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Abstract. An analysis of the concept of information in biology shows that every kind of biological information
is related to its context, as its meaning can only be expressed in relation to some other information. If the
question of the origin of biological information is not to lead into an infinite regression, we shall have to
abandon the idea of absolute information and instead consider information in relation to its context. Some
possible consequences for the theoretical basis of biology are indicated.

1. Introduction

There is no doubt that the field of biology is today undergoing a development as rapid and as
exciting as the development of physics at the beginning of this century. However, modern
physics brought with it a profound conceptual change in the wake of quantum theory and
relativity theory, while, in contrast, modern biology seems to have been spared such
revolutionary changes. The Darwinian theory of evolution and its physico-chemical
counterpart, the theory of biological self-organisation, appear to provide a stable, adequate and
self-consistent foundation for the life sciences. If there are any limits to progress in biological
research, these are apparently not of a fundamental nature, but are rather connected with the
limits of calculability and predictability that are generally associated with complex systems.

However, the idea of biology under steady development and free from self-contradiction
does not withstand critical examination. There have already been violent controversies within
evolutionary biology concerning the so-called tautological objection. This was connected
above all with the question of whether the Darwinian principle of the survival of the fittest,
which forms the basis of the entire evolutionary doctrine, could be formulated without
invoking a circular argument in which the greatest fitness was defined as the property of having
survived. The physical justification of the selection principle within the framework of the
molecular theory of evolution has ultimately decided the issue in favour of the orthodox
Darwinian position.

In this lecture I shall attempt to show that there exist certain residual difficulties arising
from the tautological objection, and that the resolution of these may only be possible with the
aid of a conceptional re-orientation of evolutionary biology. T am not trying to suggest that the
reductionistic programme of biology, based as it is upon physics and chemistry, is under threat.
On the contrary, I believe that the possible changes to which I have alluded are the inevitable
consequence of the changes that have already been accepted in modern theoretical physics.

In this connection I first should like to refer to Niels Bohr's famous essay of 1933,
entitled "Light and Life" (Bohr 1933). In this essay, Bohr predicted that the theoretical basis of

'This lecture was given in German at a colloquium held to mark the sixty-fifth birthday of Erhard Scheibe. It
will appear with minor revisions in L. Kriiger and B. Falkenburg (eds.): Physik, Philosophie und die Einheit
der Wissenschaften. Grundlagen der exakten Naturwissenschaften, Band 10. Spektrum Akademischer Verlag,
Heidelberg 1995,
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biology would undergo the same dramatic changes as the physics of microscopic systems had
done. Bohr believed that the revolutionary idea of complementarity in microphysics could be
transferred to biology, and he argued that a complete physical description of a living organism
would never be possible, because the necessary molecular or atomic analysis would lead
inevitably to the destruction and death of the organism. Thus, in biology as in quantum physics,
there would never be a clear distinction between the observer and the observed, and this would
prevent a description of the living phenomenon independent of the observer. For this reason,
Bohr considered the existence of life to be an elementary fact, one which could not be
explained and which must be accepted as an irreducible axiom of biology, just as classical
mechanics viewed the quantum of physics as an irreducible quantity, the existence of which
could not be deduced.

Bohr's thesis of the irreducibility of life held sway over the philosophical and theoretical
debate in biology for several decades, Only with the sensational successes of molecular biology
in the nineteen-fifties and early sixties did it become clear that Bohr's argument does not hold.
In the ability of an organism to reproduce itself, Bohr had seen a physically inexplicable
property of life. But we know now that this is just the macroscopic expression of a
microscopic property of molecules, namely, the inherent capability of DNA-molecules to
reproduce themselves,

In reality, Bohr's thesis was not a novel theoretical point of departure for biology, but
was rather a retrograde step towards the earlier vitalistic theories, already believed to belong to
the past. Today, it is only of historical interest, especially as Bohr corrected his original opinion
in view of the results of modern molecular biology. However, I allude to Bohr's thesis here
because it contains an idea that reflects an important step in the development of modern
science, namely, the fundamental idea of microscopic physics that an object can only be
understood in relation to the subject that observes it, even if this has little practical importance
for macroscopic objects.

With the abandonment of the idea of an absolute object, microscopic physics underwent
a conceptual change that had already been heralded by relativistic physics and had led to the
abandonment of the ideas of absolute space and absolute time. It was most probably the
increasing unease with which physicists viewed the role of absolutes in science that caused
Bohr to generalise his principle of complementarity and to apply it to biology.

Although Bohr's approach ultimately failed, the doubts that he expressed about the
theoretical basis of biology certainly pointed in the right direction. In this lecture, T should like
to follow Bohr in re-thinking critically the role of absolutes in biology. Unlike Bohr, I shall not
reflect upon the procedures of biophysical measurement, but shall instead examine the central
concept of modern biology, that is, what we call biological information. T shall attempt to show
that theoretical biology will have to depart from the idea of absolute information, just as
physics has had to depart from absolute space, absolute time and absolute objects.

This will be the central theme of this lecture, and I shall try to support it in three stages
First of all, I shall introduce the concept of information in biology and, in particular, raise the
question of whether information is an objective property of matter, that is, a natural entity -
which seems to be the tacit credo of most biologists. Secondly, I shall call into question the
notion of absolute information, and place the concept of information in the framework of its
context-dependence. Finally, I shall examine the epistemological and scientific consequences of
what has been said.



The Context-Dependence of Biological Information 139

2. The concept of biological information

[ commence with a brief review of the use of the term "information" in biology. One of the
most conspicuous properties of living matter is the amazing material complexity of living
structures. This complexity is reflected above all in the high degree of organisation that
organisms possess. The complexity of living matter is dynamically ordered and functionally
effective, and is expressed clearly in the organism's lawlike and purposeful construction and
activity. It is precisely this aspect that we relate to information in biology, when we interpret
the complexity of living matter as being completely "controlled" by information.

The working hypothesis according to which all the processes of life, from metabolism to
heredity, are instructed by so-called genetic information draws its strongest support from
molecular biology. This hypothesis has been so successful that ideas such as the storage,
transfer and generation of information are today among the cornerstones of theoretical biology.
Furthermore, the fusion of information theory and Darwinian evolution theory to give a unified
theory for the generation of biological information has determined the direction of the entire
theoretical discussion of biological self-organisation, encompassing the origin of life, cell
differentiation, and the self-organisation of the immune system and the central nervous system,

However, the application of the concept of information in biology is not always a
straightforward matter. To start with, the concept of information is derived not from the
natural sciences, but from communication theory, that is, from a completely different
conceptual framework. This is particularly clear in cases in which the term "information"
relates to the content of some information, and thus to the use to which it will be put. In turn
the idea of use is closely related to those of "purpose” and "meaning". An example of this
would be to ask what is the purpose of a particular activity, or the purpose of an object that is
the result of such an activity. Here the question of the purpose usually conceals the question of
how far this activity or this object serves the realisation of a particular function.

Just as we speak of a purposefully constructed machine or a purposeful plan of action,
biologists speak of a purposeful, information-directed functional context in living organisms.
This leads precisely to the problem indicated above, that is, that the introduction of the
semantic aspect of information into biology has brought with it a concept that is in itself
foreign to the natural sciences.

This conceptual ambivalence is of considerable importance for the intertheoretical
relation between biclogy and physics. However, let us ignore it for the time being, and
concentrate upon a different and equally problematical aspect of the application of the concept
of information in biology. It has been found that a surprising analogy exists between the
principles of genetic information storage and those of human language (Ratner 1977, Eigen
1979a, Kuppers 1990). Certain molecular components of the biological information carrier, the
nucleotides, function as letters in a genetic alphabet, and these letters are grouped in defined
code-words. The code-words in turn form longer blocks of information, the genes, which
could be represented by analogy as words or sentences. The genes, separated by molecular
punctuation marks, make up extensive information sequences, corresponding to passages of a
text, and so forth. The analogies, of which I have mentioned but a few, are apparently so
extensive that it seems justifiable to speak of the principles of molecular information storage as
an expression of a universal molecular-genetic language.

The fact, mentioned earlier, that the concept of information is extra-scientific, and the
amazing parallel between genetic and human language, independently raise the question of
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whether genetic information really is an objectifiable and inherent property of living matter, or
whether it is merely an arbitrary and convenient way of describing things. The central question
is thus: Is information a natural entity, in the same way as gravity or electricity are conceived
of in physics as being natural entities?

3. Is information a natural entity?

The majority of biologists, especially molecular biologists, appear to accept that biological
information is indeed a natural entity, which expresses itself in the specific structures of
biological macromolecules. However, this attitude has recently been the target of strong
criticism from the constructivistic philosophers of science (Janich 1992). Their main attack has
been directed against the application of the concept of information in non-human areas that are
governed entirely by natural laws. From the constructivistic viewpoint, the transfer, storage
and production of information can only be understood as metaphors, and the object of these
metaphors takes shape only when related to communication between two human beings. Thus
information is said to be not a natural entity, but merely a manner of description, for which on
account of its systemic origin and definition narrow limits are set.

The constructivistic criticism of the use of the concept of information appears very
convincing at first sight, since it reduces information to a technical term with an origin in
human activity and communication between persons. Indeed, the application of the term
"information” in biology could be seen as a confirmation of the basic thesis of constructivism,
that is, that there is an action-related dominance of the knowing subject over the known entity,
in consequence of which knowledge of Nature must be understood as a product of the research
worker's activity.

From the constructivistic standpoint, biological information is not a natural entity, but
rather a particular way of viewing Nature, derived from the context of human activity, the
activity of the research worker. This brings us for the first time to the question of the context-
dependence of biological information. Admittedly, the context-dependence is associated here
with the relative nature of the concept of information in a way completely different from the
way that I outlined in my introductory remarks. The constructivistic approach highlights the
relative nature of information by giving up the idea of information as a natural entity and
considering information as a special kind of knowledge which depends upon the context of
scientific research. In contrast to this, I wish to demonstrate the relative nature of information
while still adhering to the naturalistic idea, widespread in biology, that information is indeed an
objectifiable property of matter.

To maintain this position, one has first to defend the naturalistic position against the
constructivistic one. Thus, let us assume in a Gedankenexperiment that genetic or biological
information really is a natural entity. If this is the case, then the theory of biological transfer of
information shows us that the storage capacity of the genetic language is limited by certain
material restrictions and may possibly have reached its maximum in the human organism (Eigen
1979b, compare chap. A.IV). To overcome this barrier, evolution could - expressed pictorially
- have released the genetic language from its material fetters and "invented" a non-material
language, the human one, the capacity of which is virtually unlimited and which may have
caused the displacement of material evolution by an ever-accelerating cultural evolution.
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This in turn would mean that human language may be understood as a higher
evolutionary development of the molecular-genetic language, with both languages being an
expression of one and the same natural principle. The analogy between human and genetic
language could then be traced back to the original character of the genetic language, and the
central thesis of constructivism, according to which human language provides the frame of
reference for the concept of information in biology, would be turned into its diametric
opposite.

Such an argument is of course highly speculative. However, it cannot lightly be
dismissed. Whether or not one accepts it, it reveals an inherent weakness of the constructivistic
approach. That is, as soon as human language is seen as a product of a natural development
that takes as its starting-point the genetic language as a material archetype, and as soon as
human activity and human communication are seen as being subject to their naturalistic pre-
conditions, constructivism loses the context out of which it arises. When this happens, the
distinction between the antipodes of constructivism and naturalism vanishes. The difference
between them lies only in the developmental perspectives from which language and
communicative activity are regarded.

I do not intend to discuss this point at length, especially as there are several other critical
questions that can be addressed to the constructivist camp®. First of all: How meaningful is the
criticism that the concept of biological information is only of metaphorical character when
every scientific description, couched as it is in human (not to say natural) language, is itself
only metaphorical? Secondly, one can criticise the claim that the concept of information arises
through human activity and is therefore only of restricted value in non-human areas, governed
by natural law. Human activity is and has always been an activity related to Nature and is thus
subject to natural laws. Thirdly, we should remember that a naturalistic understanding of
information in biology has allowed a self-consistent description and interpretation of all major
experimental discoveries, and that - as the constructivistic side will be the first to admit - such
striking success in practice, the engenderment of scientific activity, must be regarded as a
decisive criterion for the acceptance of the naturalistic approach. Consequently, the naturalistic
view will provide the background against which I shall continue.

4. From absolute to relative information

I wish now to take up the problem of the context-dependence of biological information with
the aim of developing a general approach to show the relative nature of information in biology.
First I shall clarify some terms used to describe the various dimensions of the concept
"information".

It is obvious that any information is associated with a material medium and that certain
signs, digits or symbols will be needed to encode the information. This is what we mean here
by the syntactic aspect of information: the structural assembly of a sequence of symbols, that
is, the relationships among the symbols, relationships that themselves are subject to certain
rules. Out of the syntactic dimension of information arises the semantic dimension, which I
have already mentioned. The semantic dimension embraces both the relationships between the

*Compare the critical discussion of the constructivists arguments which is to be published by the author under
the title: Zur konstruktivistischen Kritik am Informationsbegriff der Biologie. In: W. Hogrebe (ed.):
Subjektivitat. Schéningh, Paderborn (in press).
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symbols and that which the symbols stand for. Thus it concerns the content of information,
which in turn can represent purpose or meaning. Finally, the pragmatic aspect of information
embraces the relationships between the symbols, that which the symbols stand for and that
which results from the message, in terms of reaction of the recipient or interaction of sender
and recipient.

However, the various dimensions of the information concept correspond merely to
various levels of abstraction in discourse about information - levels of abstraction that always
refer to the complete concept (Kiippers 1990). The fact that the dimensions shown here in
reality cannot be separated from one another is clearly related to the context-dependence of
information.

Carl Friedrich von Weizsicker (1971) has epitomised the context-dependence of
information in two crisp statements:

1. Information is only that which is understood.
2. Information is only that which generates information.

What von Weizsécker is trying to express with these two theses becomes clear when we return
to the traditional model of information theory, according to which any information that leaves
the sender must be understood in relation to the recipient. This in turn means that not only the
sender, but also the recipient, determines the content of the information.

The first statement - information is only that which is understood - implies that a series of
symbols can only be recognised by a recipient as being information when sender and recipient
possess a common structure (vocabulary) for understanding messages. Even the identification
of a symbol sent out by the sender as a symbol sent out by the sender presupposes a certain
foreknowledge on the part of the recipient. For this basic reason, the syntactic aspect of
information cannot be separated from the semantic and pragmatic aspects.

In contrast, the second statement - information is only that which generates information -
lays down that the semantic component of information is defined by the effect that the
information has upon the recipient, that is, by its pragmatic relevance. Expressed in another
way: A sequence of symbols can have a semantic content only if, in the widest sense, it has an
effect upon the recipient.

Weizsicker's two theses thus express precisely what we saw earlier, that is, that the
various dimensions of information form an inseparable, indissoluble unit. Even the registration
of symbols in a sequence presupposes some knowledge of symbol sequences. Furthermore, the
semantic content of a symbol sequence is defined only in terms of its pragmatic relevance. This
indissoluble connection of syntax, semantics and pragmatics lies behind the postulate that
information can only ever be seen relative to an information-carrying context. Information in an
absolute sense, that is, independent of any context, information in itself, does not exist.

I should like now to apply this fundamental recognition of the context-dependence of
information to the problem of biological information. If we think once again of the
information-theoretical picture of a sender and a recipient, we are prompted to ask who or
what is the recipient of biological information. To use Weizsicker's expression again: Who is
supposed to "understand" the information encoded in genes?

Obviously, this question can only be answered if the context in which the biological
information becomes operational is known. Let us as an example take the process of
differentiation of a cell. In this case the message is encoded in a biological macromolecule,
DNA, and the recipient of the information is the medium in the cell that surrounds the DNA.
Only in the context of the specific physico-chemical milieu of the cell can the information
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encoded in the DNA develop to realise the function to which it corresponds. Only the physico-
chemical boundary conditions, under which the genetic information becomes operational, give
the otherwise meaningless information its sense (Monod 1971). However, as the context of the
hereditary information is modified and reorganised with each step of differentiation, the
hereditary information only acquires its full meaning step by step.

If the biologist reserves the right to assign a defined content to a hereditary message a
priori, that is, without reference to its pragmatic relevance, he can only do so because, under
particular initial conditions, the syntactic structure of the surrounding medium represents a
necessary and sufficient condition for a reproducible differentiation. Only in this sense can one
say that the complete information for the construction of a living organism is encoded in the
genes, and that the principle of genetic determinism in biology is valid.

Even if the semantic content of the hereditary information becomes modulated during its
expression, in the way I have just outlined, this does not mean that information is produced,
because no changes take place at the syntactic level, so to speak in the structure of the sender.
However, the generation of really new information requires changes in the sender; it cannot be
reduced to changes in the recipient, which interprets the information.

A genuine process of the generation of biological information is encountered in
evolution. Here again, the first question is: what are the sender and the recipient? According to
the Darwinian theory of evolution, the sender, and thus at the same time the carrier of the
genetic information, is the genetic material under development, while the recipient of the
information is the environment. The environment represents external information, that is, an
information-carrying context, with reference to which the genetic information is evaluated
selectively during the process of adaption. This is the process referred to in evolution theory as
the survival of the fittest, where the word "fittest" expresses the context-relatedness of the
genetic information.

It is precisely this selection principle that ever since its formulation by Darwin has been
the most popular target of attack from critics of Darwinism. They assert that the selection
principle is a mere empty formula, that it has no explanatory power, and that the term "fittest"
can only be defined a posteriori by virtue of the fact of survival. The principle, say its critics, is
nothing but a tautology of "survival of the survivor".

Very different arguments have been produced in support of the accusation of tautological
reasoning. A major argument has been the assertion that the selection principle involves
circular reasoning: the selection principle presupposes what it purports to explain, namely, the
ability of the organism to reproduce and to adapt to its environment by evolution. For this
reason, it was claimed, the concept "fittest" could not be placed on a mechanistic basis and
certainly could not be reduced to physical concepts (v. Bertalanfty 1970).

One promising solution to this problem has appeared in recent years, in the form of a
physico-chemical foundation of evolution theory. On this basis, the Darwinian principle was
found to be an extremum principle directly deducible from the properties of matter, and a self-
consistent, mechanistic explanation of the process of evolutionary optimisation could be
outlined (Eigen 1971).

In spite of this unquestionable development in biological theory, there remain certain
residual difficulties that arise from the tautological objection to Darwinism, and these appear to
be of fundamental nature. They concern the fact of co-evolution between the species and its
environment. Thus, the environmental conditions under which any species evolves are not only
subject to continual change, but they are - at least in part - produced by the selfsame
evolutionary process. However, the Darwinian principle of the survival of the fittest
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presupposes the existence of a fully formed, stable environment - an information-carrying
context - in order to avoid tautological argument; only in a given context can the term "fittest"
be used with any meaning. Yet, as the context itself changes in the course of evolution, the
concept of fitness must necessarily remain undefined in any consideration ab initio of
evolution. The concept of fitness, by its nature a relative one, would have nothing to be related
to - a dilemma from which is no way out. In other words: The question of the origin of an
environment (or context) carrying information must remain unanswered, because it could only
be answered in relation to a pre-existent, information-carrying context; this conclusion could
be iterated arbitrarily often and would lead to an infinite regression.

5. Implications for biology

To end this lecture, I should like to place the conclusions that I have reached on an
epistemological footing,

The inherent limitations of Darwinian evolution theory have their roots in the thesis that
information only exists in relation to a context that itself carries information. There is
ultimately no justification for this thesis. However, it is very plausible, in that it follows directly
from the principle of self-referentiality. Just as we have no Archimedean point outside our
language, we cannot conceive of information as an absolute, that is, as a natural, context-free
entity. Information and context belong together. They form an indissoluble unit, as they are
necessarily dependent upon each other. In electronic communication this unity is always
presupposed. The transmitter (sender) only takes on form in relation to the receiver, and the
receiver presupposes by definition the existence of a transmitter. On the other hand, any
meaningful talk about the concept of information leads to a splitting of the unity of information
and context, as information can only be defined in relation to its context®,

If the epistemological limits of the question of the origin of biological information are as
narrow as I have suggested, this must have wide-ranging consequences for the theoretical basis
of biology. Because of the speculative nature of such matters, I shall here consider only one of
the possible implications of the foregoing argument.

The context-dependence of information may involve a more general principle, according
to which the generation of information always depends upon the prior existence of an
equivalent amount of information. Such a "principle of equivalence" will admittedly remain
relatively diffuse, as long as the semantic and pragmatic aspects of information cannot be
quantified objectively. However, a proof on the syntactic level may be possible, as it is this
level of information that can be related to the mathematically precise concept of complexity®,

It might follow from such "principle of equivalence" that the context-bound generation
of information is never able to produce information that exceeds the complexity of the context.
This in turn would mean that the complexity produced by an information-generating system

*The problem with which we are dealing bears a strong resemblance to a fundamental problem of German
school of idealism in the eighteenth and nineteenth century. The parallels become clear when the coupled
concepts sender/recipient are replaced by the couple subject/object. The philosophers of German idealism
faced the insoluble problem of having to regard something as an identity (the identity of subject and object)
when it only becomes accessible if dissected ino two (cf. Kiippers 1992).

“I refer here to the concept of algorithmic information as it has been developed by Kolmogorov (1965) and
Chaitin (1966). Compare my forthcoming paper: Zum Problem der Entstehung biologischer Information.
Nova Acta Leopoldina, Jahresversammlungsband 1995.



The Context-Dependence of Biological Information 145

This in turn would mean that the complexity produced by an information-generating system
could attain a certain threshold value, defined by the context, but never passing beyond this
into a creatio ex nihilo,

A principle of "reproductive" conservation of complexity, resulting from the equivalence
principle, could be a fundamental response to all previously unsuccessful attempts to produce
more complexity in information-processing systems (natural or artificial), than was present in
these systems to begin with, i.e. their initial complexity. Such a principle would certainly cast
completely new light upon the still unsolved problem of the origin of biological complexity.
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