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Complexity is often defined in the language of mathematics, computers, or information
theory. We examine biological complexity as it occurs in the cytoplasm’s relation to
nuclear function, and in the case of epigenetics. In the nineteenth and twentieth
centuries, the pendulum swings between appreciation of biological holism and
complexity, and reductionism. During the second half of the twentieth century,
complexity gains a new appreciation and emerges as a field of study in its own right.
We propose a description of biological complexity that includes the functional
dynamics of the various structural components of biological organisms and their
levels of functioning, with the higher levels imposing boundaries on the lower levels.
We suggest that this complexity reveals the wisdom of the Creator.

W
hat is complexity? That is
a complex question! That is,
the answers are complex,

and they depend on whom you ask.
In this article, we will discuss biological
complexity, using the relation between
nucleus and cytoplasm, and epigenetics
as examples. We will provide a brief
history of biological complexity and
describe the difficulties in defining com-
plexity, in general, and biological com-
plexity, in particular. Then we will
propose a characterization of what con-
stitutes biological complexity. In keeping
with common parlance, we use “com-
plex” and “complicated” (and their
accompanying nouns) more or less inter-
changeably. As we go along, it will
become clear that “complexity” is also
a topic that has given rise to distinct
views about the nature of biology and
the entities it studies.

Cellular Complexity: The
Gene-Centered Approach
The nucleus of the cell stands out. With
standard histological techniques, the nu-
cleus is much more noticeable than the
outline of the cytoplasm. The chromo-
somes in meiosis and mitosis present a
fascinating vista of structure and func-
tion. The genetic ratios observed by

Gregor Mendel are intimately related to
the activities of the chromosomes in mei-
osis. The establishment of nucleic acid
as the carrier of heredity, then the dis-
covery of the structure of DNA, and, fi-
nally, its roles in inheritance and protein
synthesis present us with a fascinating
journey of discovery. With this emphasis
on the nucleus and nucleic acids, the role
of the cytoplasm in various functions is
often underestimated, but it is gaining
attention at present. In this section, we
attempt to describe a holistic view of cell
functions as they pertain to cellular
complexity.
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Mendel and his rediscoverers worked in continen-
tal Europe; however, the new subdiscipline of genet-
ics was especially influential and successful in the
Anglo-Saxon world. The contributions of William
Bateson in England, and of Thomas Hunt Morgan
in the United States, are particularly significant.
Bateson was an established and respected British
biologist when he heard of Mendel’s work, and of
its rediscovery. He coined the word “genetics” and,
together with Reginald Punnett, worked vigorously
to establish genetics as a field of study in Britain.1

Mendelian genetics progressed rapidly in the few
years between its rediscovery and the publication
of one of Bateson’s major works in 1909.2 Bateson
translated Mendel’s pioneering article into English,
and he broadened Mendel’s theory to include more
organisms, including animals. Through his work,
along with that of others, genetics developed into
a discipline that was separate from the study of
reproduction in general. Bateson also kept in mind
the importance of the whole organism and the
connection between genes and embryological
development.3

Morgan, the American geneticist, continued the
trend established by Bateson, and contributed much
to our understanding of genetics. Switching from
embryology to the new science of genetics, he
adopted the fruit fly, Drosophila melanogaster, as his
research organism. This was a brilliant choice, and
a great number of key discoveries, such as mutation,
linkage, sex linkage, crossing over, and the giant
chromosomes, followed. This work did much to
supply a biological basis for Mendel’s laws. Morgan
trained several graduate students who became
accomplished geneticists in their own right; Alfred
H. Sturtevant, Calvin Bridges, and H. J. Muller stand
out.4 Like Bateson, Morgan began his biological
career as an embryologist; his impressive findings in
heredity hastened the separation of genetics from
other fields of study in reproduction. Throughout
his life, he retained his interest in embryology,
but when he was engaged in his work in genetics,
he deemed the relationship between genetic factors
and their effects to be of secondary importance.
In 1926, he stated that “the sorting out of the charac-
ters in successive generations can be explained …
without reference to the way in which the gene
affects the developmental process.”5

In a perceptive discussion, Evelyn Fox Keller dis-
cusses the “nuclear monopoly” and the disregard
for developmental processes which bring about the
effects of genes; she speaks of “the discourse of gene
action.”6 That is, many geneticists were content to
speak of gene action without knowing the mecha-
nisms by which these actions were achieved. Keller
cites Morgan’s comments, relevant to the topic of
this article:

It is clear that whatever the cytoplasm contributes
to development is almost entirely under the influ-
ence of the genes carried by the chromosome, and
therefore may in a sense said to be indifferent.7

Not all cell biologists agreed with this statement
by Morgan; Jan Sapp reviewed the early biological
literature that stresses the role of the cytoplasm.8

Embryologists, who continued to remind cell biolo-
gists of the importance of the cytoplasm, stressed that
all cells of an early-stage embryo receive the same
hereditary information, and that it is the cytoplasm
that gives the impetus for the early differentiation of
cells. Even Morgan reminded biologists,

The implication in most genetic interpretation is
that all the genes are acting all the time in the same
way. This would leave unexplained why some
cells of the embryo develop in one way, some in
another, if the genes are the only agents in the
results.9

Thus, embryologists were emphatic in pointing out
the role of the zygotic cytoplasm, and the complex
interaction between nucleus and cytoplasm.10

In continental Europe, biologists were less enam-
ored by the Mendelian paradigm and more reticent
to ignore the role of the cytoplasm and the mecha-
nisms that linked genes and their effects. Paul
Weindling describes the various ways in which
German biologists of the late eighteenth and early
nineteenth centuries used their excellent micro-
scopes and cytological skills to study the roles of
the cytoplasm.11 Keller states,

The nucleus was the domain in which American
genetics staked its unique strengths, associated
with American interests (and prowess), whereas
the cytoplasm was associated with European,
especially German, interests and prowess.12

In a chapter entitled “Challenging the Nuclear
Monopoly of the Cell in Germany,” Sapp discusses
this topic, emphasizing that many German biologists
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saw the importance of the new genetics but, at the
same time, espoused more holistic views, and that
they studied the entire cell, including the role of the
cytoplasm.13

Because the sperm possesses little or no cyto-
plasm whereas the egg contributes almost all of
the cytoplasm of the zygote, Keller suggests that
the indifference toward the role of the cytoplasm of
embryos is also due to a gender bias. The role of the
cytoplasmic dowry, as it has been called, has too
often been ignored. Yet, it is also remarkable that
many of the embryologists, investigating the role
of the cytoplasm, maternal effects, and the field of
embryology generally, were women.14

With the discovery of the structure of DNA in
1953, the attention fell, once again, on the nucleus of
the cell. James Watson and Francis Crick opened
their one-page letter to Nature with these well-
known lines, “We wish to suggest a structure for the
salt of deoxyribose nucleic acid (D.N.A.). This struc-
ture has novel features which are of considerable
biological interest.” Near the end of the paper they
add, “It has not escaped our notice that the specific
pairing we have postulated immediately suggests
a possible copying mechanism for the genetic mate-
rial.”15 Within twenty years, the nature of the genetic
code, the role of the several RNAs and the ribo-
somes, and the control of protein synthesis by DNA,
via RNA, were elucidated.16

In 1958, Crick published a fascinating paper which
outlined the triumphs and challenges of molecular
biology at the time.17 He recognized the sequence of
nucleotides in the DNA of the nucleus to be the code
for the incorporation of twenty basic amino acids
into protein chains. RNA was seen to be a key in this
incorporation, which occurred in the cytoplasm, and
he also stated that there was more than one type of
RNA. The DNA code was not yet known at this time,
and Crick launched several hypotheses about the
nature of the code: it would have to be a triplet code,
but that still allowed for several possibilities.18 He
also formulated, in the text of the paper, but not in its
present succinct form, the Central Dogma: that DNA
controls the synthesis of RNA, and RNA that of pro-
teins, and that this order cannot be reversed. He was
emphatic that information could not pass from pro-
teins to nucleic acids. Considering what was known
about these matters at the time, Crick’s hypothesis

must be considered a stroke of genius. He professed
that he was not aware of the absolutist connotations
of the word “dogma,” and that he used it in the sense
of “grand hypothesis.”19 The nature of the genetic
code and mechanisms of protein synthesis were
worked out not long afterwards, in the mid-1960s.

Howard Temin’s and David Baltimore’s discov-
ery of RNA retroviruses and the enzyme, reverse
transcriptase, for which they received a Nobel Prize
in 1975 (sharing it with Renato Dulbecco), appeared
to contradict the Central Dogma, because in these
viruses, the first step, in which the RNA of the virus
directs the synthesis of a daughter DNA, goes
against the flow of the dogma.20 In spite of these find-
ings, Crick, in 1970, reiterated the Central Dogma,
emphasized its value and applications in molecular
biology, and gave it the familiar short form that
we recognize so well: DNA � RNA � Protein.21

This formulation, while appearing to reemphasize
the nuclear dogma, also hints at the importance the
cytoplasm will be shown to have. Recombinant DNA
technology would again emphasize the importance
of DNA in bacteria,22 and, later, of DNA in the
nucleus in plants and animals. Successful applica-
tion of this technology in higher organisms would,
however, depend on a thorough understanding of
the role of RNAs and protein synthesis in the cyto-
plasm, and of cell function in general.

Sequencing of DNA, although laborious at first,
was aided by the development of the polymerase
chain reaction23 and improved sequencing tech-
niques and equipment. These developments were
paralleled by the identification and characterization
of genes for human traits and illnesses, and opti-
mism about the treatment of some diseases seemed,
at times, little more than a ploy for increased
research funding. In 1992, Richard C. Lewontin
expressed his reservations:

According to the vision, we will locate on the
human chromosomes all the defective genes that
plague us, and then from the sequence of the DNA
we will deduce the causal story of the disease and
generate a therapy. Indeed, a great many defective
genes have already been roughly mapped onto
chromosomes and, with the use of molecular tech-
niques, a few have been very closely located and,
for even fewer, some sequence information has
been obtained. But causal stories are lacking and
therapies do not yet exist; nor is it clear, when
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actual cases are considered, how therapies will
flow from a knowledge of DNA sequences.24

Some of Lewontin’s critique is still relevant today.

It is clear that the next step to be taken would be
the sequencing of the human genome. It was spoken
of as the Holy Grail of molecular biology.25 The pro-
ject started in 1990 under the leadership of James D.
Watson, and its progress gained speed as sequencing
equipment improved. Craig Venter, working at a
private firm, Celera Genomics, used different tech-
niques (“the shotgun approach”) to establish his ver-
sion of the genome.26

The joint announcement of the completion of a
first draft of the human genome, on Monday, June
26, 2000, was a momentous occasion. The presence of
President Bill Clinton, and his role in bringing the
principals of the public and private sequencing insti-
tutes together, certainly made it that. Francis Collins,
who had become the head of the Human Genome
Project, and Venter had agreed to bridge the differ-
ences between the public and private approaches to
enable the joint announcement to be made.27 Collins
has described various aspects of his life, his work,
and his views in two books.28

We have described the importance of the nucleus,
of genes, and of DNA, and have also described the
tendency in the biological establishment to isolate
their role from other cell functions and to over-
emphasize their importance. This tendency has been
strengthened by the dominance of gene-centered
approaches to the study of animal and human
behavior, such as sociobiology, behavioral ecology,
and evolutionary psychology.29

Cellular Complexity:
The Cytoplasm Strikes Back
The simplicity of “a gene for this and a gene for that”
would soon be shaken by the sheer complexity of
genetic mechanisms within the cell. “Life is Compli-
cated” proclaims the title of a recent article by Erika
Check Hayden.30 In the article, she describes, among
other things, that “web-like networks” better portray
the multiple pathways between many genes and
their products and effects. She illustrates this with
one protein, p53, which can bind to and inhibit a
DNA site, can bind to thousands of RNA sites, and,
due to a process called alternate splicing, can take

nine different forms. These web-like networks can be
so complicated in some cases that they have been
referred to as “hairballs.”31

This complexity of gene-effect relationships is
examined and highlighted by Evelyn Fox Keller in
The Century of the Gene.32 In her book, Keller lauds the
Human Genome project because it has changed our
concept of the gene and our ideas about genetics and
protein synthesis. In the early days of genetics, “gene
action” was assumed to take place without need of
explanation; when this action was investigated in
laboratories all over the world, the complexity of the
processes was found to be astounding.33 DNA was
found to be of several kinds: coding, regulating, and
some was labeled, perhaps prematurely, as “junk.”34

Split genes, alternative splicing, genes coding for
several proteins, depending on how they were
“read,” and post-transcriptional modification, added
to the complexity. Single proteins were found to have
several functions, depending on regulatory mecha-
nisms. When it came to hereditary illnesses, some
were found to have simple genetic causes, whereas
the explanation for others was said to lie in the dis-
tant future.35 Keller states that “the function of the
structural gene depends not only on its sequence
but, as well, on its genetic context, on the chromo-
somal structure in which it is embedded …, and on
its developmentally specific cytoplasmic and nuclear
context.”36 She also reexamines the complexity of
how a “genetic program” shapes the developing
embryo. Keller concludes that the classic image of
the gene will be difficult to replace, because its
replacement will shatter a popular icon.37 Further-
more, “gene talk” is an effective tool for persuasion,
for funding applications, and for marketing gene-
based products.38

A critique of Keller’s views from proponents of
a more traditional gene-centered view was not long
in coming.39 However, for our purposes, it is impor-
tant to note that both sides of the debate would be
quick to agree that the relationship between DNA
and the proteins produced in the cell is an extremely
complicated one; it involves many nuclear and cyto-
plasmic processes. Knowledge of cellular complexity
is of the utmost importance in order for various bio-
technologies and cell and tissue culture techniques
to be successful.

The beautiful structure of membranous organelles
in eukaryotic cells (cells with nuclear and other
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intercellular membranes) was a source of wonder
and fascination when transmission electron micro-
scopes came into common use in the middle of the
previous century. Excellent high-resolution pictures
of mitochondria, chloroplasts, and Golgi bodies,
published by Don W. Fawcett, heightened this sense
of wonder.40 Discovered in 1890 by Richard Altmann
and named in 1898 by Karl Benda,41 mitochondria
are now known to provide energy in a form usable
by the cell for all kinds of processes.

The implications of the discovery that mitochon-
dria contain DNA are discussed in detail by Nick
Lane.42 Each of the many mitochondria in a eukary-
otic cell contains several circular strands of DNA;
these circular strands resemble the configuration of
bacterial DNA. This mitochondrial DNA was found
to code for some of the proteins that function in mito-
chondria. They are maternally inherited because ova,
but not sperm, pass on mitochondria to the zygote.43

In a paper and a book, Lynn Margulis suggests that
mitochondria are derived from a symbiotic union
of a unicellular organism and a prokaryote in a pro-
cess she called endosymbiosis.44 This would explain
the similarity between bacterial and mitochondrial
DNA.

In green organisms, chloroplasts, the site of photo-
synthesis, have also been found to contain DNA.
In 1905, Konstantin Mereschkowski postulated that
chloroplasts arose by cells incorporating green
photosynthetic unicellular organisms.45 Margulis in-
cluded chloroplasts in her theory mentioned above.
Similar to mitochondrial DNA, chloroplasmic DNA
also codes for proteins that are inherent to the func-
tion of the organelle, in this case, the chloroplast.

Cytoplasmic DNA, particularly mitochondrial
DNAs, have provided fascinating insights into hu-
man evolution, and into cellular function.46 Impor-
tant for the topic of this article is that it is also a crack
in the wall of the “nuclear monopoly,” and another
demonstration of the importance of the cytoplasm in
hereditary mechanisms of the cell.

The whole cell, nucleus (or the circular chromo-
some in prokaryotes) and cytoplasm, carries out
many metabolic and reproductive tasks. DNA is of
the utmost importance in these activities, but, as we
hope we have demonstrated, the picture of DNA as
a simple one-to-one code for protein synthesis is
no longer tenable or prevalent among cell biologists.

The multifarious activities of the cytoplasm are the
subject of intense study.47 This complexity is leading
cell biologists to more holistic views of the cell.

Epigenetic Inheritance
Epigenetic inheritance, a topic that is receiving much
attention in biological literature, is our second illus-
tration of biological complexity. When discussing
cellular differentiation in the embryo, we noted that
it was caused by cytoplasmic factors, most of which
were derived from the egg. When it is passed from
one cell generation to another, this differentiation has
been called an “epigenetic inheritance system.”48 Epi-
genetic changes are “heritable variants that are not
due to changes in DNA sequence.”49 Eva Jablonka
and Marion J. Lamb have discussed various epige-
netic phenomena in a recent book.50 These mecha-
nisms are not dependent on the primary sequences
of DNA, and they do not replace the genetic mecha-
nisms that are commonly described in genetics
textbooks.

The addition of methyl groups to specific cytosine
bases in DNA prevents the production of messenger
RNA (“transcription”) in the nucleus. This “silenc-
ing” of genes increases when the methylation is
more extensive. The methylation is heritable, i.e., it
is passed on in an organism from one generation of
cells to another. The types of DNA that are methyl-
ated have been identified to some extent, and the
methylation process has also been linked to some
kinds of cancer.51 New sequencing methods can now
detect the presence of methylation in DNA.

Modification of histones represents another epi-
genetic mechanism. Chromosomes are made up of
DNA, and of proteins largely consisting of histones.
These histones can be modified by acetylation, de-
acetylation, or methylation, or they can be modified
in other ways.52 These changes can increase or de-
crease transcription and they can be passed on from
one cell generation to the next, thus creating another
epigenetic mechanism.53

RNAs, from 21 to 24 nucleotides long, can also
function in epigenetic mechanisms. Such RNAs
“span all eukaryotic kingdoms in their distribu-
tion … They … serve as molecular signposts to iden-
tify targets of silencing: retroviruses, retrotrans-
posons, aberrantly expressed genes, and normal
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developmental loci.”54 The source of these RNAs
has been studied, and they, too, are now considered
to be part of the epigenetic machinery of the cell.

Epigenetic mechanisms are varied. The ones we
have described interact with each other, and there
are other mechanisms, assumed to be epigenetic,
that are not included in our short survey. Because
they are acquired characteristics that are passed
from one cell generation to another, they are often
described as Lamarckian patterns of inheritance.55

Other Complexities
In a discussion of the complexity of the living cell,
which they term “BioComplexity,” Bruggeman,
Westerhoff, and Boogerd point to the usefulness of
reductionistic and nonreductionistic approaches in
the study of the cell.56 They suggest that the complex-
ity of the living cell should not be ignored, and that
recognition of this complexity has brought new life
to the discussion of systems biology and emergence.
The complexity of biological phenomena is receiving
renewed attention, and there is an increasing aware-
ness of the incompleteness of molecular and reduc-
tionist explanations in biology, as valuable as these
may be in their own right.

There are other levels of functioning within biol-
ogy that manifest complexity. Biology textbooks rou-
tinely describe several levels of such functioning,
such as organelles, cells, tissues, organs and organ
systems, organisms, populations, communities, eco-
systems, and the biosphere.57 These levels manifest
their own complexities, complexities that are biologi-
cal in nature; they cannot be reduced to chemical or
physical phenomena, many theoreticians of biology
suggest. Such complexities as the regulation of hor-
mone levels, the intricacies of animal behavior, and
the control of population sizes all need to have their
own place in biology in order to do justice to the
integrity of creation and the design of the Creator.58

Biological Complexity and
Its Theoretical Background
The topic of complexity often transcends biological
discussions and touches upon other disciplines and
philosophy. The huge changes which occurred in
Darwin’s century have to be seen in a broader context
in which reductionism was present at times and
holism at other times. Reaction to the reductionism

of Enlightenment thinking of the previous century
was thorough. While the Enlightenment emphasized
scepticism and exalted reason and science, romanti-
cism in biology (or “natural philosophy,” as Erik
Nordenskiöld and others call it59) accentuated imagi-
nation over observation, and showed a fascination
with vital forces and a predilection to spin overarch-
ing speculative theories. Arthur Lovejoy states:

The God of the seventeenth century, like its gar-
deners, always geometrized; the God of Romanti-
cism was one in whose universe things grew wild
and without trimming and in all the rich diversity
of their natural shapes.60

It is safe to say that accepting complexity was not
a problem for romantic biologists.

One of romanticism’s most accomplished repre-
sentatives, Johannes Peter Müller, had many inter-
ests. In an early paper, he speculated about numbers
and identities in biology, a speculative work which
he later tried to destroy. He then continued the work
of Goethe and Purkinje on sensory perception; this
affected his mental well-being. Later in his life, he
studied nerves, muscles, and other organ systems,
and carried out marine research. Müller illustrates
that researchers could move from the purest specula-
tion at the height of romanticism to biological labora-
tory work that we still find in our textbooks today.
Nordenskiöld suggests that Müller’s “mental dis-
ease involved the downfall of natural philosophy in
Germany.”61

One overarching theory that gained currency in
the romantic age, idealism in biology, suggests that
basic building plans, “archetypes” for some, are
structural laws or types for plants or animals, or
large basic groups of plants or animals.62 This pat-
tern of thinking also left its mark on North American
biology, perhaps most markedly through the lec-
tures and writings of J. Louis R. Agassiz. This promi-
nent Swiss biologist accepted a position at Harvard
University, where he promoted idealistic thinking
in morphology and classification. For Agassiz, types
or forms are created; there are timeless designs for
taxa, including species. Agassiz would encounter
a capable opponent in Asa Gray, eminent Christian
botanist and friend of Charles Darwin. Gray sug-
gested that God steered natural selection by provid-
ing favorable mutations to the process. He debated
common descent with Louis Agassiz in writing and
in public discussions.63
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While Agassiz held on to these views until his
death, it can nevertheless be said that after these
debates, idealistic notions of organismal structure
and design were on the wane in the mainstream of
North American biology. Darwin, due to illness or
personality, was wont to have other people fight his
theoretical battles for him. Thomas H. Huxley and
Ernst H.P.A. Haeckel, both combative persons, were
only too happy to oblige;64 they did much to spread
Darwin’s nonessentialist, nonidealist views.

Darwin’s ideas filled the void left by the roman-
tics, or, it could be said, they were the last nail in
their coffin. As we think about holism and biological
complexity, we recognize that Darwin’s views in
The Origin were not reductionist or physicalist re-
garding biological phenomena. In the closing para-
graph of the first edition of The Origin of Species,
Darwin seems to favor a biological origin of
organisms:

There is grandeur in this view of life, with its
several powers, having been originally breathed
into a few forms or into one; and that, whilst this
planet has gone cycling on according to the fixed
law of gravity, from so simple a beginning endless
forms most beautiful and most wonderful have
been, and are being, evolved.

In an 1871 letter to his friend, Joseph Hooker, Darwin
states a more physicalist view:

It is often said that all the conditions for the first
production of a living organism are now present,
which could ever have been present. But if (and
oh what a big if) we could conceive in some warm
little pond with all sorts of ammonia and phospho-
ric salts, - light, heat, electricity &c. present, that
a protein compound was chemically formed, ready
to undergo still more complex changes, at the pres-
ent day such matter wd be instantly devoured,
or absorbed, which would not have been the case
before living creatures were formed.65

Thus, as is often the case with Darwin, he gives us
two points of view, in this case, a nonphysicalist and
a physicalist view. Wavering between two opinions
is typical of Darwin’s way of thinking.66 In his exten-
sive use of biological examples in The Origin, Darwin
shows appreciation for biological complexity on sev-
eral levels.

The pendulum between reductionist and holistic
views swung again in the second half of the twenti-
eth century. Molecular genetics and molecular

approaches in such specializations as physiology,
microbiology, and even classification would make
many contributions, but would also lead, in some
cases, to reductionism and physicalism. It is against
these reductionist trends in biology that complexity
thinking reacted. The great theoretician of American
biology, Ernst Mayr, states,

The claim of an autonomy of the science of living
organisms … has been rather unpopular with
many physical scientists and philosophers of the
physical sciences. They have reacted by asserting
that the seeming autonomy of the world of life does
not really exist, but that all the theories of biology
can, at least in principle, be reduced to theories
of physics. This, they claim, restores the unity of
science.67

Mayr then gives a helpful description of three differ-
ent meanings or categories of “reductionism.” He
adds,

This discussion of reductionism can be summa-
rized by saying that the analysis of systems is
a valuable method, but that attempts at a “reduc-
tion” of purely biological phenomena or concepts
to laws of the physical sciences has rarely, if
ever, led to any advance in our understanding.
Reduction is at best a vacuous, but more often
a thoroughly misleading and futile, approach.
This futility is particularly well illustrated by the
phenomenon of emergence.68

Precisely! We hope to discuss emergence, and the
related topics of levels of complexity and hierarchies
in a separate paper in preparation, while one of us
(HB) is writing a paper on systems biology.

Complexity: An Emerging
Discipline Today
As is to be expected, “complexity” is often used in its
everyday meaning to describe biological phenomena,
and, indeed, many complexities in biology readily
come to mind. It is an interesting topic, therefore, to
explore, what it is that defines complexity science.
Complexity as a field of study is covered by a number
of journals, and the Santa Fe Institute, in Santa Fe,
New Mexico, is dedicated to the study of complexity
in various guises. The institute recently sponsored
a symposium on complexity and published the pro-
ceedings.69 In an introduction to the volume, cosmol-
ogist/physicist Paul Davies states, “The study of
complexity is hampered by the lack of a generally
accepted definition.”70
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Peter Corning comments, “Unfortunately, the
Templeton/Santa Fe symposium participants were
partial to the definitions that have been developed
by physicists, computer scientists, and information
theorists, but this is ultimately an unsatisfactory
approach to defining biological complexity.” He fur-
ther comments on the nature of complexity:

What in fact does the word “complexity” connote?
One of the leaders in the complexity field, Seth
Lloyd of MIT, took the trouble to compile a list of
some three dozen ways in which the term is used
in scientific discourse. However, this exercise pro-
duced no blinding insight. When asked to define
complexity, Lloyd [replied]: ‘I can’t define it for
you, but I know it when I see it.’ Rather than try-
ing to define the properties that are commonly
associated with the term, I would suggest that
complexity often (not always) implies the follow-
ing attributes: (1) a complex phenomenon consists
of many parts (or items, or units, or individuals);
(2) there are many relationships/interactions
among the parts; and (3) the parts produce com-
bined effects (synergies) that are not easily pre-
dicted and may often be novel, unexpected, even
surprising.71

Some of the characteristics that Corning mentions will
be addressed in our description of complexity.

As Corning states, some authors propose that
the intricacies of complexity can be mastered with
the use of computers or mathematics. For example,
while Heinz R. Pagels, in an early book on complex-
ity, recognizes a host and variety of complexities,
he nevertheless suggests that the coupled capacity of
computers and of human reason can help us under-
stand the vast complexities that surround us in sci-
ence and in daily life.72 More recently, yet pursuing
a similar path, Melanie Mitchell described the lack
of agreement about defining complexity and its asso-
ciated problems and stressed the importance of
mathematics, computers, modeling, simulation, and
networks in describing and studying complexity.
Using computational techniques and modeling, Luis
Rocha develops his theory of adaptivity and applies
it to a variety of biological systems.73 Similarly, C. S.
Holling, studying diverse populations and ecosys-
tems, uses modeling to develop his idea of resilience
in ecological systems.74 The characteristic of resil-
ience may be applied to biological systems at other
levels and to systems not discussed in this article.
Without detracting from the work of these thinkers,

and in agreement with Corning, we would suggest
that the definition of complexity in single-celled
organisms, in plants, in animals, and, indeed, in
human life, requires descriptors that do justice to
their separate and emergent levels of complexity.

Barbara J. Crowe, in a book that applies “complex-
ity science” to her field of music therapy, is more
definite when discussing the characteristics of com-
plexity theory. Contrary to “empirical” (i.e., reduc-
tionist) science, as she calls it, complexity science
provides helpful insights into her field, she suggests.
She relates complexity to chaos theory (and the order
that can emerge from chaos), unpredictability, non-
linearity, and wholeness. She concludes, “Complex-
ity is about the real world.”75

Although it has been difficult or impossible for
thinkers to agree upon a definition of complexity in
general, we will propose a description of complexity
in biological structures and phenomena. This descrip-
tion will consist of two parts: (1) the inherent struc-
ture of living organisms, including the dynamic
processes in, and related to, biological organisms,
and (2) the concepts of wholeness (holism) and levels
of functioning as they apply to the biological world.

The structure of cellular organelles, cells, organs,
unicellular organisms, plants, and animals—the list
could be made longer—is a significant part of biolog-
ical complexity. We have illustrated this in the first
part of our article, dealing with the relationship
between nucleus and cytoplasm, and with epigenetic
inheritance. In the cell, organelles, such as mitochon-
dria, chloroplasts, and the structures involved in
genetic mechanisms, are now well understood, and
are known to “interact in space and time.”76 They
are in a “perpetual state of transformation.” Olaf
Wolkenhauer and Allan Muir discuss the functional
dynamics of cells—both unicellular organisms and
cells that are components of organisms—mentioning
the intricacies of the cell cycle, the “self-fabrication”
of cells, metabolism, cell-signaling, and gene expres-
sion.77 Thus, the structures within the cell and the
dynamic processes in which they are involved are
a noteworthy component of biological complexity.

When one examines multicellular organisms,
plants or animals, the functions mentioned above
still play a role, but we also encounter the structures
and processes involved in homeostasis, sexual or
asexual reproduction, and embryonic development,
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growth, and differentiation (we do not distinguish
between plants and animals at this time). Other com-
plexities are notable when one examines organs,
populations, and ecosystems. We conclude that at
all levels of complexity studied within the discipline
of biology, we find structures and processes that are
an integral part of biological complexity, a part that
cannot be expressed in the language of mathematics,
statistics, or the computer.

A second characteristic of biotic complexity is that
entities such as cells, organs, organisms, and popula-
tions, present themselves on several levels within
the biological purview, as we mention above. Mayr
states that in biology one deals with

constitutive hierarchies, like the series macro-
molecule, cellular organelle, cell, tissue, organ,
and so forth. In such a hierarchy the members of
a lower level, let us say tissues, are combined into
new units (organs) that have unitary functions and
emergent properties. The formation of constitutive
hierarchies is one of the most characteristic proper-
ties of living organisms. At each level there are
different problems, different questions to be asked,
and different theories to be formulated.78

We would add that as one moves from molecules to
cells, a qualitative boundary is crossed that is different
from the boundaries between the other levels of the
part-whole hierarchy that Mayr mentions. We will
discuss this topic more fully in a paper that we are
preparing on emergence theory. Recognition of levels
of functioning above the physical level is in direct
opposition to the reductionism that we have men-
tioned above.

This “multileveledness,” as it is sometimes desig-
nated,79 has significant implications. Mayr states,
“[N]ew and previously unpredictable characters
emerge at higher levels of complexity in hierarchical
systems.”80 For example, the behavior of stampeding
bison cannot be predicted by studying their cells or
organs. Studies at every level will reveal new kinds
of structures, phenomena, and processes with new
laws to govern them. In our paper on emergence, we
will need to distinguish between various hierarchies:
part-whole hierarchies, and hierarchies in levels of
functioning and levels of structure.

Furthermore, the configurations and processes of
a given lower level will be constrained and limited
by the uses to which they are put in the level(s)
above. For example, although there are many pos-

sible nucleotide sequences in a DNA molecule of
a given length, only some of these sequences occur
in DNA that functions in a particular living organ-
ism. Thus, Küppers states that a higher level can
impose “boundary conditions” upon a lower level.81

Conclusions
Our discussion of the role of the cytoplasm and
nucleus in the cell, and of epigenesis, illustrates the
idea of complexity as it is used by scientists. These
phenomena display complexity of structure and pro-
cess, and they draw on functions at the physical level
(e.g., DNA) and several levels of complexity within
biology. The recognition of, and emphasis on, the
complexities of biological phenomena and structures
is a holistic response to the reductionism displayed
by some molecular biologists in the second half of
the twentieth century. We suggested that this kind
of complexity should be defined or described in bio-
logical terms, and we gave two detailed examples.

Complexity leads into a discussion of systems
biology and emergence, two topics we hope to return
to later. Recognition of complexity and emergence
should gain currency among Christian thinkers as
they seek to do justice to created reality. The resur-
gence of discussions of complexity has led to
an increased openness to theistic points of view.82

A holistic view of biological processes and structures
acknowledges the complexity in creation, a com-
plexity that reveals the wisdom of the Creator. �
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