells, etc. Thus, hierar-
chical organization that is produced by aggre-
gates of individuals of differing hierarchical
structure—such as associations between ver-
tebrates or insects and their gut bacteria—is
overlooked. Further, the scale, as understood
here, is insensitive to certain topological dif-
ferences that might seem hierarchically signif-
icant. For example, two very different topolo-
gies can be found at level 2c: eukaryotic cells
in which some members of the aggregate lie
inside another, and colonial myxobacteria, in
which all members are external to each other.

2. Evaluation of hierarchical sublevel is

based on degree of individuation only at the
highest level, and therefore losses at lower lev-
els—e.g., losses of differentiated parts in the
cells of multicellular organisms (e.g., human
hemocytes) (McShea in press)—do not regis-
ter.

3. The scale, as configured in Figures 1 and
2, captures only the initial steps in the for-
mation of hierarchical structure, the first for-
mation of connections (i.e., aggregation), the
first incidence of differentiation, and the first
intermediate part. And thus further increases
in connectedness, differentiation, and inter-
mediate structuring are overlooked. As a re-
sult, a highly individuated bilaterian, such as
an octopus, registers as no more complex hi-
erarchically than an anemone; both lie at level
3c. Figure 3 shows one way that the scale
could be expanded to distinguish higher lev-
els of individuation. Also, the scale overlooks
other indicators of increased individuation,
such as the advent of extrazooidal parts (see
above). In principle, other indicators could be
incorporated either by increasing the dimen-
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sionality of the scale or, if logical dependence
could be preserved, by adding further sublev-
els—d, e, f, etc.

4. Even using morphological criteria, hier-
archical classification of certain organisms
will inevitably be somewhat subjective. De-
veloping a perfectly operational scale would
be easy if organisms were organized like cer-
tain artificial systems, especially those in
which hierarchical structure has been engi-
neered, such as nested boxes. However, organ-
isms are hierarchically complex to some extent
(Wimsatt 1974), in ways that will occasionally
confound any morphology-based scheme, in-
cluding this one. Given these limitations, it is
worth emphasizing that the scale is a first at-
tempt, and that others are possible, some per-
haps less problematic.

A Trend in the Maximum

The following procedure was used to doc-
ument a trend in the maximum. A list of can-
didates for first occurrences (not shown) was
drawn from the paleontological literature, and
each was assigned to a hierarchical level based
on its morphology. Then the list was ordered
according to time of first occurrence and
culled to leave only first occurrences for each
level (Table 1; see Appendix for rationales for
level assignments).

Only body fossils were considered. And in-
ferences regarding the structure of fossil spe-
cies were in many cases based on analogy
with modern representatives. For some first
occurrences, other methods could have been
used. For example, molecular clocks have been
used to date the origin of the Metazoa (Wray
et al. 1996), and molecular markers have been
used to establish the first occurrence of organ-
isms with certain features of eukaryotic chem-
istry (Brocks et al. 1999), and therefore possi-
bly the first occurrence of eukaryotic cells.
However, for consistency—so that all data
would be subject to the same sources of er-
ror—the body-fossil record was not supple-
mented with inferences based on these meth-
ods.

Owing to imperfect preservation, some can-
didates for first occurrences could not be as-
signed with confidence to any single hierar-
chical level, especially those that may have no

modern analogue. In these cases, a range of
possible hierarchical levels was assigned. For
example, the Ediacaran Rangea has been inter-
preted as a pennatulacean octocoral (Jenkins
1985) (level 4c). But the Ediacaran frondlike
forms as a group have also been interpreted as
having a quilted, pneumatic structure (Sei-
lacher 1989), hierarchically equivalent to a
multinucleate eukaryotic cell (level 2c). To take
these uncertainties into account, two lists of
possible first occurrences were compiled, one
by assigning each candidate to the highest hi-
erarchical level in its range, i.e., taking a ‘‘per-
missive’’ view of its morphology (left group of
columns in Table 1), and the other by assign-
ing each to the lowest level in its range, i.e., a
‘‘restrictive’’ view (right group).

First occurrences for the permissive and re-
strictive views are graphed in Figure 4. Both
sets of data points show a long-term trend, a
pattern of increase in hierarchical structure
extending over the Precambrian and into the
early Phanerozoic. The lines in the figure are
outer envelopes that show the trajectory of the
maximum on the assumption that a hierarchi-
cal level, once achieved, was never lost. Ex-
tinction is common and the loss of all species
occupying a level is always a possibility, but
the protocol is probably appropriate for the
Archean and Proterozoic in which absence
from the record is likely to be an especially
poor indicator of real absence. Notice that the
fitting of outer envelopes eliminates decreas-
es, forcing the trajectories to be monotonic,
but that all increases are real (i.e., not pro-
duced by the method). Thus, the observed tra-
jectories are evidence against a number of
possible alternatives, such as an early, rapid
increase in maximum hierarchical structure
followed by long-term stasis.

The difference between the permissive and
restrictive envelopes shows the uncertainty
associated with assigning hierarchical level.
But it should be noted that there are other
sources of error, such as that associated with
dating fossil specimens (although accuracy
and precision have improved in recent years
[Bowring and Erwin 1998]). Also, the maxi-
mum is a statistic that is very sensitive to sam-
ple size, and the density of fossil occurrences
is extremely uneven over the Precambrian
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TABLE 1. Possible first occurrences of hierarchical levels.

Hierarchical
level

Level
description
(principal

occupants)

Permissive view

Description

Alternative
interpreta-

tions
Source for

interpretation
Stratigraphic

unit
Date (Ma)
(source)

1c Solitary pro-
karyotic
cell

Spheroids resem-
bling cyanobacte-
ria

Nonfossils Walsh 1992 Onverwacht
Group, Bar-
berton
Mountain
Land,
South Afri-
ca

3445 to 3416
(Walsh
1992)

2a Monomorphic
aggregate
of prokary-
otic cells

Carbonaceous fila-
ments

Schopf and
Packer 1987

Apex Basalt,
Warra-
woona
Group,
Western
Australia

3465 (Schopf
1993)

2b Differentiated
aggregate
of prokary-
otic cells

Archaeoellipsoides;
akinetes of nosto-
calean cyanobac-
teria

Amard and Ber-
trand-Sarfati
1997

Franceville
Group, Ga-
bon

2065 (Amard
and Ber-
trand-Sarfati
1997)

2c Diff. aggr.
with inter-
mediate
parts (euk.
cell)

Kildinosphaera, Leios-
phaeridia; sphaero-
morph acritarchs

2a Zhang 1986 Chuanling-
gou Fm.,
North Chi-
na

1900 to 1800
(Knoll 1992;
Porter and
Knoll 2000)

3a Monomorphic
aggregate
(simple
euk. cell
aggr.)

Grypania; spirally
coiled eukaryotic
cell

2c Han and Runne-
gar 1992

Negaunee
Fm., Michi-
gan

2100 (Han and
Runnegar
1992) to
1850 (Porter
and Knoll
2000)

3b Differentiated
aggregate
(diff. euk.
cell aggr.)

Bangiophyte red
alga; unbranched
uniseriate fila-
ments

3a Butterfield et al.
1990

Hunting Fm.,
Somerset
Island,
Canada

1250 to 1100
(Kah et al.
1999)

3c Diff. aggr.
with inter-
mediate
parts (mul-
ticellular
individual)

Megascopic, carbo-
naceous, leaf-
shaped algae

? Zhu and Chen
1995

Tuanshanzi
Fm., North
China

1850 to 1600
(Zhu and
Chen 1995)

4a Monomorphic
aggregate
(simple col-
ony)

Moorowipora, Ar-
rowipora; cerioid
corals

Sorauf and Sava-
rese 1995;
Scrutton 1997

Lower Cam-
brian (Bo-
tomian),
Moorowie
Fm., South
Australia

519 to 510
(Bowring
and Erwin
1998)

4b Differentiated
aggregate
(differenti-
ated colo-
ny)

Dendroid grapto-
lites

Berry 1987 Various Mid-
dle Cam-
brian

509 to 500
(Bowring
and Erwin
1998)

4c Diff. aggr.
with inter-
mediate
parts (colo-
nial indi-
vidual)

Charniodiscus, e.g.,
frondose penna-
tulacean octocor-
als

2c Jenkins 1992;
also Jenkins
and Gehling
1978; Conway
Morris 1993

Mistaken
Point, New-
foundland,
Canada

565 (Groting-
zer et al.
1995)
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TABLE 1. Extended.

Restrictive view

Description
Alternative

interpretations
Source for

interpretation
Stratigraphic

unit
Date (Ma)
(source)

Carbonaceous fila-
ments

Schopf and Packer
1987

Apex Basalt, Warra-
woona Group,
Western Australia

3465 (Schopf
1993)

Archaeoellipsoides; aki-
netes of nostocalean
cyanobacteria

Amard and Ber-
trand-Sarfati 1997

Franceville Group,
Gabon

2065 (Amard and
Bertrand-Sarfati
1997)

Grypania; spirally
coiled eukaryotic cell

3a Han and Runnegar
1992

Negaunee Fm.,
Michigan

2100 (Han and
Runnegar 1992)
to 1850 (Porter
and Knoll 2000)

Bangiophyte red alga;
unbranched uniser-
iate filaments

3b Butterfield et al.
1990

Hunting Fm., Som-
erset Island, Can-
ada

1250 to 1100 (Kah
et al. 1999)

Palaeovaucheria; xantho-
phyte algal filaments
with septate termini

Woods et al. 1998 Lakhanda Fm., Si-
beria

.1000 (Rainbird
et al. 1998)

Nimbia, Vendella, Irridi-
nitus?; oldest Edi-
acaran-like forms

Hofmann et al. 1990 Twitya Fm., NW
Canada

600 (Hofmann et
al. 1990; Grot-
zinger et al.
1995; see text)

Moorowipora, Arrowipo-
ra; cerioid corals

Sorauf and Savarese
1995; Scrutton
1997

Lower Cambrian
(Botomian), Moo-
rowie Fm., South
Australia

519 to 510 (Bow-
ring and Erwin
1998)

Dendroid graptolites Berry 1987 Various Middle
Cambrian

509 to 500 (Bow-
ring and Erwin
1998)

Dianulites; stenolae-
mate bryozoan

Taylor and Wilson
1999

Lower Ordovician
(Arenigian), Fill-
more Fm., Utah

483 (Bowring and
Erwin 1998)
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FIGURE 4. The trajectory of maximum hierarchical
structure (horizontal axis) over time (vertical axis). Ab-
solute ages are based on recent published estimates for
the stratigraphic unit in which the specimen was found
(see Table 1); uncertainties in dating were accommodat-
ed using range midpoints. The diamonds show first oc-
currences based on a permissive view, with each can-
didate organism assigned to the highest hierarchical
level in its range; the squares shows the trajectory based
on a restrictive view, with each assigned to the lowest
level in its range (see text). The data points coincide in
cases where the same taxon qualified in both views as a
first occurrence of the same level (levels 2a, 2b, 4a, 4b).
The lines are outer envelopes showing the trajectories on
the assumption that the maximum did not decrease, i.e.,
that a hierarchical level, once achieved, was never lost:
dotted line 5 permissive; solid line 5 restrictive; see
text. The first data point, for solitary prokaryotic cells
(level 1c), was not included in either outer envelope, be-
cause its first known occurrence slightly postdates the
first prokaryotic filaments (level 2a).

(Schopf 1992a). Thus, the data set should also
be taken as a first attempt, one that will doubt-
less need to be modified in light of future fos-
sil finds and reinterpretations.

The possibility of systematic bias also gives
some reason for skepticism. For example, sup-
pose that the highest level considered here, 4c,
had actually arisen very early (contrary to Fig-
ure 4), perhaps in a series of rapid steps early
in the Archean, with the maximum remaining
stable since that time. Further suppose that the
probability of any given organism appearing
in the fossil record has increased over time
(perhaps because of an increase in preserved
volume of sedimentary rock) and that species
at higher levels tend to have much smaller
population sizes than those at lower levels. In
that case, the sparse early record might con-
tain only representatives of the large-popula-
tion taxa at low hierarchical levels, the more
complete later record might contain the entire
range of levels, and the maximum would ap-

pear to increase over time. It would be very
surprising if this or any other bias was suffi-
cient to produce the appearance of a trend
where none existed. However, pending a
study of possible biases, all interpretations of
the details of the pattern in Figure 4, including
those that follow, should be considered ten-
tative.

These problems acknowledged, suppose
that the data do accurately report the timing
of first occurrences. First, notice that all sub-
levels between solitary prokaryotic cell (level
1c) and colonial individual (level 4c) are oc-
cupied. This need not have been the case, be-
cause sublevels can be skipped in evolution, as
discussed. Second, notice that the levels of
nestedness arise in order; i.e., level 2a predates
level 3a, which in turn predates level 4a. This
was not logically necessary, as discussed, but
it is unsurprising on the assumption that a
higher-level individual at any given level of
nestedness would arise most readily as an ag-
gregate of entities from the next lower level.
What is more surprising is that, at least in the
restrictive view, sublevel first occurrences also
fall (almost) in order. (Level 1c is the lone ex-
ception.) One obvious explanation is that for
individuation as well as for nestedness, skip-
ping of levels occurs with much lower proba-
bility than incremental (single-sublevel) in-
creases.

Interestingly, this incremental increase in
the maximum is not produced by a single lin-
eage. In other words, there is no single ex-
treme lineage that mounts the hierarchical
ladder one rung at a time, producing an in-
cremental rise in the maximum with each step.
Rather, most first occurrences appear to be
representatives of different and often distant-
ly related groups. For example, in the restric-
tive view, the first representative of level 4a is
a coral, but the first representative of 4b is a
graptolite, and the first 4c is from yet another
group, the bryozoans. One possible explana-
tion is that the rise in the maximum is a mass
effect, i.e., produced by many lineages, each
occasionally increasing (and perhaps decreas-
ing) in hierarchical structure, such that no sin-
gle lineage is able to dominate the maximum
consistently. (See the discussion in Gould
[1996] of ‘‘ladders’’ and ‘‘bushes’’ as alterna-
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FIGURE 5. Relationship between waiting time and hi-
erarchical level (restrictive view only), where waiting
time for a given sublevel is the difference in time be-
tween its first occurrence and the first occurrence of the
next lowest sublevel. Different symbols are used for the
three different types of transition—a to b, b to c, and c
to a.

tive representations of trend dynamics.) Fur-
ther investigation of the precise dynamics un-
derlying the trend would require examining
the transitions involved at the lineage level,
i.e., in a phylogenetic context.

Three cautionary notes are in order regard-
ing Figure 4. First, the overall shapes of the
envelopes are not meaningful, because the
distances between adjacent sublevels on the
horizontal axis are not comparable, as dis-
cussed. Second, the termination of the trend at
level 4c, in the early Phanerozoic, has no sig-
nificance, because the possibility of organisms
at levels higher than 4—aggregates of colonial
individuals, differentiated aggregates of co-
lonial individuals, etc.—was not considered.
Thus, the data convey no information relevant
to such interesting questions as whether or not
an upper limit of hierarchy has been reached
(McShea 1996a).

Third, a current issue in the literature has
been whether or not hierarchical change at the
lineage level is directional, whether or not hi-
erarchical increases are more probable than
decreases among lineages. Various arguments
have been offered that suggest a directional
bias, including the suggestion that increase is
more probable because it is expected to be fa-
vored by selection (e.g., Bonner 1988, 1998; see
also Sterelny 1999; Sterelny and Griffiths 1999;
Knoll and Bambach 2000). However, the sug-
gestion has also been made that change is un-
biased, and that the increase in the maximum
is a result of diffusion, perhaps in the presence
of a lower bound (Gould 1996; McShea 1994,
1996a, 2000; cf. McShea et al. 1999). The point
to be made here is that an increase in the max-
imum is consistent with both possibilities and
provides no evidence one way or the other.

Waiting Times. Based on the restrictive-
view data, the time between successive hier-
archical maxima, or ‘‘waiting times’’ for tran-
sitions between sublevels, decreases with in-
creasing hierarchical structure (Fig. 5) and
with time (not shown). (In the permissive
view, many of the waiting times could not be
computed, because first occurrences of higher
sublevels preceded those for adjacent lower
sublevels.) In principle, the decrease could be
mainly an artifact of the decline in complete-
ness of the fossil record with age. On the other

hand, the null alternative—that average wait-
ing times for both lower-level (earlier) and
higher-level (later) transitions do not differ
from the overall average for all transitions—
seems unlikely. The average waiting time for
the last three increases (3c to 4a, 4a to 4b, and
4b to 4c) is 39 million years. For new fossil
finds to increase this value to reach the overall
average for all transitions—368 million
years—such finds would have to extend the
range of highly individuated multicellular or-
ganisms (level 3c) back to about 1.6 billion
years ago, a range extension of about 1 billion
years.

In any case, proceeding as above, putting
aside the uncertainty introduced by an incom-
plete record, suppose that the waiting times in
Figure 5 are roughly accurate. One possible
reason for the decline is diversity increase.
The probability of increase in the maximum at
any given time must be at least partly a func-
tion of the number of species available at that
time to generate higher hierarchical levels. To
examine this possibility further, we would
need at least an approximate diversity curve,
similar to those that have been produced for
the Phanerozoic but for all life, extending back
to the Archean.

Also, in the restrictive view, there are at
least two notable declines in waiting time, one
in the transition to level 2c and the other be-
ginning with the transition to level 4a. These
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are manifest in Figure 4 as decreases in slope
(restrictive view) at about 2000 and 600 Ma
(waiting times in Figure 5 are just the slopes
of the line segments in Figure 4). These de-
creases correspond roughly with major in-
creases in atmospheric oxygen, raising the
possibility that oxygen was a trigger for hi-
erarchical reorganization (A. H. Knoll person-
al communication 1999; Knoll and Bambach
2000).

Finally, Figure 5 reveals no obvious associ-
ation between waiting time and type of tran-
sition. That is, no single type of transition—a-
to-b, b-to-c, or c-to-a—stands out as requiring
more time, on average, to occur than the oth-
ers.

Discussion and Summary

The body-fossil record shows a long-term
increase in maximum hierarchical structuring
over the history of life. Further, in one of two
alternative interpretations of the morphologi-
cal evidence, the pattern of increase in the
maximum was stepwise over time, with all
sublevels except the first arising precisely in
order. Under the same interpretation, waiting
times between hierarchical transitions de-
clined, both with increasing hierarchical
structure and with time. It should be stressed
that, given the enormous uncertainties in
these data, all of these findings except the oc-
currence of the trend itself are highly tenta-
tive. Still, they do raise possibilities, some per-
haps worth further investigation.

For most senses of complexity—such as
complexity as number of different part types
or depth of causal chains in development—I
have argued elsewhere that there are reasons
for skepticism about the existence of a trend at
the scale of life as a whole (McShea 1996a). But
for hierarchical complexity, a long-term
trend—at least in the maximum—seems in-
escapable.

Still, it is worth pointing out that there is
very little else that we can say with confidence
about this system. The trajectories of other
trend statistics, such as the minimum and the
mean, are virtually unknown. Consider the
minimum. Conventionally it is assumed that
prokaryotic cells arose from chemical systems
at lower hierarchical levels, which in turn

arose from systems at still lower levels, and so
on (e.g., Maynard Smith and Szathmáry 1995).
However, we do not know whether such low-
er-level systems have persisted, or whether
they have been consumed or perhaps out-
competed over time by higher-level systems,
and thus, we do not know whether the mini-
mum has remained stable or has increased.
Even a decrease in the minimum, however im-
probable sounding, cannot be ruled out.

Our knowledge of the behavior of the mean
is similarly meager. To estimate it, we would
need approximate numbers of taxa occupying
each hierarchical sublevel in a series of time
slices spanning the history of life.

Also unknown is the underlying pattern of
change among lineages. Some specific ques-
tions have been raised already, regarding the
mechanism that underlies the incremental in-
crease in the maximum and the existence of a
directional bias at the lineage level in the di-
rection of change. More generally, it would be
interesting to know whether there are com-
mon patterns within levels of nestedness, for
example, whether the hierarchical changes
within level 2 (2a-to-2b and 2b-to-2c) have any
common features, and if so, whether they dif-
fer in some systematic way from those within
level 3 (3a-to-3b and 3b-to-3c). Also of interest
is the possibility of common patterns across
levels of nestedness, among transitions of par-
ticular types, for example, the possibility that
certain ecological conditions might be re-
quired for the origin of differentiation among
lower-level entities (the Xa-to-Xb transition).
Addressing both of these broader issues
would require a finer-scale examination of hi-
erarchical changes than has been attempted
here, i.e., again, examining change at the lin-
eage level and in a phylogenetic context.

But a prerequisite, indeed a starting point,
for investigating these unknowns is a way to
assess degree of hierarchical structuring in or-
ganisms, a hierarchy scale. The scale devel-
oped here is a possible starting point.
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Appendix

Discussion of First Occurrences (Table 1)

Level 1c. Solitary prokaryote. Walsh (1992) described spher-
oids from the Onverwacht Group, South Africa, in a size range
similar to that of coccoidal cyanobacteria (level 1c) and larger
ellipsoids and spheroids that could be either large solitary bac-
teria (1c) or sheaths of cyanobacterial colonies (2a). However,
their simple morphology leaves open the possibility that they
are abiogenic (Walsh 1992). Possible filamentous bacteria have
also been found in the Onverwacht (Walsh and Lowe 1985); the
filaments are nonseptate, which raises the possibility that they
are elongated prokaryotic cells (1c), but regular breaks in the
filaments suggests a series of cells within a sheath (2a) (Schopf
1992b). Other possible solitary bacteria of about the same age
are also known (reviewed by Schopf and Walter 1983; see also
Schopf 1992a).

Level 2a. Monomorphic aggregate of prokaryotes. The carbona-
ceous filaments from the Apex Basalt, Western Australia, de-
scribed by Schopf and Packer (1987; see also Schopf 1992a, 1993)
are monomorphic (2a) and cyanobacteria-like. As noted, the On-
verwacht filaments could be monomorphic colonies at level 2a,
but the Apex specimens predate them in any case (Table 1), and
thus the latter represents the first occurrence of this level in both
the permissive and restrictive views.

Level 2b. Differentiated aggregate of prokaryotes. Probable aki-
netes of nostocalean cyanobacteria occur in 2065-Ma cherts of
the Franceville Group, Gabon (Amard and Bertrand-Sarfati
1997). The fossils are solitary cells but they resemble the spores
of modern filamentous heterocystous cyanobacteria (e.g., Ana-
baena). Filaments in these prokaryotes have three cell types (in-
cluding akinetes), one of them—called a heterocyst—special-
ized for nitrogen fixation (see also Golubic et al. 1995).

Level 2c. Differentiated aggregate of prokaryotes with intermediate-
level parts (solitary eukaryotic cell). In the permissive view, the
first eukaryotic cells are the organic-walled microfossils, or ac-
ritarchs (Schopf 1992b), of the Chuanlinggou Formation, North
China (Zhang 1986); the spirally coiled, carbonaceous megafos-
sil, Grypania, of the Negaunee-Iron Formation, Michigan, is old-
er, but in the permissive view occupies level 3a (see below). In
the restrictive view, the Chuanlinggou acritarchs would be con-

sidered large prokaryotic cells or envelopes of prokaryotic col-
onies, leaving Grypania as the first occurrence of level 2c (as-
suming that it is unicellular [Han and Runnegar 1992]). (The
2000-Ma Gunflint forms are of uncertain affinity [Knoll 1992]
and are excluded.)

Level 3a. Monomorphic aggregate of eukaryotic cells. Specimens
of Grypania that are younger than the Negaunee specimens
show transverse markings suggestive of cell boundaries (Run-
negar 1994). Thus, in the permissive view, Grypania is multicel-
lular and occupies level 3a. In the restrictive view, the first level-
3a organism is a red alga described by Butterfield et al. (1990)
from the Hunting Formation (1250–1100 Ma) in arctic Canada.
The alga is a bangiophyte, consisting of disk-shaped cells in ei-
ther a uniseriate or multiseriate filament, with a multicellular
attachment structure. The alga occupies level 3a only on the as-
sumption that the cells of the attachment structure are not a dis-
tinct morphological type.

An older candidate for the first occurrence of level 3a was the
possible Hormosira-like brown alga described by Grey and Wil-
liams (1990; see also Knoll 1992) from the Stag Arrow Formation
of Western Australia and by Horodyski (1982, 1992) from the
Appekunny Argillite of Montana (1400 to 1200 Ma [Yochelson
et al. 1993]). However, these fossils—described as strings of cell-
sized beads—are only impressions, not body fossils; in any case,
their temporal range overlaps with that of the bangiophyte alga,
and substituting them as first occurrences of this level would
change the trajectory of the trend in Figure 4 very little.

Level 3b. Differentiated aggregate of eukaryotic cells. If the cells
of the attachment structure of the Butterfield et al. (1990) algae
are differentiated (Butterfield 2000), then the organism has at
least two cell types, and therefore occupies level 3b in the per-
missive view. Otherwise, in the restrictive view, the first differ-
entiated aggregate of eukaryotic cells would be Palaeovaucheria,
a xanthophyte alga from the Lakhanda Formation (.1000 Ma,
but plotted at that date in Fig. 4) described by Woods et al.
(1998). Filaments are coenocytic but septate at their termini,
suggesting distinct cell types, possibly zoospores. Certain car-
bonaceous megafossils, Chuaria and Tawuia and related taxa,
were also candidates at this level, because they have been inter-
preted as metazoans (Hofmann 1994; Sun 1994). However, dis-
tinct cell types have not been described in these taxa, and there-
fore here they are elevated in the permissive view only to level
3a (at which they are predated by Grypania).

Level 3c. Differentiated aggregate of eukaryotic cells with interme-
diate-level parts (solitary multicellular individual). In the permis-
sive view, the first occurrence at this level could be the leaf-
shaped, carbonaceous megafossils of the Tuanshanzi Forma-
tion, North China (1850–1600 Ma), described by Zhu and Chen
(1995). The Tuanshanzi specimens consist of sheetlike blades
with short stipes. They have internal features that Zhu and
Chen described as ‘‘multicellular structures’’ and marginal fea-
tures that they interpret as possible sporangia. If so, these fea-
tures qualify as intermediate structures parts, placing the spec-
imens at level 3c. However, evaluation of these observations is
problematic in that I have been unable to find any substantial
discussion of the degree of variability among the specimens,
and to my knowledge no critical review has been published.
Pending such a review, the assignment of these specimens to
level 3c is tentative.

If the Tuanshanzi specimens are ultimately interpreted as be-
longing to a lower level, the time of first occurrence of level 3c
(permissive view) would change dramatically. In that case, the
first occurrence could be Sinosabellidites (Sun et al. 1986) from
the Liulaobei Formation of eastern China (890–840 Ma, based on
Piper and Zhang 1997), a carbonaceous compression with
wormlike annulations. However, it too is problematic, its affin-
ities controversial (Cloud 1986; Sun 1986, 1987; Sun et al. 1986;
Glaessner 1987; Vidal and Moczydlowska 1987; Hofmann 1994).
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If Sinosabellidites were also ultimately assigned to a lower lev-
el, the first occurrence of level 3c (again, permissive view only)
would be the sausage-shaped Valkyria described by Butterfield
et al. (1994) from the Svanbergfjellet Formation (800–700 Ma),
Spitsbergen. The specimens appear to contain at least six cell
types and perhaps multicellular structures, which they describe
as possible tissues (and which would constitute intermediate
parts).

For the restrictive view, the first level-3c organisms could be
the small, Ediacaran-like disks of the Twitya Formation, north-
western Canada, described by Hofmann et al. (1990). They iden-
tified three forms, which they assigned to the genera Nimbia,
Vendella, and Irridinitus?, and which, according to Narbonne at
al. (1994), are similar to later medusoid forms widely acknowl-
edged as cnidarian. For example, Nimbia has been compared
with modern trachylinid hydrozoans, and Vendella with later
Ediacaran medusoids, especially Medusinites (Hofmann et al.
1990), which Glaessner and Wade (1966) classified as a (presum-
ably cnidarian) coelenterate. Consistent with this, Seilacher
(1992) assigned a number of Ediacaran forms that others have
also called medusoid—and which could conceivably include the
Twitya forms—to the corals, the Psammocorallia. In any case,
if the Twitya taxa are cnidarian, then they presumably had in-
termediate parts (e.g., tentacles, gastrodermis). Hofmann et al.
correlate the Twitya formation roughly with the start of the Var-
anger glaciation, to which Grotzinger et al. (1995) assign a max-
imum age of 600 Ma.

The possibility that the Twitya forms are prokaryotic aggre-
gates cannot be ruled out (Hofmann et al. 1990). If excluded on
that basis, they would be replaced as the first occurrence of level
3c (restrictive view) by multicellular forms of about the same
age, namely the algal thalli described by Xiao et al. (1998; see
also Zhang 1989; Zhang and Yuan 1992) from the Doushantuo
Formation (590–550 Ma), South China. The specimens—consid-
ered to be multicellular red algae—exhibit cell differentiation as
well as distinct tissue types and multicellular reproductive
structures (both of which are considered intermediate parts).

Level 4a. Monomorphic aggregate of multicellular individuals.
Following Hartman and Reiswig (1973; see also Simpson 1973),
sponges are regarded here as noncolonial, and therefore the re-
cently described demosponges from the 590–550-Ma Doush-
antuo Formation, South China (Li et al. 1998), attain only level
3c. As a result, the first occurrences of level 4a—monomorphic
aggregates of multicellular individuals—are Moorowipora and
Arrowipora, both cerioid colonies and probable corals from the
Lower Cambrian (Botomian, 519–510 Ma) Moorowie Formation,
South Australia (Savarese et al. 1993; Sorauf and Savarese 1995;
Scrutton 1997). Another probable coral, Tabulaconus, a dendroid
form from Western Canada and Alaska, occurred at about the
same time (Handfield 1969; Debrenne et al. 1987; Scrutton 1997).

Certain of the frondose Ediacaran forms could be interpreted as
undifferentiated (4a) or differentiated (4b) colonies, but the pro-
tocols adopted here consider only the two extreme interpreta-
tions: Seilacherian pneu structures (Seilacher 1989, 1992; see be-
low), in which case they would be classified as large, syncytial
eukaryotic cells (2c; or perhaps cell aggregates, 3a); and pen-
natulacean octocorals (see below), in which case they would be
aggregates of multicellular individuals with intermediate
parts(4c).

Level 4b. Differentiated aggregate of multicellular individuals.
Dendroid graptolites (e.g., Dendrograptus) with differentiated
thecae—e.g., autothecae, bithecae—have been found in the Mid-
dle Cambrian (509–500) (Bulman 1970; see also Rickards 1979;
Berry 1987).

Level 4c. Differentiated aggregate of multicellular individuals with
intermediate-level parts (solitary colonial individual). In the per-
missive view, the first level-4c organisms could be certain
fronds of the Ediacaran fauna, for example Rangea or Charniod-
iscus, which have been interpreted as pennatulacean octocorals
(e.g., Jenkins and Gehling 1978; Jenkins 1985; Norris 1989; Con-
way Morris 1993; see also Dewel 2000). Modern pennatulaceans
(sea pens) occupy level 4c in that they contain multiple zooid
types (e.g., autozooids, siphonozooids), one of which consti-
tutes an intermediate-level part, the single enlarged axial polyp
that is modified to form the stem and base (Hyman 1940).
Frondlike forms occur in the earliest post-Varanger Ediacaran
assemblages (Jenkins 1992; Narbonne et al. 1994) at about 565
Ma (Grotzinger et al. 1995). The Ediacarans include other pos-
sible level-4c organisms, such as Eoporpita, Chondroplon, and
Ovatoscutum, which have been interpreted as chondrophorine
hydrozoans (Wade 1971, 1972; Jenkins 1984, 1992; Stanley 1986).
In modern chondrophorines, such as Velella and Porpita, the
large central gastrozooid is an intermediate-level part, as dis-
cussed.

As mentioned, Seilacher (1989, 1992) argued that the Edi-
acaran fronds are not octocorals, but rather are quilted, pneu
structures with no close modern relatives. And the affinities of
the putative chondrophorines have also been questioned (Hof-
mann 1988; Norris 1989). Thus, in the restrictive view, these are
replaced as the first occurrence of level 4c by the Early Ordo-
vician (;483 Ma) stenolaemate bryozoan Dianulites from the
Fillmore Formation, Utah (Taylor and Wilson 1999). Dianulites
seems not to have had functionally differentiated polymorphs
(Taylor and Wilson 1999), but some degree of differentiation
among generations of zooids seems to be present in all steno-
laemates (Boardman and Cheetham 1973); at very least, pre-
sumably the colony founder, the ancestrula, differed from later
generations of zooids. Also, in Dianulites, there is evidence of
intermediate-level parts in the form of maculae (see Fig. 2 cap-
tion).


