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ABSTRACT

In this paper, we focus on how to use reduction to understand natural phenomena better. Natural phenomena occur in physical

and living systems. Hierarchical physical systems are best represented as Complex Systems (CS), and living ones as Complex

Adaptive Systems (CAS). CS and CAS differ in one important way. CAS can adapt by learning or evolving, whereas CS cannot.

Any  CAS is governed by a mix of level-invariant and level-specific rules, whereas CS has only level-invariant ones. Level-specific

rules give rise to adaptive behaviour and affect the utility of reduction. There are three basic types of reduction: ontological,

epistemic and methodological. Although biology cannot be reduced to physics and chemistry, all three reductive types have an

important role to play in studying biological systems. Ontological reduction can help identify structural components at each level

of a system, but not necessarily their functional relationships. This limitation arises when level-specific-rules and the information

they generate are lost in the reductive process. Epistemic reduction meets the same limitation. The problem with methodological

reduction is not knowing beforehand how many mechanisms produce the same outcome. To avoid this limitation, one must remain

cognisant of level-specific rules and the information they supply. CAS should be studied by combining reduction and integration.

First, use ontological reduction to identify the structural components at each level, second, use epistemic and/or methodological

reduction, and third, use integration iteratively to reveal how components interact. This iterative top-down and bottom-up approach

keeps the phenomenon in the context in which it occurs.

Key Words: Ecology. Emergent Properties, Epistemic Reduction, Level-Specific Rules, Level-Invariant Rules, Life Sciences,

Methodological Reduction, Ontological Reduction, Physical Sciences 

INTRODUCTION

Reductionism was the dominant approach to science for
almost 400 years. Its purpose was to explain all pheno-
mena in terms of fundamental physics (Mitchell 2009).
Some authors (e.g., Smart 1959) claimed that biology is
simply the application of physics and chemistry. That is,
biological phenomena can be fully understood in terms
of the relevant fundamental laws and processes of
physics and chemistry. If this were true, it therefore
follows that reductive approaches are sufficient to help
us better develop our understanding of biological
phenomena. Indeed, this type of approach has been used

with some success in biochemistry and molecular
genetics (see Bernfield and Nirenberg 1965, Venter et al.
2001, Cheadle et al. 2005). The success has been in what
Mayr (1988) called functional biology that deals with
proximate questions. Most of these questions have had
to do with the gene and the cell (Woese 2004), such as
how a gene is expressed and how a specific protein
functions (see Mayr 1988). 

Despite the successful use of reductive approaches
in functional biology, many authors (e.g., Polanyi 1968,
Popper 1974, Kitcher 1984) have argued that trying to
reduce biology to physics has failed; in the sense that
biological phenomena cannot be fully understood in
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terms of physics and chemistry. This failure has been
most pronounced in evolutionary biology which deals
with ultimate questions that ask “why…” (see Mayr
1988, Woese 2004), such as why did sexual reproduction
evolve or why did a biological hierarchy evolve?

Mayr (1988) argued that laws and concepts of
biology cannot be reduced to those of the physical
sciences successfully. He argued that emergent
properties (i.e. a property that cannot be predicted on the
basis of the properties of the components alone) can be
explained only in terms of the interactions between the
components at the level immediately below them.
Normally, one has to work down from the emergent
property to identify which interactions between the
components give rise to it; since it arises from the
reassociation of the existing components and it is how
the components will reassociate that is difficult to
predict (see Korn 2005). 

Physical systems (inanimate objects) also can have
emergent properties and they may be a barrier to
successful reduction. For example at the micro-scale, the
properties of DNA cannot be predicted from the
properties of its constituent elements (i.e. carbon,
hydrogen, nitrogen, phosphorus, and oxygen). However,
the properties of DNA do depend on the interactions
between these elements which give rise to the structure
of DNA. At a meso-scale, the atmosphere is an
aggregation of gases and has emergent properties, e.g.,
cyclones. At a larger scale, a galaxy consists of clouds of
gas, stars, black holes, planets, and asteroids and these
heavenly bodies are bound together by the force of
gravity and form a galaxy (an emergent property) (see
Gibban 2007). The properties of a galaxy depend on the
interactions between its constituent components which
are governed by gravity. Thus, if phenomena at various
scales in the universe can be investigated successfully by
using reduction, then Mayr’s (1988) argument about
emergent properties preventing successful reduction
would not hold. However, if the structure is decoupled
from its function, then it would make it extremely
difficult to relate the phenomenon to a physical change
in the components at a lower level (see Brigandt and
Love 2008), then Mayr’s argument would hold for
ontological reduction.

Barabasi (2003) argued that reducing complex
systems into their components cannot reveal the whole
because in a complex system, the components may be
assembled in many different ways. Woese (2004) used
a variation to Barabasi’s argument. He argued that
higher levels in the biological hierarchy could not be

reduced to physics and chemistry because of the
complex and adaptive organisation of biological entities
in a nested hierarchy (Table 1). If reductive methods
may be applied successfully in a CS, then is it the
adaptive nature of biological systems that cause
reductionism to fail when applied to them? If so, what
gives rise to the adaptive capacity of biological systems?
This question is implicitly embedded in our first
research question.

Table 1. Biological entities and phenomena are sand-
wiched between two layers of physical system as
well as intertwined with abiotic environment

Scale Type of system Objects

Macro-scale Complex System Universe

Physical System Cluster of galaxies

Galaxy

Solar system

Planet

Meso-scale Complex Biosphere

Biological Objects &  Adaptive System Ecosystems

Physical Environment Communities

Populations

Multi-cellular 

    organisms

Cell

Macro-molecules

Micro-scale Complex System Molecules

Physical System Atoms

Sub-atomic particles

In this paper, we focus on the following two
research questions: (1) What types of reduction can be
applied usefully in the physical and life sciences and
why? and (2) How can reduction be used to help us
develop a better understanding of phenomena, especially
in the life sciences? The objectives associated with the
first research question are determine: (1) the charac-
teristics of physical and biological systems; (2) the
characteristics of different types of reduction and; (3)
how these characteristics affect the utility of applying
reduction to physical and living systems. The objective
associated with the second research question is: (4)
determine how to use reductive methods to enhance our
understanding of biological phenomena.
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The paper is structured in the following manner.
First, we deal with the characteristics of Complex
Systems (CS) and Complex Adaptive Systems (CAS)
[objective 1]. Then we apply these models to how matter
and energy are organised in our universe and, in this
context, consider the similarities and differences in the
physical and biological systems [objective 1]. Third, we
define different types of reductionism [objective 2]
before applying them to functional biology and
evolutionary biology [objective 3]. In closing, we
consider how to apply reduction usefully in any CAS
[objective 4].

COMPLEXITY AND SYSTEMS

There are different types of system models used to
explain phenomena in our universe. There are simple,
complex and complex adaptive systems. From our
philosophical perspective in this paper, we group
systems as either CS or CAS, since simple systems in
Nature are parts of a complex whole.

To define these terms, we shall define what a CAS
is and then identify how a CS differs from a CAS. A
Complex Adaptive System is ‘a system in which large
networks of components with no central control and
simple rules of operation give rise to complex collective
behaviour, sophisticated information processing, and
adaptation via learning or evolution’ (Mitchell 2009:13).
Mitchell distinguished a CS from a CAS by one feature,
that is, a CAS can adapt by learning or evolution. The
Oxford Dictionary of Science defines adaptation as ‘any
change in the structure or functioning of an organism
that makes it better suited to its environment’. The
change can be morphological, physiological or beha-
vioural and it increases the fitness of the organism.
Fitness in this context means an organism’s chances of
survival and reproduction (see Andrewartha and Birch
1984), which is a measure of its Darwinian Fitness, that
is, the number of its progeny recruited to the breeding
population of the next and subsequent generations. 

Living ‘things’ (CAS) often have a greater range of
possible responses to a given stimulus than do non-living
(CS) objects. This difference provides a living ‘thing’
(e.g., organism, population of species) with the capacity
to adapt to its environment. If a specific response to a
stimulus increases the fitness of an organism, then when
an organism learns that response, it is adaptive. For
example, inanimate objects obey Newton’s Third Law
(to every action there is an opposite and equal reaction)

irrespective of the complexity of the system. Living
organisms also obey Newton’s Third Law when
involved in a collision, but they have the capacity to take
evasive action and avoid an impending collision. If an
organism increases its fitness by taking evasive action,
then learning to evade a collision is an example of
adaptive behaviour. So a CAS has the capacity to
produce many different outcomes to a repeated identical
stimulus, whereas a CS does not have this capacity.

MODELS OF ORGANISATION 

Our Universe can be modelled as a nested hierarchical
system. For example, we represent atoms as combina-
tions of neutrons, protons and electrons that are formed
by smaller sub-atomic particles. Atoms combine and
form molecules, and molecules combine and form
aggregations of material which form the atmosphere,
substrate and water bodies; these in turn form a planet
such as Earth. A star consists of hydrogen molecules
interacting with one another under intense pressure and
heat producing heavier molecules such as helium.
Planets orbit stars and so on (see Laszlo 1973, Bowler
1981, Skyttner 1996). In this type of representation or
model, a system has structure that can be defined by its
parts, and it has behaviour in which inputs are processed
into outputs of material, energy or information. The
various parts of the system are modelled to have a
functional as well as a structural relationship with each
other (Bertalanffy 1971, Skyttner 1996, Meadows 2008). 

Generally, physical systems tend to be represented
as CSs because exactly the same stimulus applied in
exactly the same way elicits the same response each
time, whereas biological ones tend to be represented as
CASs because exactly the same stimulus applied in
exactly the same way can elicit a different response. Any
CS may exhibit complex behaviour and undergo
transformative evolution, but it lacks adaptability (see
Lewontin 1983). Adaptability allows variational
evolution, such as that observed in biological systems
(Lewontin 1983). Biological systems do not differ from
physical systems in the way in which they are
structurally organised. Both types of system are complex
and can be represented as a nested hierarchy of
networks, but they do differ in how they behave which
is a result of the differences in how they are functionally
organised.

Biological entities can also be modelled in a nested
hierarchical way (Laszlo 1973, Allen and Starr 1982,
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Zylstra 1992, Skyttner 1996, Okasha 2006) and their
basic building blocks are produced in the physical
systems. For example, the elements which are consti-
tuents of organisms (e.g., carbon, nitrogen, phosphorus)
were created in stars (see Wagoner et al. 1967).
Organisms live in ecosystems which are considered to be
the smallest autonomous unit of biological organisation
(Wicken 1987). The basic organisation of a viable
ecosystem includes populations of primary producers
that create food from nutrients and an external energy
source; populations of decomposers that recycle dead
organic matter to close the cycle, and an external energy
sink. Thus, an ecosystem is essentially self sufficient
except for an external energy source (e.g., the sun) and
external energy sink (e.g., outer space) (see Wicken
1987). An ecosystem may be divided into two
components: abiotic and biotic. The biotic component is
a community which consists of populations of different
species with specific ecological functions (e.g., primary
producer. decomposer). The populations consist of
individual organisms and so on down to the macro-
molecules (e.g., DNA, RNA, and protein) and molecules
of elements. Thus, the physical system directly provides
the abiotic component, energy source and sink, and also
provides the basic building blocks for the biotic
component. 

The nature of the relationship between the physical
and the life sciences may be considered as the
relationship between CS and CAS, within the model of
the natural hierarchy of systems. Physical systems are
the foundations of living systems (Table 1). The biotic
component of any ecosystem (CAS) depends on the
lower levels of physical systems (CS) for nutrients,
space in which to live, and a source of energy (e.g., the
sun, Table 1). Furthermore, each component of a life
system at any level in the hierarchy is subject to the
basic laws of physics such as gravity, the laws of
motion, thermodynamics.

Given the similarities and differences between non-
living (CS) and living (CAS) systems, we can examine
the different types of system reductionism available to
researchers, and evaluate the success of their application
to physical systems and living ones.

TYPES OF REDUCTIONISM

In the philosophical literature, there are three basic types
of reduction: ontological, epistemic and methodological.
Ontology refers to the nature of reality (Guba, 1990).

Ontological reduction claims that a system consists of
‘nothing but molecules and their interactions’ (Brigandt
and Love 2008). This assertion relies on two assump-
tions. First assumption is that any difference in a
biological property can be related to a difference in an
underlying physical property (Brigandt and Love 2008).
Second assumption is that ‘each particular biological
process is metaphysically identical to some particular
physico-chemical process’ (Brigandt and Love 2008).
An example of ontological reduction is that systems
(physical or biological) are organised as a nested
hierarchy of networks. 

Epistemology refers to the structure of knowledge
(Guba 1990). Our representation of reality as a nested
hierarchy of networks is an abstraction of reality. It
follows from this abstraction of reality that the subject
matter of one discipline at the fundamental level of the
hierarchy, such as molecular biology, provides the
components which form the components at the next level
in the hierarchy, which is the subject matter of cell
biology. This structural relationship continues to higher
levels of the hierarchy such as populations and
ecosystem. Thus epistemic reduction should be possible
since it is defined as reducing a phenomenon to
components at a lower level in a hierarchy and where the
study of those components constitutes a different
discipline (Brigandt and Love 2008). In this paper, we
consider molecular biology, evolutionary biology,
ecology, physiology as disciplines with respect to
epistemic reduction. 

Epistemic reduction may be further subdivided into
theory reduction and explanatory reduction (Brigandt
and Love 2008). Theory reduction means that a theory
can be logically deduced from another. For example, the
theory of population genetics can be logically deduced
from a theory of speciation because speciation involves
stopping gene flow between populations. Explanatory
reduction explains a phenomenon that occurs at a higher
level in the hierarchy in terms of components of a
different discipline from a lower level (see Brigandt and
Love 2008). Explanatory reduction is the term generally
used in this paper for epistemic reduction. Some
examples of explanatory reduction are, explaining
macro-evolutionary change, such as speciation, in terms
of molecular genetics; explaining classical genetics in
terms of molecular genetics and biochemistry; and
explaining evolutionary biology and/or ecology in terms
of molecular biology. 

Methodology refers to how we develop knowledge
(Guba 1990). That is, the approach we use to obtain



37: 93-104  Hulsman et al.: Reduction in Complex Adaptive Systems in Ecology 97

evidence which enables us to develop our understanding
of the system being studied. Methodological reduction
involves breaking down each level into its constituent
parts and trying to obtain information about a pheno-
menon in terms of the behaviour of components at the
lowest level of the hierarchy possible (Brigandt and
Love 2008). An example could be obtaining data to
reveal the mechanism of competition between organisms
in terms of their behavioural interactions. Another
example would be what method to use to obtain data
about the physiological causes that adapt an organism to
living in an arid environment. Thus, methodological
reduction may be necessary for successful epistemic
reduction because the fitness of individual organisms
(whole animal ecology) is explained in terms of the
components of their physiology, a different discipline.

The review in the previous sections provides the
foundation for us to address the first research question of
this paper. What types of reduction can be applied
successfully in the physical and life sciences and why? 

APPLYING REDUCTION TO SYSTEMS

For ontological reduction to work in a system, two
assumptions have to be met (see Brigandt and Love
2008). Given that the foundations of any biological
system are provided by the physical system (Table 1), it
is highly likely that both assumptions will be met. An
example consistent with the first assumption is, a genetic
change (a physico-chemical cause) changes a trait of an
organism (a biological property). An example of the
second assumption being met is the processes that
organise any biological system are abstractly identical to
those responsible for organising a physico-chemical
system. Those processes are self-organisation (Kauffman
1993) and far-from-equilibrium thermodynamics
(Johnson 1988) are responsible for organisation of any
hierarchical biological system and any hierarchical
physico-chemical system.

For epistemic reduction to work successfully it has
to meet a number of necessary conditions. Three
conditions were given by Sarkar (1998) for successful
reductive explanation of a hierarchical system. First, the
explanation of the phenomenon depends entirely on
constituents from a more fundamental level in the
hierarchy. Second, the lower levels of the hierarchy
consist of entities that are more fundamental than those
at higher levels. Third, the entities that constitute the
lower levels are spatially parts of the entities at the

higher levels. The challenge for epistemic reduction is to
meet the first of these three conditions. Many biological
phenomena do not depend entirely on the constituents
from a lower level in the nested hierarchy. The function
of constituents from a lower level can be affected by
extraneous factors and/or entities from higher levels in
the hierarchy. For example, feedback from higher levels
in the hierarchy affecting the constituents of a lower
level. Feedback is an essential part of the function of any
system. Therefore, the explanation of some phenomena
does not depend entirely on the constituents from a
lower level in the hierarchy. 

The second and third conditions are met in a nested
hierarchy of biological networks. In a nested hierarchy
by definition, entities at higher levels are decomposable
into entities that constitute lower levels in the hierarchy.
It also follows that in a nested hierarchy, the entities at
lower levels spatially combine and form parts of entities
at higher levels.

We are not going to delve here into the issue
whether there are laws in biology. For the purpose of
this discussion, we refer to laws and principles as rules
in both physico-chemical systems and biological
systems. 

In physical systems, the rules applied at any level
of the hierarchy are responsible for the emergent
phenomena at the next level above. Therefore, if one can
work out the rules which apply at any one level, then one
has the rules that apply at each level in the hierarchy and
thus obtain the structure and function at each level in the
hierarchy. 

Although the same set of rules apply at each level
of the hierarchy, their relative importance may change
with scale, e.g., below the molecule and above it. For
example, sub-atomic particles are bound together by the
strong nuclear force, the weak nuclear force and
electromagnetism whereas gravity has negligible effect
(see Gibban 2007). However, beyond the molecular
scale, the effects of gravity grow in importance with the
increased mass of objects, while the effects of the strong
and weak nuclear forces decrease in direct importance. 

To summarise the argument thus far, for ontological
reduction to be applied successfully in physics, all
entities above the level of molecule, the fundamental
part that reductionists have chosen, must be
decomposable into its components and ultimately into
molecules. Physical systems such as air earth, water,
planet, sun, solar system can be deconstructed into their
fundamental components. If any entity cannot be
deconstructed into its components, then ontological
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reduction will not be successful. Even emergent
phenomena can be deconstructed into their constituent
components and their functions have a basis in the
nature of the interactions between those components. So
we conclude that ontological reduction can be applied
successfully to physical systems.

Causal explanations of many physico-chemical
phenomena have been found by using methodological
reduction to obtain the evidence for specific
mechanisms. This task has taken time but it has been
successful and that is because Complex Systems are
created and maintained by the laws of Physics and
Chemistry. The same laws apply at each level in the
nested hierarchy, e.g., Newton’s Laws of motion,
Gravity, and the Laws of Thermodynamics.

Therefore, to work out what phenomena are at the
next level one applies the same laws that applied to the
constituent components to understand how the
phenomenon was produced. For example, the orbits of
planets around the Sun are explained in terms of
Newton’s Laws of Motion and gravity. The gravitational
pull of the sun pulls the planets towards it and the
angular velocity of each planet that keeps it from falling
into the sun.

Next we consider the application of epistemic and
methodological reduction to CASs.

APPLYING REDUCTION TO COMPLEX 
ADAPTIVE SYSTEMS

Significant advances in molecular biology have been
made using reductionist principles from physics, for
example, deciphering the structure of DNA (Watson and
Crick 1953), nucleotide base codes for amino acids
(Bernfield and Nirenberg 1965, Leder and Nirenberg
1964), regulation of gene expression (Cheadle et al.
2005), expression of genes as proteins (Kost et al. 2005)
and identifying and sequencing the genes in entire
genomes (International Human Genome Sequencing
Consortium 2001, Venter et al. 2001). These molecular
phenomena were explained in terms of the behaviour of
macromolecules such as DNA, RNA and proteins.
Therefore, reduction could be regarded as having been
successfully applied in this case. Consequently, these
types of reductive explanations have been used as
evidence of successful reduction of biology to the laws
and concepts of the physical sciences (see Mayr 1988 for
references). However, the result is trivial because the
phenomena concerned occur at a molecular level and

explained in terms at the molecular level. This is not
compelling evidence for the success of reduction in
biology in general. 

In that case, let us consider a biological pheno-
menon that occurs at several levels above the funda-
mental level of macro-molecules to determine if
epistemic reduction can be applied successfully to
biological systems. It is feasible to explain speciation in
terms of the constituent macro-molecules (e.g., DNA)
and their interactions? Superficially, it appears possible
because speciation (a process by which two or more
species are produced from an ancestral one (e.g.,
Dawkins 1982) results from stopping the flow of DNA
between populations or parts thereof (e.g., Butlin 1987).
However, there are many ways in which to stop the flow
of DNA between populations or parts thereof (Butlin
1987, Schluter 2001). Different mechanisms of specia-
tion include geographical isolation, temporal isolation,
behavioural isolation and mechanical isolation (see
Butlin 1987, Schluter 2001, Hey 2006). The reductive
process loses crucial information about the process of
speciation and therefore only partially develops our
understanding of it. The mechanisms of speciation are
examples of level-specific rules, i.e. they apply at a
specific level in the hierarchy. Level-specific rules are
responsible for making speciation an example of
multiple-realisation of higher level features, i.e. there is
more than one mechanism that produces the same
outcome (see Brigandt and Love 2008). Although one or
more of the mechanisms may be determined by using a
reductive approach, there is no way of knowing a priori
how many mechanisms produce the same result. 

If the explanation is incomplete, then there are two
problems. First, it may not be obvious that the explana-
tion is incomplete and so there is no perceived need to
investigate the phenomenon further to find additional
causal mechanisms. Second, the conclusions based on
the incomplete array of mechanisms can be erroneous.
This second problem will be examined further using the
genic approach to evolution as an example. 

Before we consider this problem further, let us
consider a major difference between physical and
biological systems that affects the success of reduction.
Physical and biological systems both have level-
invariant rules, i.e. rules that apply at each level in the
hierarchy. However, biological systems have both level-
invariant rules and level-specific ones. An example of a
level-specific rule is the future function of any cell in an
adult is in part determined by its precursor’s location in
the developing embryo (see Korn 2005). This rule
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applies specifically at the level of the developing embryo
and nowhere else in the hierarchy. Therefore, when a
hierarchical biological system or part thereof, such as
individual organism is deconstructed into its basic
constituent components (e.g., DNA, proteins) the rules
and their application at a specific level are lost. Hence,
individual components lose their context and meaning.
This is a feature of reduction applied to any CAS
because of the presence of level-specific rules.

Level-invariant and level-specific rules are
potential barriers to the successful use of ontological
reduction in physical and biological systems. Level-
invariant rules are unlikely to be problematic for the
successful use of any type of reduction in physical
systems because level-invariant rules can be worked out
at any level of the hierarchy. In contrast, level-specific
rules are likely to be a significant challenge for
successful use of epistemic reduction in biological
systems because they can only be worked out at the level
to which they apply. Therefore, when building a
hierarchy from the bottom up, if one is not aware of the
phenomena at the level above, then it is impossible to
know when level-specific rules apply. One needs to
investigate the level above to develop insights into how
the components below interact with one another to give
rise to the emergent phenomena at the higher level. It is
a question of trial and error. If one applies the same rules
as those applied at the lower levels, then they can and do
produce the emergent properties observed. If they do
not, then what specific rule might produce the observed
phenomenon? 

The nature of the problem that level-specific rules
cause explanatory reduction comes to the fore when one
tries a bottom-up approach to explain some phenomenon
at a higher level in a CAS. For example, knowledge of
the entire genome sequence of an organism, provides
one with insight into how the genome functions. That is,
the genome does not function as simply as proposed by
the Central Dogma, it functions as a system. Further-
more, too much functional information is lost as one
proceeds down the hierarchy from individual organism
to structural DNA, for example, losing the level-specific
rules specifying how transducing and regulatory factors
affect the expression of genes to produce a specific
phenotype. However, sequencing the DNA in a genome
is one of the first steps necessary to develop a better
understanding of how the genome functions. 

The genome functions as a system in which genes
interact with other genes, other sub-systems within the
organism as well as the external environment. This is an

example of context dependence of molecular features
and is a potential barrier to the successful use of
epistemic reduction (see Brigandt and Love 2008). Many
level-specific rules govern the function of the genome.
For example, first, one gene can be responsible for a
large number of different proteins (Black 1998,
Schmucker et al. 2000); second, the expression of a gene
is not independent of other genes in its neighbourhood
(Riedle 1996, Michod 1999). Two mechanisms by which
one protein can give rise to 100s or 1000s of different
proteins are Alternative Gene Splicing (Navaratnam et
al. 1997; Rosenblatt et al. 1997; Schmucker et al. 2000)
and overlapping genes (see Keese and Gibbs 1992).
According to Alternate Gene Splicing Theory, spliceo-
somes (proteins) cut the m-RNA into strands which are
then reconnected in a different order and so when
translated by the ribosomes produce sequences of amino
acids (i.e. proteins) that the DNA does not code for (e.g.,
Navaratnam et al. 1997, Rosenblatt et al. 1997,
Schmucker et al. 2000). Overlapping genes may
decrease the need for more complex regulatory pathways
and exert greater control over gene expression (Johnson
and Chisholm 2004). These rules for genomic function
reflect the increased functional capacity of the genome
that result from it being more organised than a gene and
thus occupying a higher level in the biological hierarchy.
The gene, in this case, is an example of context
dependence of molecular features (one to many) (see
Brigandt and Love 2008).

The variety of ways in which proteins and RNA
interact that affect which proteins are finally produced
by the message carried by m-RNA can be represented as
a CAS. This sort of flexibility in behaviour is a
characteristic of a CAS. Although, each of these pheno-
mena can be investigated successfully to a degree by
methodological reduction, there are severe limitations to
explanatory reduction because of level-specific rules, for
example, how the location of a cell in the embryo and
windows of time during which the cell is sensitive to
chemical signals affect the development of a trait (see
West-Eberhard 2003) and the integrated whole entities
created at higher levels in the hierarchy from
components from lower levels. An example of this will
be developed later in this paper.

Information about how the genome functions can be
acquired by using methodological reduction. For
example, to understand how DNA interacts with other
components in the cell, it is necessary to go to the
cellular level and identify its emergent properties. Once
we have identified the emergent properties at the level of
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the cell, we can search for the interactions between cell
components (e.g., DNA, RNA, proteins, organelles) that
give rise to them. We cannot adequately explain what
happens above the cellular level in terms of the
dynamics of genes and proteins without considering the
cellular level; the cell being an entity that functions as an
integrated whole and not as an aggregation of its
components.

The examples used thus far deal with questions
about functional biology. In functional biology
researchers ask proximate questions (see Mayr 1988,
Woese 2004) such as, by what mechanism is DNA
transcribed? How does ribosomal-RNA translate DNA
into protein? How well do the principles which have
emerged thus far relate to evolutionary biology where
researchers ask ultimate questions.

The genic approach championed by Williams
(1966) and later Dawkins (1976, 1982) has limited
capability in explaining and thus developing one’s
understanding of the system. In adopting a genic
(bottom-up) approach, researchers invariably overlook
important characteristics of the CAS that they are
investigating, specifically those emergent properties that
arise from level-specific rules (e.g., rules of embryo-
logical development). This is an example of the failure
of explanatory reduction in biology. Two of the level-
specific rules that are responsible for the failure of the
genic approach act at the cellular level. First, the amount
of time for which a gene and its associates are expressed
affects the development of the organism. Second, there
are windows of opportunity for some genes to be
expressed during embryonic development. If they are not
expressed during that time, then they may not be
expressed at all (see West-Eberhard 2003). Some simple
examples will suffice. First, the number of thoracic
vertebrae in a snake, bird and mouse is controlled by the
amount of time the Hoxc8 gene complex is switched on
while the spinal cord is formed (Pennisi 2004). For
example, in the bird (7 thoracic vertebrae), the amount
of time during which the genes, which regulate the
formation of vertebrae, are turned on is less than that for
a mouse (13 thoracic vertebrae), which is less than it is
for a snake (>100 thoracic vertebrae) (Anand et al.
2003). This process is affected by the number and
activity of the cis-regulatory genes (Anand et al. 2003).
Second, there is a specific period in the development of
the embryo when the spinal cord can form. Neural tube
development in humans begins in the 6  week and hasth

completed primary differentiation by the 9  week (Vanth

de Graaff and Fox 1992). These cells will not develop
into a spinal cord outside that period.

Reduction is more likely to work for those parts of
the hierarchy that are formed by the application of level-
invariant rules than for those that are formed by level-
specific rules. For example, explanatory reduction can
be used to develop a better understanding of population
dynamics. Knowledge of the physiology of the indi-
vidual organism (level immediately below the individual
organism and a different discipline to population
biology) helps one better understand how the organism
is adapted to its environment. The organism’s physio-
logy affects how well it survives and reproduces in a
given environment. This dynamic affects the organisms’
reproductive output and longevity both of which add to
the size of the population. Feedback from the population
level affects how individual organisms interact. Consider
a population whose dynamics can be realistically
represented by a logistic function in which the maximum
birth rate occurs when the population size reaches half
the carrying capacity of the environment. As the
population size approaches the carrying capacity, the
birth rate decreases and mortality increases because of
the effects of increased competition for a limiting
resource. Competition results from interactions between
individual organisms. Given that explanatory reduction
works to some extent in this case, then methodological
reduction can be used successfully to obtain evidence to
reveal causal mechanism(s) involved in producing
specific phenomena.

There are limits to the success of explanatory
reduction, in the case presented in the preceding
paragraph, because it is difficult to link the presence of
some genes with those organisms that are better
competitors. The link is clouded because DNA does not
contain all the possible variations of traits, which give
their possessors a competitive advantage. There are
many other factors external to the DNA (e.g., epigenetic
effects) that affect an organism’s adapting to its
environment (Jablonka 2002, Jablonka and Lamb 2005).
Furthermore, the diversity of responses occurs in the
proteins because of the actions of other proteins
(spliceosomes), and how the protein folds as it matures. 

In this context of the biological hierarchy from
population to DNA, epistemic reduction fails because
crucial information from level-specific rules is lost with
each level of reduction and the DNA is incorporated into
new entities at higher levels (e.g., cells and multicellular
organisms whose behaviour cannot be explained by that
of macro-molecules). Thus, we cannot understand
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population dynamics in terms of macro-molecules and
their interactions. 

Generally, explanatory reductionism in biology
does work where there is a change in discipline from the
target level to the one immediately below. For example,
one can develop a better understanding of population
dynamics in terms of the individual life histories of
organisms and their interactions. Individual life history
is a different discipline to population dynamics. 

In dealing with any CAS, we cannot consider it as
an indivisible whole and hope to develop a better
understanding of it. We have to simplify the system to
develop our understanding of it. To achieve that, it is
more productive to combine bottom-up and top-down
approaches than use only one of these alone given the
limitations of bottom-up approach previously discussed.

Reduction can be used as a tool for analysis of
biological phenomena. That is, break the system down
into two hierarchies: structural and functional. This has
been used successfully in a range of biological
disciplines such as molecular biology (e.g., Leder and
Nirenberg 1964), population genetics (e.g., Schmidt et
al. 1995, Chenoweth et al. 1998), and population biology
(e.g., Smith et al. 1996). Epistemic and methodological
reduction are needed to develop a better understanding
of causal relationships within the system by linking the
structural and functional hierarchies to each other. The
epistemic reduction provides the articulation of the
causal mechanism(s) and the methodological reduction
provides the approach used to obtain the supporting
evidence for the mechanism(s). This reductive approach
needs to be supplemented by the researcher placing any
level of the hierarchy into the context of the system from
which it comes. It is essential to be aware of the upper
and lower boundaries of the target phenomenon because
the feedback from the upper levels affects the behaviour
of the components whose constituents come from the
levels below (see Meadows 2008).

Thus far, we have considered explanatory reduction
when dealing with epistemic reduction. Let us consider
the role of theory reduction in developing a better
understanding of phenomena. When level-specific
theory from different levels is integrated, it does provide
a better explanation overall and helps one develop a
better understanding of the relationships between the
components within different levels in the hierarchy.
However, it should be noted that if the explanation
cannot be reduced, then neither can the theory because
theory explains phenomena. 

To use theory reduction successfully in studying a

CAS, one must remain cognisant of the theory specific
to the levels of the hierarchy at the target level and
immediately below it. For example, the effects of
competition at a population level can be understood in
terms of individual organisms competing with one
another for some limiting resource that affects their
chances of survival and reproduction. Consider two male
wrens competing for a potential mate. The female
chooses which one will be her mate on the basis of how
early in winter the male develops his breeding plumage
(see Cockburn et al. 2008). The plumage colour
indicates to the female the quality of the male and thus
an index of his fitness (Cockburn et al. 2008). He may
have well developed plumage colour because he has
access to good food supply; he does very well in poor
conditions. Thus his plumage colour may indicate that
he will provide a good supply of food to his progeny
and/or his progeny will also do well in poor conditions.
These qualities may be traceable back to his having a
combination of genes that contribute to his defending a
high quality territory against other males effectively,
and/or, he learns quickly where to find adequate food in
winter and so hunts efficiently and effectively. Thus, the
theory of competition at a population level can be linked
to a theory of competition at the level of individual
organisms and then linked to the physiological level and
finally down to the genetic level. However, a theory
about how genes per se compete does not provide a
better understanding of the theory of how individuals or
populations compete.

The example above shows that reduction combined
with integration can be used effectively to help us
develop a better understanding of phenomena. Polanyi
(1968) referred to this type of approach as the principle
of stratified relations. He identified two possible dangers
with this approach. First, detailing could lead to
‘pedantic excesses’, and second, integrating too broadly
may lead to ‘meandering impressions’ (Polanyi 1968:
160). However, these two potential problems can be
minimised by using top-down and bottom-up approaches
iteratively. One can facilitate integration by knowing the
outcome and then working backwards to determine how
the components interact to produce it. In this process,
one can strip away the excess detail at the lower levels
and avoid ‘pedantic excesses’ by identifying the specific
components that interact with each other and produce
the target phenomenon. 

The ‘meandering impressions’ are avoided by the
repeated iteration which keeps the target phenomenon in
context of the larger whole in which it occurs. However,
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once the target phenomenon is removed from the context
of the system, crucial information is lost and thus prone
to ‘pedantic excesses’ and ‘meandering impressions’,
neither of which will help develop a better under-
standing of it. Simplification of the system is necessary
to develop a better understanding of it. In contrast,
oversimplification will cloud understanding. 

CONCLUSIONS

It is clear from the preceding discussion that higher level
biological phenomena cannot be fully understood in
terms of the fundamental laws and processes of physics
and chemistry. However, reduction can provide an audit
trail showing the relationship between biology on one
hand and physics and chemistry on the other. Therefore
reductive approaches have an important role to play in
developing our understanding of the structure and
function of biological systems. 

Generally, ontological reduction can be used
successfully in biological systems to provide a structural
or functional representation of reality. A barrier to
ontological reduction’s success is the application of
level-specific rules to entities, which although composed
of the fundamental entities are in fact a new group
(integrated whole), its function has been decoupled from
its structure. 

Explanatory reduction can be used successfully
where level-specific rules do not form the section of the
hierarchy being analysed; the observer remains aware of
the level-specific rules when investigating adjacent
levels in the hierarchy. In other words, there is a mixture
of context dependency of molecular features and
multiple realisation of higher level features relationships
operating at different levels in the hierarchy and some of
these act on new entities that in turn act as an integrated
whole. Once one knows the relationship between the
structural and functional hierarchies, then one has an
audit trail of the causal mechanism of a higher level
phenomenon, even though it cannot be explained solely
in terms of the interactions between its constituent
macro-molecules. 

Methodological reduction can be used to study any
CAS. The only uncertainty seems to be one is not sure
whether all the causal mechanisms responsible for a
phenomenon have been articulated.

Level-specific rules pose a significant barrier to
successful use of epistemic and methodological
reduction. Level-specific rules can be worked out only

at the level at which they apply. Therefore, to study a
CAS it is necessary to use a top-down and bottom-up
approach iteratively. The top-down approach is used to
identify the emergent properties at the relevant levels, as
well as to guide the bottom-up approach in how to
integrate components at the lower levels to produce the
emergent properties. The repeated switching back and
forth between these two approaches keeps any target
phenomenon in the context of the system in which it
occurs, thus enabling one to avoid both pedantic
excesses and meandering impressions. 
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