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The Units of 
C,J. Gliddon and P-H. Gouyon 

The individual has long 6een considered 
by evolutionists to be the only level at 
which selection acts. Recent advances in 
molecular 6iology have forced them to 
accept af least one other, the molecular 
level. This paves the way for a broadening 
of perspective in evolutionary thought, but 
renders it more necessary to clarify the 
debate about the level at which the process 
of evolution occurs. This debate cannot be 
resolved without clarifying the premises on 
which the argument is based. To this end, 
it is helpful to distinguish Gefween that 
which is transmitted and that which trans- 
mits. The discrimination of genetic infor- 
mation from its materiul support (avatar) 
can be most useful, particularly when 
placed in the context of the hierarchical 
organization of biological systems. The 
utility of this approach is exemplified by its 
application to the case of the evolution of 
sex. 

Darwin’s theory of evolution by 
natural selection has tended to be 
interpreted and developed by his 
followers as implying that the unit 
of selection is the individual. A 
careful reading of The Origin shows 
that Darwin was either unclear him- 
self as to what was the unit of 
selection, or he believed that 
selection could indeed act at dif- 
ferent levels of biological organ- 
ization. Our purpose here is to 
show that, if one wishes to be clear 
about how the process of selection 
acts in evolution, then it is necess- 
ary not to eliminate, a priori, any 
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level of biological integration as a 
potential candidate for the role as a 
unit of selection. From this view- 
point, one can interpret Darwin as 
having clearly understood that 
selection acts at different levels of 
biological complexity but having 
been unaware of the impact of the 
hierarchical organization of all bio- 
logical systems (see also Tuomi 
and Vuorisalo, this issue). 

The debate concerning the unit 
of selection remained somewhat 
muted until the 1960s. Then, a 
controversy arose between the 
adherents to the view that the 
individual is the only level at which 
selection could act (e.g. Mayr’, Ch. 
IO; Williams2) and those who be- 
lieved that groups of organisms 
could also be selected (e.g. Wynn 
Edwards3). In an attempt to solve 
this problem, some evolutionists 
(e.g. Dawkins4) have tried to dif- 
ferentiate between the entity on 
which selection acts (the indi- 
vidual) and that which is selected 
(the ‘gene’). Some others (e.g. 
Mayrl, Ch. 9) have criticized this 
point of view as turning Mendel’s 
‘wrinkled-pea’ genetics into ‘bean- 
bag’ genetics; they proposed that 
the individual is the only relevant 
unit of integration, and have pro- 
duced what we would call ‘pea- 
soup’ genetics. This debate has 
continued and become more com- 
plicated with the addition of con- 
cepts such as molecular selection 
(e.g. Dover51 and species selection 
(e.g. Damuthb). 

Often, when such debates con- 
tinue over a long period, it is be- 
cause the premises on which the 

argument is based have been poor- 
ly defined. Thus, the time was ripe, 
in the I98Os, for some philosophers 
of science to enter the fray. 
Although the debate has not been 
resolved, a general consensus ap- 
pears to have emerged: it is necess- 
ary to distinguish between two 
kinds of entity, those that are 
transmitted over time and those 
that transmit. The former have 
been called replicators (sensu 
Hull’, Dawkinsa) or genes (sensu 
William+, p. 24) and the latter, 
interactors (Hu117) or vehicles 
(Dawkinssl. How can these entities 
be distinguished? And does this 
distinction really aid a view of evol- 
ution? 

What is transmitted and what transmits? 
A fact the whole world knows is 

that what is transmitted over time 
as part of the evolutionary pro- 
cess cannot be ephemeral on an 
evolutionary time-scale. This rules 
out any strictly material entity 
(Williams2, p. 24) since all such en- 
tities are very short-lived. We are 
thus left with two candidates for 
that which is transmitted: structure 
and information. 

It is probable that in the first 
self-replicating systems, structure 
and information were strictly 
synonymous. In sexually reproduc- 
ing higher organisms, however, the 
part of the individual’s structure 
that is transmitted to the next gen- 
eration is difficult to define (and is 
certainly not that part of the struc- 
ture intimately concerned with re- 
production). On the other hand, the 
concept of information passing 
from one generation to the next 
seems less difficult. This is certainly 
the origin of the wide use of the 
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word ‘gene’ as employed by Wil- 
liams, Dawkins, etc., in the sense 
that ‘gene’ refers to an information- 
al content*. For example, Williams* 
(p. 24) refers to the gene in ‘the 
abstract discussions of population 
genetics’ as being ‘potentially 
immortal’. 

From this point of view, whatever 
the entity that is transmitted is 
called (e.g. replicator), it must be 
defined as information (broad 
sense, including structure) and not 
as a material entity. It has been 
proposed9 that this entity should 
be called genetic information 
(broad sense, including epigenetic 
information). The difficulty here is 
that our Western scientific logic 
does not deal very easily with ob- 
jects that are not purely material. 
That is, information is often con- 
founded with its material support 
(see the example of n gene copies 
given in footnote*). The first group 
of Western scientists who tried to 
deal with information were physi- 
cists at the beginning of the cen- 
tury, but currently the theory is 
clearly not sufficiently developed 
to apply to the analysis of complex 
biological systems (those readers 
who have begun to be worried by 
the prospect of seeing the word 
‘entropy’ may rest assured that it 
will not appear any more, and for 
the others we hope that this single 
appearance will be sufficient! 1. 

One of the problems that re- 
mains is to define what is ‘trans- 
mission’, given the fact that it is 
never faithful and that this unfaith- 
fulness is an essential part of the 
evolutionary process. Another diffi- 
culty is to conceive of information 
acting on matter despite this being 
one of the fundamental tenets of 
our culture (‘In the beginning was 
the Wordt . . And the Word was 
made flesh’lo). 

The entity that transmits what we 
have called genetic information 
must be material and (I 1 interact 
with the environment, in the sense 
of using resources and being 

* It is interesting to note that some biologists would define 
a gene as a length of nucleic acid with certain properties, 
thus giving it the status of a material entity. However, once 
that gene is cloned, say producing n copies, nobody would 
say that R genes have been produced but instead that n 
copies of that gene have been made, thus giving back to 
the gene its status as information. 

t ‘Word’ is the translation of logos, which would perhaps be 
better translated as ‘meaning’. 

affected by the environment 
(interactor’), (2) be designed to 
carry the information (vehicle% and 
(3) have been produced by this 
information (avatarg). Individual 
organisms clearly belong to 
this class: these avatars are pro- 
duced by genetic information, 
interact with the environment and 
reproduce (i.e. reproduce parts of 
their information, which are then 
carried by a new set of avatars). The 
net result of the operation is the 
production of a number of copies of 
the information. Each type of infor- 
mation can now exist in a different 
total number of copies. This num- 
ber changes with time as a result of 
different forces (different reproduc- 
tive ability of their respective 
avatars, random events, etc.). For 
example, in a given population, an 
increase in the number of indi- 
viduals carrying one allele usually 
results in a decrease in frequency 
of those carrying the other allele. 
These changes are generally con- 
sidered to be the basis of evol- 
utionary change. 

The conclusion of the above 
reasoning is that what is transmit- 
ted is information and what trans- 
mits is the avatar. A single type of 
information can then exist as sev- 
eral copies, each of them being 
carried by a single avatar. 

A hierarchical approach 
Since genetic information is the 

target of selection and the avatar 
is the means whereby it is 
replicatedaf9, it now becomes poss- 
ible to attack the problems posed 
by the different levels of inte- 
gration that exist within all biologi- 
cal systems. That is, neither the 
concept of genetic information nor 
that of avatar requires a particular 
level of complexity, since both may 
be defined at any level of biologi- 
cal integration. Unfortunately, con- 
trary to Dawkins’ assertion, the hi- 
erarchy is not strictly nested”. The 
example of gynodioecy, given in 
Box I, shows how two sets of infor- 
mation (nuclear and cytoplasmic) 
acting at the same level and on the 
same trait can experience different 
selective pressures and thus some- 
times have opposite effects. 

Although it is certainly possible 
to define a large number of levels 
of biological integration, only some 
are appropriate for selection 
studies. In order to be appropriate, 

a level must be such that there 
exists within it a well defined set 
of information carried by avatars. 
These avatars must share or com- 
pete for some resources so that 
the relative success of one avatar 
affects the success of the others. 
We shall discuss only three levels: 
the molecular level, the individual, 
and the group Lsensu late). 

The individual level 
From the point of view de- 

veloped above, it is clear that the 
selection of genetic information de- 
pends on the reproductive ability 
of its avatars. At the individual 
level, depending upon whether 
one chooses to emphasize the ava- 
tar (e.g. Mayrr*) or the information 
(e.g. Williams*), selection will be 
interpreted as acting on the indi- 
vidual or on genes. A difficulty 
arises here in that the organism (i.e. 
avatar) is clearly the individual but 
this individual never transmits its 
genetic information as a whole in 
sexually reproducing species. 

Williams focused on the smallest 
amount of information having an 
effect on the phenotype of the 
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individual and referred to it as a 
gene: ‘if there is an ultimate indi- 
visible fragment it is, by definition, 
“the gene” that is treated in the 
abstract discussions of population 
genetics’ (Ref. 2, p. 24). This 
quantity of information can be as 
small as the information encoded 
by a single nucleotide (e.g. a point 
mutation, see Box 2) or as large as 
the haploid genome. This illus- 
trates the difficulty of relating a 
given information content to a 
precise avatar. Nevertheless, single 
genes are not transmitted in iso- 
lation by individuals, so that it is 
actually a fuzzy set of genes that 
should be considered the unit of 
evolution at this level (i.e. neither 
the entire genome nor a single 
gene but a set of genes, the mem- 
bership of which is defined by 
probabilities). That is, Mayr empha- 
sizes the avatar of the genetic infor- 
mation (i.e. individual] whereas 
Dawkins and Williams emphasize 
the information (i.e. gene). This 
leads both groups to simplify the 
total process, with Mayr neglecting 
the fact that the genome is never 
transmitted as a whole and Dawkins 
and Williams that a single gene is 

never transmitted alone. However, 
whatever their differences in em- 
phasis, all are describing the same 
process, that is, the change in 
frequency of genes (genetic 
information) by means of differen- 
tial success of individuals (avatars). 

The molecular level 
In recent years, the discovery 

that a large proportion of the 
genome is made up of repeated 
non-coding sequences came as 
quite a surprise to a number of 
biologists. Their natural reaction 
was to search for the ‘use’ of such 
genetic information or molecules. 
This approach was a reflection of 
‘standard biological methodology’. 
For example, a physiologist con- 
fronted by any organ of a living 
organism will ask the question 
‘what is the use of this organ for the 
plant or animal?’ This is a perfectly 
legitimate question providing the 
organ concerned cannot reproduce 
by itself. An organ that is capable 
of self-reproduction (e.g. a cancer) 
does not require an explanation in 
terms of the ‘advantage’ it confers 
on the organism that carries it. 
Similarly, the fact that repeated se- 

quences exist need only imply that 
these sequences can self-replicate. 
This point of view, often referred to 
as the ‘selfish DNA’ hypothesis 
was proposed in two seminal 
papers’3,i4. 

The molecular processes that can 
lead to an increase in the number 
of copies of a sequence within a 
genome are manifold. They include 
gene conversion, unequal crossing 
over, slippage, transposition, etc. 
and have been grouped under the 
generic name ‘molecular drive’r5. 
This set of processes can explain 
both the existence of repetitive se- 
quences and concerted evolution 
(i.e. the fact that, sometimes, each 
repeat does not evolve indepen- 
dently of others). Such an expla- 
nation does not exclude the possi- 
bility that these sequences could 
sometimes evolutionarily benefit 
their carriers (i.e. individuals or 
populations). An extreme position 
has been taken by Dover5, who 
proposes that molecular drive 
could have played a role in most 
(if not all) evolutionary events fim- 
plicitly coupled with group selec- 
tion) (for a fuller discussion, see 
Ref. 5). 

Whatever the consequences at 
the individual level, such se- 
quences have clearly originated 
very early in evolutionary time; it 
seems that introns pre-existed the 
divergence of eukaryotes and 
prokaryotesr6. Given that RNA 
seems to have pre-existed DNA 
and that reverse transcription prob- 
ably evolved before transcription, 
one cannot help but wonder if 
organisms and their genomes 
should not be considered as the 
means by which transposons have 
maximized their reproduction over 
evolutionary time: the ultimate 
selfish-DNA hypothesis. 

The group level 
We have now reached one of the 

‘dirty’ areas of modern evolutionary 
thought, in that much scorn has 
been poured on the concept of 
group selection as developed by 
Wynne Edwards3. Indeed, these 
criticisms were fully justified since 
a systematic recourse to group 
selection in order to explain that 
‘Tout est pour le mieux dans le 
meilleur des mondes possibles’, as 
Dr Pangloss said r7, is certainly not a 
tenable scientific position. In ad- 
dition, populations are difficult to 
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define as avatars (they are also very 
transient, fuzzy sets of individuals) 
and, moreover, the gene pool of a 
population, as long as it is not 
strongly isolated from other popu- 
lations, does not meet the criterion 
of stability over evolutionary time 
discussed above. It is possible that, 
in some particular cases, strong 
group selection could counter the 
effect of weak individual selection, 
although this has yet to be demon- 
strated. In the following arguments 
we will assume that, in most cases, 
even weak selection at a lower 
level will predominate over selec- 
tion at a higher level (even though 
this conflict may lead eventually to 
extinction). 

Viewed from this perspective, it 
may appear that the concept of 
group selection should be aban- 
doned. However, there are certain- 
ly some groups (e.g. species) that 
meet all the requirements for being 
an acceptable level of selection. 
Some broad-minded evolutionists 
(e.g. Maynard Smithr8, Damuth6, 
Nunney’9) have tried to explore 
this domain. Unfortunately, evol- 
utionary biologists have often 
tended to impose unnecessary 
restrictions on the definition of 
group selection. For example, 
Maynard Smith2O stated that: ‘If 
there are genes which, although de- 
creasing individual fitness, make it 
less likely that a group (deme or 
species) will be extinct, then group 
extinction will influence evolution’. 
The restriction of group selection to 
cases involving a reduction in indi- 
vidual fitness is justified by the 
idea that group selection should be 
invoked only when it is strictly 
necessary (see, for example, 
Maynard Smithzr). It is curious that 
this statement, whilst parsimoni- 
ous, has not been applied at the 
individual/molecular level by the 
same evolutionists (see Dover5). 
Since, at the same time, these evol- 
utionists were quite happy with the 
idea that individual selection sorts 
those individuals in which molecu- 
lar processes (e.g. mutation, biased 
gene conversion) have fixed favour- 
able sequences of DNA, the same 
reasoning should have led them to 
consider group selection as the 
process of selecting those groups in 
which individual selection has had 
beneficial effects at the group level. 

Taking such a parsimonious view- 
point, there would rarely be any 

need to invoke group selection to 
explain the genetic make-up of ex- 
tant groups. These groups would be 
a subset of all possible groups in 
which individual selection has not 
led to extinction. That is, individual 
selection is a sufficient expla- 
nation of the evolution of any such 
group. The unsatisfactory nature of 
invoking group selection only 
when individual selection is unable 
to account for the results can be 
illustrated by the following analogy 
fat a different level). B&ton betu- 
/aria, the peppered moth, is black 
fmelanic) in smoke-polluted areas. 
A possible explanation of this ob- 
servation could be as follows. All of 
these moths possess an ancestor in 
which there was a mutation giving 
the melanic phenotype. This is a 
perfectly sufficient explanation of 
the situation that any thinking evol- 
utionary biologist should find abhor- 
rent. That is, in such a situation it is 
rather too easy to commit suicide 
with Occam’s razor (cf. Williams2, p. 
130). This is because this expla- 
nation does not account for the fact 
that the ancestors that did not pos- 
sess the mutation have no extant 
progeny. Kettlewell showed that 
non-melanic lineages, living in pol- 
luted areas, have a higher probabil- 
ity of extinction than melanics. 

Group (species in particular) 
selection has certainly restricted 
the number of possible types of 
individual selection that we can 
observe. That is, extant species are 
a non-random sample, from the 
point of view of the individual 
selection events that their mem- 
bers have experienced, of the total 
set of species that have ever ex- 
isted. From this point of view, one 
must conclude that group selec- 
tion, in the sense described here, is 
necessary to explain satisfactorily 
the process of evolution. However, 
the measurement of its impact is 
still beyond the realms of our com- 
petence for at least two reasons. 
Firstly, there is currently no tract- 
able definition of the fitness of a 
group; and secondly, even if such a 
fitness existed, it is difficult to con- 
ceive of the precise group character 
for which this fitness should be 
estimated. It should be noted that 
this problem can also apply at the 
level of the individual as described 
in Box I. 

Nevertheless, a possible out- 
come of such a process could be 

the evolution of sex. Williams23 and 
Maynard Smith ‘8 have shown that 
the twofold cost of reproducing 
sexually made it difficult to accept 
long-term selective forces (i.e. 
group selection) as the explanation 
for the ubiquity of sex in living 
organisms. It is thus necessary 
to invoke short-term forces (i.e. 
individual selection) to account for 
sex. Numerous articles have sub- 
sequently been published provid- 
ing such short-term advantages in a 
wide variety of plant and animal 
species. Short-term forces that pre- 
vent a species from being invaded 
by asexual forms can be classified 
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into two categories: constraints, re- 
sulting in the impossibility of any 
additive genetic variance existing 
between individuals for the mode 
of reproduction; and individual 
selection, resulting in the removal 
of any such genetic variance were 
it to arise. The ‘constraints hy- 
pothesis’ has been formalized by 
Nunney24, who shows that differen- 
tial extinction can select (at the 
species level) for a reduction in the 
probability of a mutation for asexu- 
ality becoming established (i.e. 
there are strong constraints pre- 
venting the species from producing 
asexual organisms) (see Box 31. 
That is, Nunney’s model permits 
a pure group-selectionist expla- 
nation of the maintenance of sex 
(and also of its early spread). 

Many biological examples of 
short-term forces or constraints 
acting to favour sex have been 
cited in the literature, For example, 
( I ) aphids may not be able to resist 
winter frosts without producing 
eggs, a process necessitating sexual 
reproduction in the extant species, 
(2) sexual reproduction in higher 
plants may be necessary to purge 
them of systemic viruses (in con- 
trast to AIDS in man), (3) mammals 
simply cannot reproduce without 
sex. These many and varied proces- 
ses are, in the main, difficult to 
explain but, while their causality is 
diverse, their effect is unique: the 

maintenance of sexual reproduc- 
tion in most extant species. This 
makes it difficult to avoid the idea 
that a higher level of selection has 
selected those species in which, 
for whatever reason, sex has been 
maintained by individual selection 
or other constraints25 fit is obvious- 
ly nonsense to invoke avoidance of 
cold, systemic viruses or develop- 
mental constraints as the sole 
reason for the ubiquity of sex). 

Conclusion 
The different levels of selection, 

coupled with the hierarchical 
nature of biological systems, imply 
that it is necessary to consider 
simultaneously all levels. That is, in 
order for a trait to be selected at 
the individual level, the sequence 
coding for this trait must first have 
been successful at the molecular 
level. Similarly, only the traits that 
have been successful at the indi- 
vidual level can be selected at 
the group level. In addition, the 
reasons for success at any particular 
level may often be different from 
those at other levels. 

The major advantage accruing 
from an examination of evolution- 
ary processes in terms of genetic 
information and avatars in a hier- 
archical system is that it renders 
sterile the debate concerning ‘what 
is the unit of selection?’ Indeed, for 

each trait, the relevant level(s) of 
selection can be different. It is 
likely that, for major traits, several 
levels are often involved. More- 
over, from one trait to the other, 
these levels need not be the same. 
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