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The hierarchical expansion of sorting and selection:
sorting and selection cannot be equated

Elisabeth S. Vrba and Stephen Jay Gould*

Abstract—In a nonhierarchical world, where selection on organisms regulated all nonrandom evolutionary
change, the traditional equation of selection (a cause of sorting) with sorting itself (differential birth and
death among varying organisms within a population) would rarely lead to error, even though the phe-
nomena are logically distinct (for sorting is a simple description of differential “‘success,” and selection a
causal process). But in a hierarchical world, with entities acting as evolutionary individuals (genes, organ-
isms, and species among them) at several levels of ascending inclusion, sorting among entities at one level
has a great range of potential causes. Direct selection upon entities themselves is but one possibility among
many. This paper discusses why hierarchy demands that sorting and selection be disentangled. It then
presents and illustrates an expanded taxonomy of sorting for a hierarchical world. For each of three levels
(genes, organisms, and species), we show how sorting can arise from selection at the focal level itself, and
as a consequence either of downward causation from processes acting on individuals at higher levels or
upward causation from lower levels. We then discuss how hierarchy might illuminate a range of evolu-
tionary questions based on both the logical structure of hierarchy and the historical pathways of its

construction—for hierarchy is a property of nature, not only a conceptual scheme for organization.
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I. Disentwining Sorting, and Selection

In Darwinian theory, evolutionary change is
the product of sorting (differential birth and
death among varying organisms within a pop-
ulation). Sorting is a simple description of dif-
ferential representation; it contains, in itself, no
statement about causes. As its core, Darwinism
provides a theory for the causes of sorting—
natural selection acting upon organisms in the
“struggle for existence.” However, other pro-
cesses (genetic drift, for example) produce sort-
ing as well; thus, the two notions—sorting and
selection (a favored theory for the cause of sort-
ing)—are quite distinct and should be carefully
separated.

Yet our literature often conflates the two, par-
ticularly in citing as adequate evidence for selec-
tion only the simple observation of sorting o,
even more confusing, by actually defining selec-
tion as nothing but sorting. Futuyma, for ex-
ample, writes in his textbook (1979, p. 292)
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that “selection . .. is differential survival and
reproduction—and no more.”’

In this paper, we advance three primary and
related claims:

1. Biologists must clearly distinguish between
sorting and selection.

2. Sorting has been equated with selection
because the reductive argument of classical Dar-
winism—that selection predominates and that
organisms are the target of selection—permits no
important alternative nonrandom explanation for
sorting. Thus, the two concepts, though logically
distinct, are implicitly and easily conflated.

3. The hierarchical perspective identifies sev-
eral kinds of evolutionary individuals (genomic
constituents, organisms, species) at ascending
levels of inclusion, and recognizes both selection
at all levels and transfer of effects between levels.
It thus provides a framework for an expanded
taxonomy of the causes of sorting. We present
such a taxonomy, explore its implications, and
use it to delineate the role of traditional selection
as one among many testable causes of sorting.

Our expanded theory of sorting arises from a
nontraditional perspective about two fundamen-
tal aspects of life.

0094-8373 /86,/1202-0007 /$1.00
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1. Individuality —If organisms were the only
reproducing individuals, an exclusive focus on
selection as the nonrandom cause of sorting
would make sense (although the distinction be-
tween selection and reproductive success, as ana-
lyzed by Sober and Lewontin {1982} would still
hold). But the broader concept of “‘individual”
compels us to recognize that other entities, in-
cluding genomic constituents and species, are also
biotic individuals (Ghiselin 1974; Hull 1974,
1980). These other entities share with organisms
all the crucial characteristics of reproducing evo-
lutionary objects: they have births and deaths,
and sufficient coherence and stability during their
lifetimes; they interact with the environment; and
they produce offspring by genealogical descent
with both high inheritance and the possibility of
change. (See also Hull {1980} on interactors and
replicators.) Sorting may thus occur as surely
among genomic bits of cells, and among species
in monophyletic groups, as it does among or-
ganisms in populations.

2. Hierarchy.—These different kinds of in-
dividuals are nested within each other as ascend-
ing levels of a genealogical hierarchy (Arnold
and Fristrup 1982; Gould 1982a,b; Vrba and
Eldredge 1984). This hierarchy expands the po-
tential causes of sorting in two important ways.
First, sorting can occur actively among individ-
uals at all levels, not just among organisms. Sec-
ond, levels interact, and events at one level prop-
agate as effects to others. Causation flows from
lower levels to higher, and also in reverse (up-
ward and downward causation [Campbell
1974)). Sorting at any focal level need not be
caused by selection among individuals at that
level.

The traditional view that equates sorting
among organisms with selection upon organisms
arises as a consequence of neglecting hierarchy
and its expanded concept of individuality. If we
observe nonrandom sorting among organisms
under the conventional view, then we must infer
that it results from selection upon them, for the
only alternative is forced correlation of other
characters with traits actively selected. All rec-
ognized exceptions to the equation of nonran-
dom sorting with direct selection—pleiotropy,
hitchhiking, and allometry, for example—arise
as consequences of organismic selection upon
other traits; death (or decrepitude) hitchhikes on
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life in the Williams-Medawar theory of senes-
cence. However, with selection (and other caus-
es) acting upon several kinds of individuals in a
genealogical hierarchy, sorting among individu-
als at any level (organisms, for example) may
only record causes at another level; no direct
process need operate at all upon the individuals
under consideration.

In studying evolution we have been strongly
constrained by the limits of our scale. As organ-
isms we readily see and accord significance to
other organisms. We can directly comprehend
much of the nature, spacing, distribution, inter-
action, and sorting of phenotypic subparts that
make up emergent organismal characters. But
analogous phenomena underlie genomic char-
acters (which we are seeing more and more clear-
ly through modern technology), and emergent
characters of species (which most biologists are
not even inclined to imagine). The problems of
evolution extend well beyond organismal adap-
tive complexity. Characters and dynamics at
higher and lower hierarchical levels are also cru-
cial to life’s history. Indeed, without reference to
these other aspects of life, patterns at the organ-
ismal level can scarcely be comprehended.

II. Hierarchy and Expanded Possibilities
for Sorting

Evolutionists have a good, almost intuitive
understanding of how selection works upon or-
ganisms. But complexities arise when we expand
the concept of selection hierarchically, and more
precision is required in a statement of selection
that applies equally to sorting among genomic
constitutents and among species. The problem
concerns the nature of characters (that is, those
physical states arising from the nature and dis-
tribution of subparts in an individual). All re-
productive individuals have aggregate characters
(inherent properties of subparts) and also emer-
gent characters (arising from organization among
subparts). The identical genes in every cell form
a set of aggregate characters of the organism,
but in contrast, phenotypic characters (like pro-
teins, coat colors, or behaviors) are emergent at
the organismal level. Similarly, if all organisms
in a moth species are black, then black is an
aggregate character of the species. Only charac-
ters that arise from distribution and interaction
among organisms are emergent at the species level.
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(By characters, we refer only to physical patterns,
and not to their dynamic or ecological conse-
quences. Thus, possible emergent characters of
species include population size, distribution, and
composition. They do not include such phenom-
ena as speciation rates, adaptive zones, and in-
terspecific reproductive compatibility.) We sug-
gest that individuals are subject to selection at
any level for the characters they possess only if
these characters are heritable and emergent, and
if they interact with the environment to cause
sorting (see also Vrba 1980a, 1984b; Gould
1982; Vrba and Eldredge 1984): Selection en-
compasses those intevactions between beritable,
emergent character variation and the environment
that cause differences in vates of birth or death
among varying individuals, Thus we would say
that any other cause of sorting is not selection
at the level under consideration. A hypothesis of
selection is at the same time a claim about ap-
tation. (We use “‘aptation’ as an inclusive term
for any character cutrently subject to positive
selection regardless of how it evolved [Gould
and Vrba 19821 in contrast to the narrower term
adaptation for a character evolved by selection
for its current function sensu Williams {1966}.)
Sorting not based on selection among objects
sorted arises primarily from interactions between
levels. However, an interesting asymmetry dis-
tinguishes the propagation of effects in upward
and downward causation. Selection at lower levels
may, but need not, affect individuals at higher
levels. Sorting among genomic elements need
not change the phenotypes or fecundities of or-
ganisms (as in the “‘selfish DNA” hypothesis,
where increase in copy number of middle repet-
itive DNA occurs, at least in initial stages, with
no or minimal effect upon containing organ-
isms). ,
However, any selection at higher levels must
entail sorting among individuals at all lower
levels. Downward causation always flows to low-
er levels; upward causation need not occur. Sup-
pose, for example, that by species selection one
monophyletic subclade of a larger clade increases
the proportion of species that it contributes to
the entire clade. If all species contain roughly the
same number of organisms, then organisms
bearing apomorphic characters distinguishing the
selected subclade will increase in relative fre-
quency within the clade. Similarly, genes held
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uniquely by phyletic heritage within the selected
subclade will also be sorted positively. Thus, or-
ganisms and genes are sorted, but no active se-
lection has occurred on emergent characters at
either the organism or gene level. All sorting
occurred as effects of downward causation from
species selection for increase in numbers of species
within a favored subclade. In such cases, sorting
of organisms and genes still arises by some kind
of selection, though at a different level and not
upon the objects sorted (a crucial distinction).
Our approach does not promote any negative
statement about the natural frequency of selec-
tion processes; in most cases, nonselective sorting
at a focal level may well be dictated by selection
at another level above or below. But the hier-
archical model does stress an important distinc-
tion: a causal process of selection at a focal level
is ontologically different from a process of sorting
among focal individuals driven by events at a
higher or lower level.

Sorting, in other words, can occur as an effect
of causes at other levels. All causes of sorting are
not selection, and we need an expanded taxon-
omy of sorting that includes selection at a focal
level-—the only category usually recognized (and
generally allowed only for organisms)—as only
one possible cause of sorting.

III. An Expanded Taxonomy of Sorting

Our chart (Table 1) includes only heritable,
nonrandom causes of sorting and the flow of
causality between levels. But biologists also rec-
ognize two other modes, which we will record
below but not discuss extensively: (1) nonherit-
able nonrandom sotting based on ecophenotypic
differences (organisms) or varying histories of cli-
mate and geology (species), and (2) heritable but
random sorting (from genetic drift at low levels
to macroevolutionary trends at high levels, as in
Raup and Gould {1974]). We will then present
our taxonomy of the mode that has been of
central concern to evolutionary biologists for more
than a century: heritable, nonrandom sorting,
including the results of selection. For each of
three categories—character environment inter-
action at the focal level, downward causation,
and upward causation—we will discuss exam-
ples at three ascending levels: genes, organisms,
and species.

1. The distinction between sorting correlated
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TABLE 1.
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A classification of nonrandom, heritable causes of sorting. Examples are discussed in the text. The arrows indicate

general directions of causality between levels (not necessarily between the particular examples). Note that the middle category,
phenotypic selection on organisms acting at the focal level, has been usually interpreted as #be cause of #// sorting involving

organisms. The reality is far more complex and interesting.

Cause of sorting

Focal level Downward At focal level Upward
Ezﬁt’ Proan mutanc hitch- Selection of “selfish DNA”
Genes iking on selection for ma- E.g., Alu family (Doolittle
larial resistance (Templeton 8 Y ?
1982)
1982)
(
E.g., rodent phenotypes Conventional phenotypic se-
Organisms hitch-hiking on species se- lection, e.g., industrial mel- Effect sorting of organismal
lection in Spalacopus and anism in moths (Kettlewell phenotypes
Ctenomys (Gilinsky 1987) 1958)
(
Species selection, e.g., ro- Effect macroevolution, e.g.,
Species dent species in Spalacopus antelope species in Alcela-
and Czenomys (Gilinsky phini-Aepycerotini (Vrba
1987) 1984a)

with heritable characters and sorting that in-
volves only ecophenotypic (nongenetic) variation
is not controversial. Variation among conspecific
organisms in birth and death rates may depend
entirely on local ot temporary environmental dif-
ferences (see Stearns 1982). Similarly, at the
species level, phylogenies may differ in rates of
species diversification, not because they differ in
heritable characters, but purely as a result of
extrinsic factors, including varying climatic and
geological histories (Cracraft 1982).

2. The term “‘random’’ can be used in more
than one sense to desctibe evolutionary phenom-
ena. The most restricted biological sense implies
that no consistent relationship exists between
random events at a focal level (such as organis-
mal sorting) and @ny character variation (wheth-
er genomic, organismal, or among species). The-
oretically, sorting that is random in this sense
may occur among noncoding DNA sequences
(Dover 1980), at the levels of genotypes and
phenotypes (the familiar random drift) and
among species (Raup et al., 1973).

However, in a second and technically incorrect
but common usage, events at a given level are
viewed as random with respect to natural selection
at that level. This concept is most familiar in
the conventional statement that gene mutations
are random in relation to selection among or-
ganismal phenotypes. In such cases, everyone

understands that proximal causes govern muta-
tion, and that observed mutations are part of a
limited possible set and may strongly biased.
Mutations are “‘random’ only with respect to
adaptive requirements of phenotypes at the next
higher level. In Drosophila melanogaster, for ex-
ample, the transposable elements called P factors
have a special tendency to induce mutations at
the singed locus, which may engender selective
consequences at the phenotype level (Lindsley
and Grell 1944; Golubovsky 1978; Shapiro
1983). In labeling such singed mutants “‘spon-
taneous’”’ or ‘‘random,” explanatory focus is
placed on selection in populations, and not on
the directive, genomic process. At a higher level,
selection among organisms can result indirectly
in characteristic, genetically based group size.
Theoretically such variation among species may
lead to species selection. The de novo introduc-
tion of the species character is determined by
upward causation from lower levels and yet, in
the conventional sense, it is random with respect
to any selection pressure among species.

In the same usage, ‘‘randomness’ applies not
only to up- and downward causes of introduc-
tion, but also to sorting in variation, with respect
to any natural selection at the focal level. For
instance, differential rates in reproduction of
chromosomes, as in segregation distortion, would
cause a change in variation of any ‘‘selfish
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DNA.” But such a cause would be random with
respect to selection at the noncoding DNA level.
Segregation distortion may also alter the differ-
ential frequency of organismal phenotypes by
upward causation, which would then be random
with respect to a (possibly opposing) force of
selection at the organism level (see Lewontin
1970). Reference to a “‘random’ process in this
second meaning usually implies that “‘we either
cannot know or do not choose to know the de-
terministic basis of the process we are consider-
ing.”” In traditional biology, we almost always
place our explanatory focus on a particular causal
series at one level (usually selection in popula-
tions), thus relegating deterministic bases from
other levels to the “‘black box’’ of randomness.
In contrast, the hierarchical approach restricts the
term “‘random’ to its first meaning, and seeks
to expand the analysis of such deterministic bas-
es by addressing a variety of causes that transfer
between levels.

We may now present our taxonomy of non-
random, heritable causes of sorting (Table 1),
considering sorting at three levels: genomic, or-
ganismal, and species. The cause of sorting al-
ways flows from interaction of characters with
the environment, but we ask whether characters
that cause sorting at a focal level are emergent
at that level, at the next higher level, or at the
level below. To rephrase the question: does sort-
ing at a focal level result from selection at that
level, or from downward or upward causation?

A. Character-environment interaction at the
Jocal level: the conventional use of selection.—
Selection at the level of noncoding genomic ele-
ments, “‘selfish DNA,”” was proposed by Doolit-
tle and Sapienza (1980) and Orgel and Crick
(1980). In a more recent review, Doolittle writes
(1982, p. 3): “Pieces of DNA which code for
nothing useful run the risk of deletion. If there
are sequence-specific strategies by which deletion
can be avoided, natural selection operating with-
in genomes, independently of organismal phe-
notype ot population adaptability, will give rise
to and maintain DNAs which adopt such se-
quence-specific strategies.”” He cautiously con-
cludes that the observed patterns, both intrage-
nomic and within and among species, do indeed
support the notion. He cites as an example the
middle-repetitive DNA Alz family, repeated
some 300,000 times in the human genome, and
with identifiable relatives in other mammals.
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A particular selection process need not be con-
fined to individuals within a single higher indi-
vidual—as in selection of homologous DNA se-
quences. If particular Alu sequences possess a
transposition mechanism that boosts their selec-
tive success (Elder et al., 1981), then that mech-
anism will operate wherever it occurs, across sep-
arate organisms and even species.

The same principle applies to selection at the
organism level. A particular selection process
among genotypes and phenotypes need not re-
spect species boundaries. Consider selection for
industrial melanism in moths, demonstrated in
lineages belonging to several different lepidop-
teran families in Britain and elsewhere. If the
genetic basis is homologous in different species
(as seems likely [Kettlewell 1958; Ford 1971}),
then the same selection regime may have oper-
ated across boundaries of species and even higher
taxa.

The idea of species selection has long been in
our literature in the form of isolated reflections
(e.g., Wright 1956; Fisher 1958), but the mod-
el of punctuated equilibria (Eldredge and Gould
1972) suggested that rules of sorting among
species ate central to explanations of long-term
evolution. This led in turn to renewed explora-
tions of species selection (Eldredge and Gould
1972; Stanley 1975, 1979; Gould and Eldredge
1977; Eldredge and Cracraft 1980), but few
studies have yet tested for species selection with
the proper criterion of heritable, emergent species
variation. Gould (1982b) found the hypothesis
of species selection supported by the fossil record
of volutid neogastropods, as studied by Hansen
(1978). Vrba (1984a) examined phylogenetic
trends in African Miocene-Recent antelopes and
other mammals and did not find evidence for
species selection. An interesting example in South
American rodents has recently been discussed by
Gilinsky (1987). Tuco-tucos (genus Ctenomys)
and coruros (Spalacopus) have evolved remark-
able fossorial featutes—an “‘adaptive complexi-
ty”’ very probably produced by organismal se-
lection for fossorial existence. But these
phenotypes form only a part of the biological
pattern that needs explanation. The younger ge-
nus Ctenomys contains about 60 living species,
while Spalacopus is monospecific. Ctenomys has
a wider geographical distribution, but, even
where they are sympatric, Ctenomys outnumbers
Spalacopus by 16 species to 1. Gilinsky points
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to strong evidence for low gene flow between
populations within species of Ctenomys, while
populations of Spalacopus are rarely isolated from
each other. He interprets this difference in dis-
tribution and interaction of populations as an
emergent species-level character and concludes
that the data indicate past occurrence of species
selection.

B. Character-environment interaction at bigher
levels: downward causation to sorting at the focal
level —Two distinct processes can be identified
in this category (for extended discussion, see Vtba
and Eldredge 1984). (1) First, any differential
birth and death processes among individuals at
a higher level will inevitably also sort entities at
lower levels. These entities just ‘‘come along for
whatever ride” is dictated by sorting among the
higher individuals in which they reside. (2) Sec-
ond, the structural, emergent properties of a
higher individual may “downward cause’ sort-
ing of variation within the body of that single
individual.

Many examples of the first case have been
investigated at the genome-organism interface.
For instance, intense selection on a major locus
may result in hitchhiking effects (Maynard Smith
1978). As an example, Templeton (1982) cites
the work of Filippi et al. (1977) on human
resistance to malaria on the island of Sardinia.
Selection favoring the X-linked allele that causes
glucose-6-phosphate dehydrogenase deficiency (a
malarial adaptation) might have entailed a
hitchhiking effect at the closely linked locus
causing Protan color blindness.

The same principle applies at the organism-
population and otganism-species interfaces. Thus,
if Gilinsky’s (1987) argument is correct, then
species selection determined that the phenotypes
characteristic of Crenomys became vastly more
diverse and multiplied than those of Spalacopus.
We note here a component of sorting at the level
of tuco-tuco and coruro organisms that is dic-
tated not by selection at their own level but via
the rules governing rates of speciation and ex-
tinction.

Examples of case 2 at the higher levels—that
is, downward causation from emergent species
characters to sorting among genotypes and phe-
notypes within a population or species—are also
well known. Any case in which the size and
separation of populations leads to fixation of
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mutants against the force of selection within
populations belongs here. Consider Clarkia lin-
gulata, an annual flowering plant, and its sister
species, C. biloba, two species differing in chro-
mosomal translocations. Hybrids are sterile be-
cause chromosomal heterozygotes experience
mechanical problems during meiosis (Lewis
1961; Paterson 1982). Thus the translocations
must have been fixed originally not by selection
but randomly, in spite of selection against the
heterokaryotypes. Population genetic theory in-
dicates that extremely small effective population
sizes are necessary for random fixation of such
negative heterotic karyotypes (Wright 1941;
Lande 1979). In this example we see a probable
flow of causation between levels: Initially, dy-
namics at the level of organisms produced a pop-
ulation structure of small effective size—the
emergent population character. In turn, down-
ward causation from population structure was
necessary to yield positive sorting of mutant
translocation phenotypes, in opposition to selec-
tion against the heterokaryotypes.

Of course, these population structures in
Clarkia need not be heritable. Such emergent
features of populations and species may arise as
transient phenomena, induced by extrinsic en-
vironmental conditions, and still exert down-
ward causation with long-term evolutionary sig-
nificance. Only if characters are genetically based,
and vary among lineages in a phylogeny, can
they be implicated in species selection. But the
notion that heritable, emergent variation exists
at the species level, and may be ubiquitous in
some groups, is entirely reasonable. An example
might be characteristic population structute re-
sulting from social behaviort, as in mice (Lewon-
tin 1970), in antelopes (Vrba 1984a); and in
other mammals (Wilson et al. 1975).

C. Character-environment intevaction at lower
levels: upward causation to sorting at the focal
level —Selection at a lower level may churn
without attendant birth or death (or any change
in emergent variation) among more inclusive in-
dividuals. Often, however, causes do propagate
upward.

We suggest that such propagation may fre-
quently occur at the genome-organism interface,
a controversial argument (see also Vrba 1984b) -
because all heritable, nonrandom sorting among
organisms has traditionally been subsumed un-
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der the catch-all concept of selection. But we
maintain that unless emergent organismal char-
acters (that is, phenotypes sensu lato) interact
with the environment, not merely during the
reproductive process per se but as the cause of
differential veproduction, then the process should
not be termed selection. Consider the following
hypothetical case. A mutant, noncoding DNA
sequence is ‘‘selfishly’’ selected at its own level.
Suppose that the presence of this sequence at
higher frequencies directly produces an increase
in birthrate among the organisms containing it.
If, by such a process, no other phenotypic vari-
ation whatsoever has a deterministic relation to
differential birthrate, would we call such a phe-
nomenon natural selection at the phenotype level
and the mutant noncoding sequence an organ-
ismal adaptation? We suggest that we would
not, but rather that we should distinguish such
a process from conventional natural selection not
only theoretically but also by name. We can cite
no documented example, but suggest that this
absence may say more about the state of our
knowledge and expectations than about the nat-
ural frequency of such processes. For example,
several reports of # versus K life-history variation
within and between species, and the little we
know of their genetic bases, might merit closer
examination in this light.

Biologists have, however, documented up-
ward causation to the biased spread of variation
among organisms without organismal selection.
The dynamics of #-alleles in house-mice provide
a classic example. The effective sperm pool of
heterozygous males in some populations contains
about 85% #-bearing sperm, probably as a result
of powerful organelle selection at the level of
chromosomes (Lewontin 1970). The frequency
of t-bearing individuals is thus biased by up-
ward causation, but selection at the level of or-
ganisms reduces the frequency of #, because males
homozygous for ¢ are sterile. Another kind of
process involving the spread of repeated DNA
sequences has been discussed by Dover et al.
(1982) as “molecular drive.”” Multiplication and
transfer of certain sequence variants among chro-
mosomes in parental genomes occur in such a
way that the variants gain a biased representa-
tion in descendants—a process that operates out-
side the Mendelian system and, unless relevant
phenotypic effects occur, without selection among
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organisms. In both cases, the spread of variants
does not involve upward causation to sorting.
That is, the #-alleles and DNA sequences do not
gain greater representation by causing a higher
birthrate among otganisms in which they reside.
They will spread even if birthrates are the same
among organisms containing and lacking them.
In other words, the dynamics causing the spread
are resolved at lower genomic levels and not by
organismal sorting. But we predict that upward
causation to nonselective differential birth among
organisms may also be quite common.

The principle of upward causation to “‘sorting
that is not selection’” was first discussed at the
organism-species interface and called the “‘effect
hypothesis of macroevolution” (Vrba 1980a,
1983). The term ‘‘effect” follows Williams
(1966), who suggested that only those characters
shaped by natural selection to petform particular
functions should be called adaptation; and that
adaptations may have incidental effects not aris-
ing as direct consequences of selection. Paterson
(pers. comm. 1978) articulated the idea that
speciations are always effects sensu Williams
(1966). Viba (1980a) suggested that effects may
extend upwards across hierarchical interfaces—
especially that regimes of organismal selection
(differing among the lineages of a monophyletic
group) may yield disparate patterns of species
diversification as well as long-term trends in di-
vergence. Biologists have long recognized that
species become extinct because organismal selec-
tion removes their organisms one by one until
none are lefe—species sorting as an effect of or-
ganismal selection in the Darwinian sense. The
crucial aspect of the effect hypothesis (and its
novel component not addressed by previous the-
ory) lies elsewhere: selection for proximal fitness
of organisms may also, and incidentally, drive
speciation rates. To the extent that punctuated
equilibrium pertains, differential net increase in
species must also force an overall trend in di-
vergence of organismal characters. These organ-
ismal characters get to the pinnacle of a trend
not because they ate better than others—the ad-
aptations at the nonspeciose end of the trend
may be doing an equally good or better job of
promoting organismal and genic fitness. They
prevail in trends because they incidentally cause
the multiplication of higher individuals, the
species, that bear them—"incidentally’’ because
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their selection clearly did not occur for the func-
tion of promoting speciation.

Apparent examples can be found among
Miocene-Recent phylogenies of African mam-
mals. Vtba (1984a) used monophyletic groups
of extinct plus extant species to test a series of
rival hypotheses:

1. The cause of differential net increase in
species is random.

2. The cause resides in the interaction of ot-
ganismal characters with the environment (the
effect hypothesis). For example, phenotypic
characters conferring breadth of resource utili-
zation (measured, for example, by recording the
range of food items eaten by organisms in a
species) may regulate speciation rate in the fol-
lowing way: the probability that organisms will
petceive environmental changes as deterioration
of habitat is greater in the case of certain spe-
cialists than in generalists. Thus, such stenotopes
should be subject more frequently to directional
selection at the level of genotypes and pheno-
types, and consequently to fragmentation and
divergence of populations, speciation, and ex-
tinction.

3. The cause arises from the interaction of
emergent species characters with the environ-
ment (species selection). For instance, within these
mammal species, phenotypes related to mobility
and social behavior might result in characteristic
population structure and separation—emergent
and heritable characters of the species. Lineages
of isolated populations with low gene flow may
be expected to exhibit high speciation rates.

In the cases examined, results falsified the ran-
dom and species selection hypotheses and upheld
predictions of the effect hypothesis. The Alcela-
phini-Aepycerotini sister group has been ana-
lyzed in detail elsewhere (Vrba 1984a). Briefly,
the alcelaphine (blesbuck-hartebeest-wildebeest)
fossil record and extant biology indicate: (1) high
speciation and extinction rates (33 extinct and 7
extant species since the terminal Miocene, and
at least 18 events of splitting and about a dozen
terminal extinctions); (2) high divergence at the
level of organismal phenotypes expressed in a
massive trend toward such features as increas-
ingly complex horn shapes, long faces, and mas-
ticatory specializations for tough forage; (3) ex-
tant species are all specialist grazers, and (4)
extant species are migratory, with apparently,
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low degtee of isolation but high gene flow among
populations. In contrast, the aepycerotine (im-
palas) sister lineage indicates: (1) no lineage
splitting or terminal extinction since common
Miocene ancestry with the alcelaphine clade; (2)
low divergence (virtual stasis) in organismal phe-
notypes (skulls and skeletons of modern impalas
look much like fossils several million years old);
(3) each extant organism both grazes and brows-
es on a broad variety of kinds and patts of plants;
(4) modern impala populations ate markedly
nonmobile, with static clumped distributions and
low gene flow among isolated populations. In
sum, the data suggest that local pressures of
selection on specialist grazing organisms, and not
factors of gene flow arising from species-level
characters, caused this highly disparate pattern
of diversity and trend between the two sister
groups.

Consider also the modern abundance of ot-
ganisms in these two sister groups: census data
(Viba 1980b; Greenacte and Vrba 1984) sug-
gest that the single impala species may be leav-
ing as many genes to future generations as all
the diverse alcelaphine species put together. This
result strikes a jarring note under the traditional
view that organismal success extrapolates
smoothly to success of species. But the observed
pattern is quite compatible with the hierarchical
perspective. If one insists on equating ‘‘more in-
dividuals’ with “success,”” then, in this example,
organismal and species success are, to a large
extent, independent. We would not link the al-
celaphine trend to this traditional notion of “‘suc-
cess.”” In the teleological sense of selected prog-
ress, alcelaphine evolution is going nowhere. The
trend represents pure upward causation and ef-
fect.

Nonetheless, it would be equally false or mis-
leading to argue that the case involves no trend
at all because each subclade maintains about the
same number of organisms, while one (the al-
celaphines) only parcels them into more species.
Simply by generating more species, the Alcela-
phini develop a potential for phenotypic diver-
sity denied to the Aepycerotini, which maintain
the same number of organisms at a single modal
phenotype. Since, empirically, a pattern of punc-
tuated equilibrium seems to predominate in this
phylad (Vrba 1980a, 1984a), the impala sub-
clade, by failing to speciate, can develop neither
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increase in diversity nor net change in form—
while the alcelaphines, with potential for change
in each event of speciation, become evolution-
arily labile as an incidental effect of high specia-
tion rates caused at other levels.

IV. Some Implications of Hierarchy

Our taxonomy of sorting (Table 1) may strike
some readers as a complex multiplication and
overrefinement of distinctions. We regard it as
an effort in simplication and unification. A gen-
eral theory of biology is a theory of hierarchial
levels—of how they arise and interact. Entities
that play the same role in the evolutionary pro-
cess must be classed together. This point has
been made for individuals (Ghiselin 1974; Hull
1974, 1980), replicators (Dawkins 1978), units
of selection (Hull 1980), adaptations (Williams
1966; Gould and Vrba 1982), and aggregate
versus emergent characters of individuals (Vrba
and Eldredge 1984). The same principle also
applies to evolutionary processes themselves. The
same general causes are likely to operate at each
level, both in its initial evolution, and subse-
quently in the de novo introduction and sorting
of variation. We must consider the evolutionary
process itself as basic, and explore its common
modes of action up and down the hierarchy—
particularly interactions between levels (see also
Pattee 1970; Hull, 1980).

Such an approach provides a proper frame-
work for understanding evolution as a histori-
cally contingent process, and for grasping the
primary trends of that history itself. For exam-
ple, hierarchy permits us to reformulate the basic
statement that mutations are ‘‘random’ as raw
material for evolutionary change (see Sec. III,
para. 2). This caim, though canonical to the
point of catechism, has always bothered evolu-
tionists because we know that, considered at the
physicochemical level of gene structure and ac-
tion, mutations are not random events. They
represent causal series independent from selec-
tion upon organisms, and they maintain their
own lawlike properties of origin, sorting, inser-
tion, and expression in phenotypes.

Of course, evolutionists have really meant
something else in stating that mutations are
“random’’: namely, that they occur without ref-
erence to adaptive requirements of phenotypes.
In other words, “‘random’” has been technically
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misused to express a relationship—a claim that
the frequency and direction of mutation is un-
related to natural selection upon phenotypes. (We
also recognize that the statement is not always
true, as in the derepression of mutator loci under
regimes of intense selection.) ‘“Mutations are
random’’ is a misstatement that subtly embodies
a restrictive, nonhierarchical view of life—selec-
tion in populations as #be process of evolution,
with others evaluated in relation to it.

The hierarchical perspective resolves any par-
adox or difficulty. Since mutations occur at a
level below organisms, their independence should
lead us to anticipate no direct causal relationship
with natural selection at the conventional level
of phenotypes. We coined the term ‘“‘exapta-
tion” for features arising for one reason, and
then fortuitously available and co-opted by se-
lection for another reason (Gould and Vrba
1982). Form-function correlations may be ubi-
quitous in nature, and may express the good de-
sign of organisms and other entities, but they
need not arise directly by ‘“‘adaptation” (sensu
Williams 1966)—that is, by direct selection for
current utility. We originally restricted our dis-
cussion of exaptation to features arising at one
level and later co-opted for different function at
the same level—feathers evolving for thermoreg-
ulation and later co-opted for flight, for exam-
ple. But the scope of exaptation becomes vastly
expanded under the hierarchical perspective—
because @/l upward or downward causation to
new chavacters may lead to exaptation. Mutations
arise for their own reasons at their own level. If
they affect phenotypes in a way that selection
upon organisms favors, then these mutant phe-
notypes are exaptations at the level of organisms.
We grasp this clearly for upward causation, since
all heritable, emergent novelty that becomes
subject to selection can be described as exapta-
tion. But the principle also works for downward
causation. Mass extinction, for example, may
generate a pervasive realignment of life’s diver-
sity. The new proportions and types of creatures
available for adaptive molding to renewed or-
dinary environments after such an extraordinary
event form a largely fortuitous pool of exaptive
potential.

This expansion of the role of exaptation vs.
adaptation contains an important lesson for our
basic attitude toward history. Hypotheses of
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adaptive optimality represent the extent to which
we can ignore history and treat form and ecology
as a problem of unconstrained equilibrium in a
timeless world. Exaptation embodies all the
quirkiness of historical contingency—you only
get to an advantageous place if some other pro-
cess for another reason gave you the goods. Hi-
erarchy and the exaptive status of cross-level
causation teach us that we inhabit a world of
enormous flexibility and contingency—a world
built by irrevocable history.

Hierarchy and cross-level causation are claims
about the empirical status of things, not mere
conceptual models. If nature’s hierarchy is fac-
tual, then it was built historically—and its pres-
ent structure might provide clues to its origin in
time.

If we assume that hierarchies generally are
built from the bottom up (chemical constituents
must have preceded monophyletic groups), then
we can recognize two important features of the
genealogical hierarchy as historically progressive:
loss of autonomy toward lower levels, and in-
crease of autonomy toward higher levels (Vrba
and Eldredge 1984). We may express this in-
creased spatiotemporal bonding among lower-
level individuals in two ways: (1) as a conse-
quence of the laws of hierarchy (causality is
asymmetrical, with downward flow ineluctable
and upward flow possible; lower levels are more
strongly impacted and constrained, higher levels
more independent); (2) as a result of history (as
hierarchies build and elements become incorpo-
rated as functioning parts of a complex system,
their lineages evolve from selfish and competitive
to mutually interacting entities).

Incorporation and tighter bonding are recur-
rent themes of evolution (from independent ex-
ons to gene clusters, prokaryotes to eukaryotes,
asexual to sexual reproduction, unicellular to
multicellular organization, parasites to sym-
bionts). Individuals at lower levels aggregate and
lose their independence, but higher-level indi-
viduals are not so strongly constrained and their
parts -retain more autonomy. Species as high-
level individuals are affected by few levels above,
and subject to relatively little context depen-
dence (arising from their monophyletic groups).
They are largely circumscribed in space and time
by the externalities of environments—habitat
preferences of component organisms in space,
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and vagaries of shifting environments in time.
In contrast, spatiotemporal bounds upon organ-
isms arise from internal epigenetic programs that,
together with environmental causes, determine
their forms and life spans. (Sexually reproducing
organisms are additionally constrained by pop-
ulation structure from above because they must
recognize and mate with another conspecific in-
dividual to ensure their genetic survival.) While
sorting of organisms is, to a large extent, con-
ditioned by their own interaction with the en-
vironment, the sorting of still lower-level indi-
viduals, genes and cells, is almost entirely
constrained by whole-organism imperatives (or
produces disastrous results at several levels if not
so regulated, as in cancer).

The concept of progress has been particularly
vexatious throughout the history of evolutionary
biology. Darwin denied it explicitly as a logical
consequence of natural selection (which only
produces local adaptation, not general advance),
but smuggled it back obliquely (Gould 1985)
because he could deny neither his culture’s ob-
session with the idea nor the broad sweep of
life’s history from early prokaryotes to recent
intelligence. Hierarchy may resolve the issue by
explaining life’s weak and impersistent vector of
progress as the result of deeper structural prin-
ciples more inclusive than natural selection. If a
historical system begins with simple components
(as ours presumably did), and if complexity re-
quires hierarchy and the bonding of lower-level
individuals into higher entities (with a partial
suppression of their independence and an altered
status as parts of a larger whole), then a struc-
tural ratchet will ordain increasing complexity—
“progress’” if you will—as hierarchy builds his-
torically.

Such a perspective raises interesting questions
about life on earth. Could the earth have lost
several early “‘experiments’ in life because they
didn’t aggregrate to hierarchy? Can bonded parts
that were once autonomous, lower-level individ-
uals regain their independence? May we view
some viruses as escaped units that have regained
autonomy? In any case, if historically built hi-
erarchy is a prerequisite for complexity, we may
include intelligence among its improbable results
and acknowledge hierarchy as the precondition
of our ability to analyze it. We must also ac-
knowledge that Darwin’s theory does not have
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the range to encompass the new kinds of data
increasingly coming to light. In so stating, we
are not merely pointing to the hitherto unsus-
pected presence of particular genomic patts or
additional fossils. Rather, the pazsterns they form
speak clearly of evolutionary laws beyond neo-
Darwinism. Although we can as yet only see
“through a glass darkly” into the workings of
genes, the ontogenies of organisms, and the lives
of species in macroevolution, we already glimpse
enough to know that the expanded hierarchy is
a reality. Darwin, who brilliantly inferred so
much with substantially less information, was far
more pluralistic in his conceptual explorations
than most of his followers. We must recapture
this spirit of discovery.

Literature Cited

Arnolp, A. J. anp K. Fristrur. 1982, The theory of evolution
by natural selection: a hierarchical expansion. Paleobiology. 8:
113-129.

Campper, T. 1974, “Downward causation” in hierarchically or-
ganized biological systems. Pp. 179-186. In: Ayala, F. J. and T.
Dobzhansky, eds. Studies in the Philosophy of Biology. Univ.
California Press; San Francisco.

CracrarT, J. 1982. A non-equilibrium theory for the rate-control
of speciation and extinction and the origin of macroevolutionary
patterns. Syst. Zool. 31:348-365.

Dawkins, R. 1978. Replicator selection and the extended phe-
notype. Z. Tierpsychol. 47:61-76.

Doourrmie, W. F. 1982. Selfish DNA after fourteen months. Pp.
3-28. In: Dover, G. A. and R. B. Flavell, eds. Genome Evolution.
Academic Press; London.

Doourrtie, W. F. anD C. Sapienza. 1980. Selfish genes, the phe-
notype paradigm and genome evolution. Nature. 284:601-603.

Dover, G. A. 1980. Ignorant DNA? Nature. 285:618-620.

Dover, G. A,, S. Brown, E. E. Coen, J. Darras, T. STRACHAN,
AND M. Trick. 1982. The dynamics of genome evolution and
species differentiation. Pp. 343-372. In: Dover, G. A. and R. B.
Flavell, eds. Genome Evolution. Academic Press; London.

EipER, J. T., J. Pan, C. H. Duncan, anp S. M. Weissman. 1981,
Transcriptional analysis of interspersed repetitive polymerase I1I
transcription units in human DNA. Nucl. Acids Res. 9:1171-
1189.

EiprepGE, N. AND J. Cracrarr. 1980. Phylogenetic Patterns and
Evolutionary Process. 349 pp. Columbia Univ. Press; New York.

Eiprepce, N. anp S. J. Gouwp. 1972, Punctuated equilibria an
alternative to phyletic gradualism. Pp. 82-115. In: Schopf, T. J.
M., ed. Models in Paleobiology.W. H. Freeman; San Francisco.

Fuwrer, G. A., R. Rivapy, R. Pawmarionn, E. Seravari, anp M.
Smuscarco. 1977. Linkage disequilibrium for two x-linked genes
in Sardinia and its bearing on the statistical mapping of the
human x chromosome. Genetics 86:119-212.

Fisuer, R. A. 1958. The Genetical Theory of Natural Selection.
291 pp. Dover; New York. 2d ed of 1930 book.

Forp, E. B. 1971. Ecological Genetics. 410 pp. Chapman & Hall;
London. 3d ed. of 1964 book.

Futuyma, D. J. 1979. Evolutionary Biology. 565 pp. Sinauer
Associates; Sunderland, Mass.

Guiseuin, M. T. 1974, A radical solution to the species problem.
Syst. Zool. 25:536-544.

227

Guunsky, N. L. 1987. Speciation, trends, and macroevolution.
Evol. Biol. in press.

Gorusovsky, M. D. 1978. Two types of instability of singed
alleles isolated from populations of D. melanogaster during mu-
tation outburst in 1973. Drosophila Inf. Serv. 53:171.

Goutp, S. J. 1982a. Darwinism and the expansion of evolutionary
theory. Science. 216:380-387.

Gourp, 8. J. 1982b. The meaning of punctuated equilibrium and
its role in validating a hierarchical approach to macroevolution.
Pp. 83-104. In: Milkman, R., ed. Perspectives on Evolution.
Sinauer: Sunderland, Mass.

Gouip, S. J. 1985. The paradox of the first tier: an agenda for
paleobiology. Paleobiology. 11:2-12.

Goup, S. J. anp N. Erorebce. 1977. Punctuated equilibria: the
tempo and mode of evolution reconsidered. Paleobiology. 3:115—
151.

Goutp, S. J. anp E. S. VrBa. 1982. Exaptation—a missing term
in the science of form. Paleobiology. 8:4-15.

GrEENACRE, M. J. AND E. S VrBA. 1984. A correspondence anal-
ysis of biological census data. Ecology. 65:984-997.

Hansen, T. A. 1978. Larval dispersal and species longevity in
Lower Tertiary gastropods. Science. 199:885-887.

Huw,, D. L. 1974. Philosophy of Biological Science. 148 pp.
Prentice-Hall; Englewood Cliffs, N.J.

Huw, D. L. 1980. Individuality and selection. Ann. Rev. Ecol.
Syst. 11:311-332.

Kermiewei, H. B. D. 1958. Industrial melanism in the Lepidop-
tera and its contribution to our knowledge of evolution. Proc.
10th Int. Congr. Entomol. 2:831-841.

Lanpg, R. 1979. Effective deme sizes during long-term evolution
estimated from rates of chromosomal rearrangement. Evolution.
33:234-251.

Lews, H. 1961. Experimental sympatric populations of Clarkia.
Am, Nat. 95:155-168.

LewonTiN, R. C. 1970. The units of selection. Ann. Rev. Ecol.
Syst. 1:1-16.

Linpstey, D. L. anp E. H. Grew. 1944, Genetic variations of
Drosophila melanogaster. Carn. Inst. Wash. Publ. 627:1-471.
MayNARD SMmiTH, J. 1978. The Evolution of Sex. Cambridge Univ.

Press; Cambridge.

Oraer, L. E. anp F. H. C. Crick. 1980. Selfish DNA: the ulti-
mate parasite. Nature. 284:604-607.

PatersoN, H. E. H. 1982. Perspective on speciation by reinforce-
ment. S. Afr. J. Sci. 78:53-57.

Parree, H. H. 1970. The problem of biological hierarchy. Pp.
117-136. In: Waddington, C. H., ed. Towards a Theoretical
Biology. Edinburgh Univ. Press; Edinburgh.

Rauve, D. M, S. J. Gourp, T. J. M. ScHopr, AND D. SIMBERLOFF.
1973. Stochastic models of phylogeny and the evolution of di-
versity. J. Geol. 81:525-542.

Raup, D. M. anD S. J. Gourp. 1974. Stochastic simulation and
evolution of morphology—towards a nomothetic paleontology.
Syst. Zool. 23:305-322.

SHAPIRO, J. A. 1983. Variation as a genetic engineering process.
Pp. 253-272. In: Bendall, D. S., ed. Evolution from Molecules
to Men. Cambridge Univ. Press; Cambridge.

Soser, E. anp R. C. LEwonTIN. 1982. Artifact, cause and genic
selection. Phil. Sci. 49:157-180.

Staniey, S. M. 1975. A theory of evolution above the species
level. Proc. Natl. Acad. Sci. USA 72:646-650.

STANLEY, S. M. 1979. Macroevolution: Pattern and Process. 322
pp. W. H. Freeman; San Francisco.

SteArNs, S. C. 1982. The role of development in the evolution of
life histories. Pp. 237-256. In: Bonner, J. T., ed. Evolution and
Development. Springer-Verlag; Berlin.

TempLETON, A. R. 1982. Adaptation and the integration of evo-
lutionary forces. Pp. 15-31. In: Milkman, R., ed. Perspectives in
Evolution. Sinauer Associates; Sunderland, Mass.



228

Vrea, E. S. 1980a. Evolution, species and fossils: how does life
evolve? S. Aft. J. Sci. 76:61-84.

VRrBa, E. 8. 1980b. The significance of bovid remains as indicators
of environment and predation patterns. Pp. 247-271. In: Beh-
rensmeyer, A. K. and A. P. Hill, eds. Fossils in the Making.
Univ. Chicago Press; Chicago.

VrBa, E. S. 1983. Macroevolutionary trends: new perspectives on
the roles of adaptation and incidental effect. Science. 22:387-
389.

VrBa, E. S. 1984a. Evolutionary pattern and process in the sister-
group Alcelaphini-Aepycerotini (Mammalia: Bovidae). Pp. 62—
79. In: Eldredge, N. and S. M. Stanley, eds. Living Fossils.
Springer-Verlag; New York.

ELISABETH S. VRBA AND STEPHEN JAY GOULD

VrBa, E. 8. 1984b. What is species selection? Syst. Zool. 33:318-
328.

VrBA, E. S. anD N. Erprepce. 1984, Individuals, hierarchies and
processes: towards a more complete evolutionary theory. Paleo-
biology. 10:146-171.

WiLiams, G. C. 1966. Adaptation and Natural Selection. 307
pp. Princeton Univ. Press; Princeton, N.J.

Wison, A. C., G. L. BusH, S. M. Casg, anp M. C. King.  1975.
Social structuring of mammalian populations and rate of chro-
mosomal evolution. Proc. Natl. Acad. Sci. U.S.A. 72:5061-5065.

WriGHT, S. 1941. On the probability of fixation of reciprocal
translocations. Am. Nat. 75:513-522.

WriGgHT, 8. 1956. Modes of selection. Am. Nat. 90:5-24.



